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Abstract
Objective—Explore whether 3T MRI can identify low-risk ductal carcinoma in situ (DCIS).

Methods—Dynamic contrast enhanced (DCE) and diffusion weighted (DWI) MRI features of 36
DCIS lesions (8 low-risk, Van Nuys Pathologic Classification [VNPC] 1) and 28 high-risk, VNPC
2/3]) were reviewed. An MRI model that best identified low-risk DCIS was determined using
multivariate logistic regression.

Results—Low-risk DCIS exhibited different DWI properties (higher contrast-to-noise ratio
[p=0.02] and lower normalized apparent diffusion coefficients [p=0.04] than high-risk DCIS. A
model combining these DWI features provided best performance (area under ROC=0.86).

Conclusions—DW!I may help identify DCIS lesions requiring less therapy.
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Introduction

The incidence of ductal carcinoma in situ (DCIS), the earliest form of breast cancer, has
increased more than sevenfold from 1973 through the late 1990s with more widespread
mammaographic screening. In the prevailing theory of breast cancer pathogenesis, DCIS
represents an early malignancy in a spectrum of otherwise benign intraductal proliferations
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that can progress to invasive carcinoma. However, it has been estimated that nearly half of
DCIS lesions would never lead to life threatening invasive breast cancers if left untreated.
Furthermore, this close relationship of DCIS to both benign breast pathology and aggressive
invasive breast malignancy makes pathological characterization of DCIS prone to inter-
observer variability and poor reproducibility 1.

Because there is broad consensus within the breast oncology community that many women
are over-treated for DCIS, the identification of reliable biomarkers of low risk disease not
requiring aggressive therapy is of paramount importance 2. The Van Nuys Pathologic
Classification (VNPC) was created to decrease variability in pathological grading by using
standardized groupings based on nuclear grade and comedonecrosis and to provide a reliable
marker of DCIS at low risk for local recurrence after treatment 3. This classification system
can be used in concert with clinical parameters, such as surgical margins and patient age, to
create a risk-assessment tool (Van Nuys Prognostic Index [VNPI]) to guide DCIS
management 4. However, the VNPI has not been widely adopted for treatment decision-
making because of inconsistent validation 5 ¢, which may be at least in part due to
pathological sampling errors owing to intra-lesion heterogeneity /.

The use of MRI features to aid in DCIS risk assessment has the theoretical advantage of
being free from sampling error through assessment of the entire lesion, which could provide
increased confidence in pathological characterization. Our prior work to identify MRI
biomarkers of DCIS biology has yielded promising results, with high nuclear grade lesions
demonstrating greater lesion size and higher peak initial enhancement on dynamic contrast
enhanced (DCE) MRI, and lower contrast-to-noise ratio (CNR) on diffusion weighted
imaging (DWI1) than non-high nuclear grade lesions &. We sought to further assess these
potential MRI biomarkers of DCIS by determining their ability to discriminate low risk from
high risk DCIS lesions as defined by VNPC.

Materials and Methods

Patient Population

The protocol for this study was approved by our Institutional Review Board and was
compliant with the Health Insurance Portability and Accountability Act. Requirement to
obtain informed consent was waived due to the retrospective nature of the study. A review
of our MRI database was performed to identify eligible patients who underwent a 3 tesla (T)
breast MR examination from January 1, 2010 to July 31, 2011 who were diagnosed with
DCIS by means of core needle biopsy.

All patients who were diagnosed with DCIS and underwent a clinical breast MR
examination with both DWI and DCE imaging protocols without upgrade to invasive
disease on final surgical excision were included. Of the 36 patients with 40 unique DCIS
lesions who met these initial inclusion criteria, one patient with one DCIS lesion was
excluded due to excessive DWI motion artifact precluding accurate region of interest (ROI)
placement and three patients with a total of three biopsy-proven DCIS lesions were excluded
due to lack of any residual suspicious enhancement on DCE images. Thus, the final cohort
included 32 patients with 36 unique pure DCIS lesions.
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MRI acquisition

All bilateral breast MRIs were performed on a Philips Achieva TX scanner (Philips
Healthcare, Best, the Netherlands). Each MRI included the following sequences: T2-
weighted fast spin echo sequence, T1-weighted non-fat suppressed sequence, T1-weighted
fat-suppressed DCE MRI sequences before and after contrast administration, and a DWI
sequence. All scans were acquired in the axial orientation. The DCE MRI protocol was in
compliance with the American College of Radiology breast MRI accreditation program, and
was performed using a T1-weighted 3D turbo field echo sequence with parallel imaging
(THRIVE) with 1.3 mm slice thickness, FOV = 32-38 cm, and 660 x 672 matrix, yielding
0.5 mm in-plane resolution. DWI was performed using a diffusion-weighted EPI sequence
with parallel imaging (reduction factor = 3); TR/TE = 8000/63 msec, 2 averages, matrix =
240 x 288, FOV = 36 cm, slice thickness = 4 mm, gap = 0 mm, and b = 0 and 800 s/mm?2.

Image Interpretation

One of six fellowship-trained radiologists specializing in breast imaging prospectively
interpreted the DCE MR images. MRI findings, including maximum lesion size,
morphologic features, and kinetic enhancement characteristics, including peak initial
enhancement (assessed at approximately 115 seconds after contrast injection) and delayed-
phase worst curve type as previously described 8, were assessed in accordance with the 4t
edition of the American College of Radiology Breast Imaging Reporting and Data System
(BI-RADS) Atlas 9 and were entered into our MRI database and extracted for the purposes
of this study. DW image analyses were performed retrospectively offline by a research
fellow under the direct guidance and supervision of a fellowship-trained radiologist
specializing in breast imaging. Each lesion first was identified on the DW images through
visual correlation of the lesion location with the DCE images. ADC maps and directionally
averaged DW images were calculated as previously described 10 by the research fellow, who
was trained in the use of in-house image-processing software incorporating ImageJ
(National Institutes of Health, public domain). ROIs were defined on the averaged DW
images with b value of 800 s/mm? for the lesion and normal non-adipose fibroglandular
breast tissue in the contralateral breast. These ROIs were propagated onto the T2-weighted b
=0 s/mm?2 DW images and ADC maps, facilitating calculation of the mean DWI signal
intensity at b = 0 s/mm? and b = 800 s/mm? and mean ADC values for each DCIS lesion
(lesion ADC) and normal tissue (normal tissue ADC). Normalized ADCs, which have been
shown in a prior study to improve diagnostic accuracy over standard lesion ADC 11, also
were determined for each DCIS lesion by dividing lesion ADC values by their respective
contralateral normal tissue ADCs. The DWI contrast-to-noise ratio (CNR) between each
lesion and normal tissue was calculated for both the diffusion weighted (b = 800 s/mm?) and
unweighted (b = 0 s/mm?) images as described previously 12 using the following equation:

CNR= Hiesion — Ptissue

2
lesion

W

2
g +Utissue
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where Uesion aNd Wissue are the mean DWI signal intensities for DCIS and normal tissue
ROls, respectively, and ojesion and otissye are the corresponding ROI standard deviations. A
CNR > 0 indicates higher signal intensity in a lesion compared to normal tissue.

Histopathological and Clinical Data

Pathology reports were reviewed from the patient’s electronic medical record to confirm the
final worst pathological diagnosis for each lesion, assessing for upgrade on final surgery,
final DCIS nuclear grade, and the presence or absence of comedonecrosis. Lesions were
classified by VNPC as previously described 3: VNPC 1 = non-high nuclear grade without
comedo-type necrosis, VNPC 2 = non-high nuclear grade with comedo-type necrosis, and
VNPC 3 = presence of high nuclear grade with or without comedo-type necrosis. Low risk
DCIS was defined as VNPC 1 lesions and high risk DCIS was defined as VNPC 2 or VNPC
3 lesions. Clinical indications and patient age at the time of breast MR examination were
also recorded.

Statistical Analysis

Results

Mean diffusion weighted (b = 800 s/mm?) and unweighted (b = 0 s/mm?2) CNR, lesion ADC
and normalized ADC values, DCE maximum lesion size, and DCE peak initial enhancement
were calculated for all DCIS lesions. Differences in these MRI features, as well as DCE
morphology (mass versus hon-mass enhancement [NME]) and delayed-phase worst curve
type (washout, plateau, or persistent) were assessed between low risk and high risk groups
with ordinal regression analysis with a random patient effect to account for multiple lesions.
Univariate and stepwise multivariate logistic regression modeling were performed to
identify DCE and DWI features that optimally discriminated low risk from high risk, and
discriminative abilities of models were compared using areas under the receiver operating
characteristic curve (AUC). For interpretation purposes, odds ratios were calculated using
standardized variable values (calculated by subtracting the group mean and dividing by the
standard deviation). All computations were performed using SAS version 9.2 (SAS, Cary,
NC). Receiver operating curve (ROC) analysis was performed using MedCalc version
11.5.1.0 (MedCalc Software, Mariakerke, Belgium).

Thirty-six unique pure DCIS lesions in 32 women were included in the study. Eight DCIS
lesions were classified as low risk (VNPC 1) while 28 were classified as high risk (eight
VNPC 2, and 20 VNPC 3). The average age of women included in the study was 56 + 10.7
years, Table 1.

MRI features of low risk versus high risk DCIS lesions

While maximum DCE MRI size of high risk DCIS lesions (mean, 33.7 £ 26.5 mm) was
greater than low risk lesions (18.3 + 15.1 mm), this difference did not reach statistical
significance (p = 0.08, Table 2). No significant differences in either enhancement kinetic
features (peak initial enhancement, worst curve type) or lesion morphology (mass vs. NME)
were identified between the two DCIS risk groups (p > 0.05 for all comparisons, Table 2).
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On DWI, low risk DCIS lesions exhibited a significantly higher mean DWI CNR at b = 800
s/mm? than high risk lesions (3.15 + 2.33 vs. 1.43 + 1.58, p = 0.02), with no significant
difference in CNR at b = 0 s/mm? (p = 0.39), Table 3. Low risk DCIS lesions also exhibited
lower normalized ADC values than high risk lesions (0.75 + 0.17 vs. 0.87 £ 0.14, p = 0.04),
while differences in lesion ADC values were not significant (p = 0.89). Examples of a low
risk (VNPC 1) and two higher risk (VNPC 2 and 3) DCIS lesions on DCE MRI and DWI
features are provided in Figures 1-3, respectively.

Discrimination of low risk DCIS from high risk DCIS with Univariate and Multivariate

Modeling

Univariate logistic regression modeling showed normalized ADC values provided the
greatest ability to discriminate low risk from high risk DCIS (AUC = 0.75, p = 0.04) among
examined MRI features, followed by DWI CNR at b = 800 ssmm?2 (AUC = 0.71, p=0.02)
and DCE maximum lesion size (AUC = 0.69, p = 0.08), Figure 4. Stepwise multivariate
analysis of these individual MRI variables determined that a model combining normalized
ADC and DWI CNR at b = 800 s/mm? discriminated low risk from high risk DCIS lesions
more accurately than any single variable, Table 4, (AUC = 0.86, p < 0.01), Figure 5.

Discussion

While the detection of DCIS represents the identification of the earliest form of breast
cancer and is associated with excellent treatment outcomes, many DCIS lesions would never
impact a woman’s life if left untreated 13. Because DCIS now accounts for approximately
one quarter of new breast cancer diagnoses, it is essential that assays to identify DCIS
lesions at low risk for recurrence are identified to decrease unnecessary morbidity associated
with aggressive therapy. We have previously identified MRI parameters (DCE MRI
maximum size and DWI CNR) that have shown potential to predict DCIS nuclear grade in
vivo 8, suggesting MRI features could provide prognostic information in addition to better
determination of disease extent. In this study using 3T MRI, we confirm that low risk DCIS
lesions, as determined by VNPC, exhibit differences on DWI (greater DWI CNR and lower
normalized ADC values) when compared to high risk DCIS lesions.

Initial work by multiple investigators to identify MRI biomarkers of DCIS biology and risk
has yielded promising though somewhat conflicting results. In 2007, Kuhl et al
demonstrated DCE breast MRI identifies a greater fraction of high nuclear grade DCIS than
mammography 14 while Jansen et al showed that DCIS nuclear grade could not be further
differentiated by kinetic features 1°. Subsequently, lima et al demonstrated that high ADC
values on DWI may be a biomarker of low risk DCIS 16. In our own preliminary work,
however, we did not identify a difference in ADC values between DCIS nuclear grades 8- 10
but did identify that high nuclear grade DCIS lesions exhibit lower DWI signal (assessed as
lesion to normal tissue CNR at b=600 s/mm?), higher peak initial enhancement at 90
seconds, and greater maximum lesion size on breast MRI than lower nuclear grade lesions 8.

The results from this study provide additional evidence that lower risk DCIS lesions exhibit
unique imaging characteristics when compared to higher risk lesions. Our results also
suggest that distinct biological properties beyond cellularity (reflected by ADC values) and
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fluid content (reflected by T2-weighted signal measured by CNR at b = 0 s/mm?2) within
DCIS lesions are responsible for the unique imaging features present in the DCIS VNPC
groups. Since high risk and low risk DCIS lesions in this cohort exhibited similar ADC
values, it is possible that either the VNPC does not accurately reflect differences in
cellularity among DCIS lesions or that the differences in cellularity among DCIS lesions are
too subtle to be detected with DWI. Furthermore, because both MRI features in this study
found to be associated with lower risk DCIS incorporated normal tissue measurements (low
normalized ADC and high DWI CNR at b = 800 ss/mm?) the biological and imaging
properties of unaffected breast parenchyma also may hold value in determining DCIS lesion
risk. Further work is required to elucidate the specific biological properties of both DCIS
lesions and normal tissue that account for these observed imaging differences between DCIS
subtypes.

Our study also demonstrated that individual semi-quantitative kinetic parameters provide
little value for discriminating low-risk DCIS from higher risk lesions, which agrees with our
previous study 8 and the findings of Jansen et al 15. Differences previously identified in peak
initial enhancement among DCIS lesions at 1.5T (p = 0.05, 8) did not persist for VNPC
discrimination in this study at 3T. However, it should be noted that the center of k-space for
the first post-contrast DCE sequence for this protocol at 3T was approximately 30 seconds
later than the 1.5T protocol. Further studies with higher temporal resolution DCE MRI
allowing pharmacokinetic analysis could be performed to better assess the value of
enhancement kinetics for DCIS risk-stratification.

The ability to better determine DCIS aggressiveness in vivo has several potential clinical
benefits. Because of their inherent heterogeneity, DCIS lesions are prone to sampling error
by core needle biopsy and inter-observer variability in pathological assessment. As a result,
imaging parameters that are shown to correlate with important pathology markers could
provide in vivo confirmation of worst pathological features prior to treatment. In addition,
models that incorporate imaging features with pathological and clinical features may be able
to predict which lesions are likely to be upgraded after surgical excision, allowing for
improved pre-treatment assessment and planning. Lastly, such an imaging model could
prove essential for implementation of more individualized therapies, potentially eliminating
radiation therapy and even surgery for select patients.

Our study has several limitations. The slice thickness used for DWI acquisition was 4 mm in
order to achieve adequate signal-to-noise, which could result in partial volume averaging.
Higher spatial resolution techniques hold potential to improve the ability to characterize
DWI features of breast lesions, in particular for the many DCIS lesions presenting with non
mass morphology 7. Fifty-six percent of the included DCIS lesions (20/36) were evaluated
on MRI after core needle biopsy, and the presence of post-biopsy-changes may have
affected the MRI measurements, although care was taken to exclude obvious hematomas
and seromas for quantitative measurements. All DWI examinations were performed after the
injection of a gadolinium-based contrast agent. There are conflicting reports on the effects of
gadolinium agents on calculated ADC values 1820, and it may be preferable to perform this
sequence prior to contrast. Finally, less than quarter of lesions in the cohort (8/36) were low
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risk by VNPC, and thus our study may have been underpowered to detect some significant
differences in imaging features among DCIS groups.

In summary, our study provides additional evidence that DWI features may serve as
valuable biomarkers to identify less aggressive forms of DCIS. Other MR parameters,
including maximum lesion size on DCE MRI and kinetic enhancement features, failed to
demonstrate significant ability to discriminate low risk from higher risk DCIS. Future
research is warranted to determine whether MRI biomarkers can aid in predicting clinical
outcomes of DCIS treatment, such as risk of local recurrence.
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Figure 1.
47 year-old woman with segmental non mass enhancement in the left breast spanning 40

mm on MRI (A), biopsy-proven low risk DCIS (Van Nuys Pathological Classification 1).
Diffusion weighted images show a contrast-to-noise ratio of 3.0 (B) with ADC value of 1.46
x 1073 mm?/s and normalized ADC value of 0.80 (C). Note: Normal breast tissue ROl is
shown in blue while the ROI for the lesion is shown in orange.
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Figure 2.
46 year-old woman with segmental non mass enhancement in the left breast spanning 105

mm on MRI (A). Biopsy yielded higher risk DCIS (Van Nuys Pathological Classification 2).
Diffuse weighted images show a contrast-to-noise ratio of 2.29 (B) with ADC value of 1.63
x 1073 mm?/s and normalized ADC value of 1.13 (C). Note: Normal breast tissue ROl is
shown in blue while the ROI for the lesion is shown in orange.
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Figure 3.
50 year-old woman with segmental non mass enhancement in the right breast spanning 95

mm on MRI (A). Biopsy yielded high risk DCIS (Van Nuys Pathological Classification 3).
Diffuse weighted images show a contrast-to-noise ratio of 3.30 (B) with ADC value of 1.92
x 1073 mm?/s and normalized ADC value of 1.00 (C). Note: Normal breast tissue ROl is
shown in blue while the ROI for the lesion is shown in orange.
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Figure 4.
Receiver operating characteristic (ROC) curves for three MRI factors found to have

potential to discriminate low risk DCIS from high risk DCIS. Normalized apparent diffusion
coefficient (ADC) provided the greatest discriminative ability (area under ROC curve
(AUC) =0.75) (A), followed by diffusion weighted imaging contrast-to-noise ratio (CNR)
(AUC = 0.71) (B) and maximum lesion size on dynamic contrast enhanced (DCE) MRI
(AUC =0.69) (C).
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Figure 5.

Receiver operating characteristic (ROC) curves for a multivariate model incorporating
normalized apparent diffusion coefficient (ADC) and diffusion weighted imaging (DWI)
contrast-to-noise ratio (CNR) to discriminate low risk DCIS from high risk DCIS. This
model provided greater discriminative ability when compared to any of the single imaging

variables, and yielded an area under the ROC (AUC) of 0.86.
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Patient and lesion characteristics.

Characteristic Mean/Number
Age 56 +10.7 years
MRI Indication (N= 32 patients) N =28
Extent of disease N=2
High risk screening N=2
Problem solving
MR BI-RADS Assessment (N = 36 lesions) | N =16
BI-RADS 4 N=0
BI-RADS 5 N =20
BI-RADS 6
Van Nuys Pathology Classification (VNPC) | N=8
VNPC 1 N=8
VNPC 2 N=20
VNPC 3
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Table 2
Comparisons of DCE MRI features in low risk (VNPC 1) vs. high risk (VNPC 2, 3) DCIS lesions.

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny
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DCE Parameter Low Risk DCIS | High Risk DCIS | P value
mean * SD or mean = SD or N
N (%) (%)
Morphology N =7 (87%) N =23 (82%) 1.00
Non mass enhancement (NME) | N =1 (13%) N =5 (18%)
Mass
Maximum Lesion Size (mm) 18.3+151 33.7+£26.5 0.08
Kinetic Features’ 194.6 +£59.2 207.0+97.5 0.73
Peak initial enhancement (%) N =0 (0%) N =0 (0%) NA
Worst curve type N =0 (0%) N =0 (0%)
Persistent N =7 (100%) N =28 (100%)
Plateau
Washout

Abbreviations: DCE: dynamic contrast enhanced, VNPC:

applicable

P values calculated by ordinal logistic regression
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Van Nuys Pathological Classification, DCIS: ductal carcinoma in situ, NA: not
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Table 3
Comparisons of DWI parameters in low risk (VNPC 1) vs. high risk (VNPC 2, 3) DCIS lesions.

DWI Parameter Low Risk DCIS High Risk DCIS | P value
mean + SD mean = SD

ADC Values 1.41+0.33x1073 | 1.39+0.24 x 1073 0.89
Lesion ADC (mm2/s) 75+ 17 87+ 14 0.04*
Normalized ADC

CNR 3.15+2.33 143+1.58 0.02*
b = 800 s/mm? 127+1.82 0.75+1.49 0.39
b =0 s/mm?

Abbreviations: DWI: diffusion weighted imaging, VNPC: Van Nuys Pathological Classification, DCIS: ductal carcinoma in situ, ADC: apparent
diffusion coefficient, CNR: contrast-to-noise ratio

P values calculated by ordinal logistic regression

*
Indicates statistical significance
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Table 4

Stepwise multivariate logistic regression modeling to predict DCIS risk.

MRI Parameter Odds Ratio (CI) | P value | Whole Model
AUC
CNR b = 800 s/mm? 3.6(1.2,16.8) 0.018 0.86

Normalized ADC (%) | 0.33(0.08,0.94) | 0.036

OR: odds ratio of low vs. high risk, Cl: 95% confidence interval.

Note: Odds ratios expressed are for standardized variables (calculated by subtracting the mean and dividing by the standard deviation)
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