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Abstract

High resolution 3D MRI was used to study contrast agent distribution and leakage in normal
mouse mammary glands and glands containing /7 situ cancer after intra-ductal injection. Five
female FVB/N mice (~19 weeks old) with no detectable mammary cancer and eight C3(1) SV40
Tag virgin female mice (~15 weeks old) with extensive /in situ cancer were studied. A 34G, 45° tip
Hamilton needle with a 25uL Hamilton syringe was inserted into the tip of the nipple and
approximately 15uL of a Gadodiamide was injected slowly over one minute into the nipple and
throughout the duct on one side of the inguinal gland. Following injection, the mouse was placed
ina 9.4 T MRI scanner, and a series of high resolution 3D T1-weighted images was acquired with
a temporal resolution of 9.1 minutes to follow contrast agent leakage from the ducts. The first
image was acquired at about 12 minutes after injection. Ductal enhancement regions detected in
images acquired between 12 and 21 minutes after contrast injection was five times smaller in
SV40 mouse mammary ducts (p < 0.001) than in non-cancerous FVB/N mouse mammary ducts,
perhaps due to rapid washout of contrast agent from the SV40 ducts. The contrast agent washout
rate measured between 12 minutes and 90 minutes after injection was ~20% faster (p < 0.004) in
SV40 mammary ducts than in FVB/N mammary ducts. These results may be due to higher
permeability of the SV40 ducts, likely due to the presence of /n situ cancers. Therefore, increased
permeability of ducts may indicate early stage breast cancers.
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1. Introduction

Ductal carcinoma /n situ (DCIS) is an early form of breast cancer that grows in mammary
ductal lumens. The frequency of DCIS diagnoses has increased significantly since

"Address correspondence to: Gregory Karczmar, Ph.D., Professor, Department of Radiology, MC2026, University of Chicago, 5841 S.

Maryland Ave., Chicago, IL, USA 60637, Phone: 773-702-0214, gskarczm@uchicago.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Markiewicz et al.

Page 2

mammaography screening came into routine clinical practice, and DCIS now accounts for up
to 25% of all newly diagnosed breast cancers in the United States [1]. It is generally
accepted that while some forms of DCIS are life-threatening, a large percentage of DCIS
does not progress to the invasive stage and is not clinically significant [2]. There are
currently no generally accepted methods for reliably distinguishing indolent from aggressive
DCIS, and currently in the U.S. most DCIS is surgically removed.

Mammography is the most commonly used breast cancer screening method, but there are
limitations including the relatively high false-positive and false-negative rates, limited
sensitivity to DCIS in women with dense breasts, and exposure to radiation [3]. MRI shows
promise for detecting DCIS and differentiating between indolent and aggressive DCIS.
However, while the sensitivity and specificity of current MRI methods for invasive breast
cancer is high, sensitivity and specificity for DCIS is modest [4]. Thus, there is a critical
need for new approaches to detecting DCIS and for new image-based markers for DCIS. To
address this challenge, we are using MRI ductography of a murine model of breast cancer to
improve the understanding of the biology and natural history of DCIS, and to identify new
methods and image-based markers that can be used to detect and evaluate DCIS.

Ductography is used clinically to detect small breast cancers [5, 6]. A tiny blunt-tipped
needle is used to inject 0.2 — 0.4 mL of contrast agent in order to study the inside of a duct.
The outlines of a duct’s pathway can be evaluated to determine whether a duct is dilated.
Slawson and Johnson, and Ishikawa et al. [7, 8] demonstrated that dynamic contrast
enhanced MR ductography is useful for detecting and evaluating intraductal breast cancers.
Intra-ductal injections are also performed in mouse mammary glands to inject cancer cells
that produce /n situ cancers [9], and for localized drug delivery [10]. Recent research on
FVB/N mice in this laboratory demonstrated that high resolution 3D MRI ductography has
the potential to provide unique and important information about architecture, anatomy, and
permeability of mammary glands [11].

The present study builds on previous work by using MRI ductography to evaluate contrast
agent distribution and leakage from ducts in both FVB/N and SV40 Tag-expressing mice.
We tested the hypothesis that contrast agent leakage is faster in ducts with /n7 situ cancer than
in non-cancerous ducts. The C3(1) SV40 large T antigen (Tag) transgenic mouse is a widely
used model of breast cancer [12]. This mouse model targets the expression of large T-
antigen to the female mammary gland via the C3(1) promoter. Female SV40 Tag mice
develop mammary cancer that resembles human ductal breast carcinoma, including
progression through atypical ductal hyperplasia (~8 weeks), DCIS (~12 weeks) and invasive
ductal carcinoma (IDC) (~16 weeks) [13, 14]. Prior studies demonstrated that a wide range
of growth rates were observed in SV40 transgenic mammary cancers [15]. Most cancers
transitioned to the invasive phenotype at approximately 17 weeks of age. Therefore,
performing MRI ductography on SV40 mice before 17 weeks of age may provide important
information regarding the early development of /n situ cancers.
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2. Materials and methods

2.1 Animals and Ductal injections

All procedures were carried out in accordance with our Institution’s Animal Care and Use
Committee approval. A total of five female FVB/N virgin mice (average age ~19 weeks,
average weight ~24 g) and eight female C3(1) SV40 large T antigen (Tag) transgenic virgin
mice (average age ~15 weeks, average weight ~19 g) were used in this study. The FVB/N
mice were purchased from Charles River Laboratories, Inc. and SV40 mice were produced
in Dr. Conzen’s laboratory.

Mice were anesthetized in a rodent anesthesia box under 3-5% isoflurane and 2 L/min O,
then transferred to a nose-cone and kept anesthetized at 1.5-2.5% isoflurane. The fur was
shaved from the skin around the body and hind limbs. The body was wiped with alcohol to
remove loose fur and to help visualize the nipples. A 34G, 45° tip Hamilton needle attached
to a 25uL Hamilton syringe was then inserted into the tip of the nipple near the inguinal
gland. Approximately 15uL of a Gadodiamide solution (0.8 mM Gd chelate, Omniscan GE
Healthcare Novation Princeton, NJ, USA) was slowly injected into the nipple over one
minute to fill the ducts. We injected only the inguinal mammary gland on one side of each
mouse with contrast agent so that the inguinal gland on the opposite side of the mouse could
serve as a control. The right mammary gland was picked as the injection site in most mice.
However, for the SV40 mice, the left mammary gland was selected for injection when there
was a relatively larger tumor, which would prohibit flow of the contrast agent, on the right
side. As a result, all FVB/N mice were injected on the right side, four S\V40 mice were
injected on right side, and four were injected on the left side. A cancer was classified as /n
Ssituwhen its size was between 150 — 400 microns, and classified as invasive if its size was
>400 microns in largest diameter, based on previous work from this group that correlated
cancers on MRI with histology [16].

2.2 MRI experiments

MR imaging was performed on a 9.4 Tesla small animal scanner (Bruker, Billerica, MA,
USA) with 11.6 cm inner diameter, actively shielded gradient coil (maximum constant
gradient strength for all axes: 230 mT/m), and a 30 mm diameter quad RF coil (RAPID MR
International, Columbus, Ohio, USA). Mice were monitored for respiration, temperature,
and heart rate using an MRI-compatible physiological monitoring system (SA Instruments,
Stoneybrook, NY, USA). Mice were kept at normal body temperature by using warm air
blown through the bore of the magnet.

Prior to contrast agent injection, axial multi-slice rapid acquisition refocused echo (RARE)
T2-weighted (T2W) images with fat suppression (TR/TEgftective = 4000/20.3 ms, FOV =
25.6%19.2 mm, matrix size = 256x192, slice thickness = 0.5 mm, number of slice = 41,
RARE factor = 4, NEX = 2) were acquired to provide anatomic information. Then, 3D T1-
weighted (T1W) fast low angle shot (FLASH) images (TR/TE = 22.2/4.4 ms, flip angle =
15°, FOV = 25.6x19.2x38.4 mm, matrix size = 256x192x192, partial Fourier factor = 1.5,
NEX = 1) with fat suppression were acquired. The mouse was afterwards transferred to a lab
bench for the ductal injection.
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Following injection, the mouse was immediately secured on an animal holder and inserted
into the coil. The first image acquisition began approximately 12 min after the ductal
injection. The 3D T1W images with the same parameters as above were acquired repeatedly
for about 90 min to follow the contrast agent washout with temporal resolution of 9.1 min.
At the end of experiments, axial multi-slice RARE T2W images with the same parameters as
above and with fat suppression were acquired to provide anatomic information.

2.3 Data analysis

The data were processed and analyzed quantitatively using software written in IDL (Exelis
VIS, Inc., Boulder, CO, USA). To assist with visualizing the ductal architecture, Amira 3D
visualization and analysis software (FEI Visualization Sciences Group, Burlington, MA,
USA) was used for volume rendering.

The 15t T1W scan acquired between ~12 minutes and 21 minutes after contrast agent
injection was used to identify voxels with significant contrast agent uptake. From axial T1W
images (with the aid of T2W images), the slice containing the injection site was identified
first. Then, the average reference signal intensity (Syef) Was calculated over a manually
traced region-of-interest (ROI) on the control side of the mammary gland (the side of the
mouse that was not injected with contrast agent), excluding the lymph node. Similarly, an
ROI was traced around the mammary gland on the side of the mouse that received a contrast
media injection. On the contrast-enhanced side of the mouse, only the voxels in the
mammary gland with signal intensity greater than four to six times S;.f were classified as
‘significantly enhanced’. This threshold value was empirically determined to include all
enhanced voxels in the ducts and minimize the background signal. The total volume of tissue
with significant enhancement (Venhanced) Was calculated from the sum of all significantly
enhancing voxels.

Once those voxels with significant contrast agent uptake were identified, the plot of signal
intensity vs. time (S(t)) for each voxel was fitted with the following equation to extract the
decay constant (A):

S(t)=A-exp(=At)+B, (1)

where A+B is the maximum signal intensity at time zero and B is the estimated baseline
signal intensity at an ‘infinite’ time after injection.

In addition to the mammary gland, we also observed the signal enhancement post-contrast
agent injection in blood vessels. To measure contrast agent washout in the lower aorta
following intra-ductal injection, an ROI was manually defined to cover the largest portion of
aorta in a coronal slice from the first TIW scan. Then, an empirically determined threshold
signal intensity of 10 times S,.f Was used to identify pixels with significant contrast agent
uptake in the aorta within that ROI. The average signal intensity over the aorta was
calculated for pixels with signal above the threshold value. Subsequently, the average signal
intensity vs. time curve (Syorta(t)) Was fitted with Eq. 1 to extract the decay constant.
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The non-parametric Mann-Whitney U-Test was performed to determine whether there was a
statistically significant difference between FVB/N mice and SV40 mice for calculated
parameters. A p-value of less than 0.05 was considered significant.

Based on size criteria defined for /n s/t and invasive cancers as previously published [16],
we identified a total of 31 /n situ cancers and 10 invasive tumors (Table 1) in the inguinal
mammary glands of eight SV40 mice by examining all MRI slices through the glands. No
cancers were found in the FVB/N mice. Figure 1 shows an axial MRI slice for an SV40
mouse: (a) pre-contrast agent injection T2W image, (b) a corresponding pre-contrast agent
injection T1W image, (c) ~90 min post-contrast agent injection T2W image, and (d) the
corresponding first TIW post-contrast agent injection image, acquired between 12 minutes
and 21 minutes after injection. The mammary gland injected with contrast agent (indicated
by a white arrow) is clearly enhanced compared to the control gland that did not receive an
injection.

Figure 2 is a typical 3D volume-rendered T1W image showing the contrast-enhanced
anatomy of mouse mammary ducts (orange circles) and lower aorta (red rectangles) for (a)
an FVB/N mouse and (b) an SV40 mouse. Despite the relatively small luminal volume, the
mammary ducts of both types of mice were easily detectable following an intra-ductal
injection of a 0.8 mM solution of Omniscan. The FVB/N mouse and SV40 mouse have
different ductal tree structures, and the FVVB/N mouse has a much larger enhanced ductal
volume at 12 — 21 minutes after injection than the SV40 mouse.

On average, the total volume of mammary gland with significant enhancement (Fig. 3(a)) in
the first post-injection scan was about five times higher in FVB/N mice relative to SV40
mice (p < 0.005). Since the FVB/N mice on average weighed about 5 g more than the SV40
mice, the ‘specific volume of enhancement’ was also calculated by dividing the total volume
of enhancement by the mouse weight. Figure 3(b) shows on average that the specific volume
of enhancement was about four times higher (p < 0.007) in FVVB/N mice relative to SV40
mice.

After the contrast agent was injected through the nipple and into the ducts, the contrast agent
diffused into blood vessels from the mammary ducts, and was distributed to the rest of the
body. Figure 4 shows box plots of the average contrast agent washout rate in (a) the
mammary gland and (b) in the lower aorta for both FVB/N and SV40 mice. The average
washout rate in the mammary gland was about 20% faster in SV40 mice (p < 0.05) relative
to the FVB/N mice. The average rate of washout from the aorta was slower in the SV40
mice than in the FVB/N mice, but the difference was not statistically significant (p = 0.16).

4. Discussion

These results show that mammary ductal lumens with /n situ cancer in SV40 mice are more
permeable than normal ducts in FVB/N mice. The volume of the mammary glands with
enhanced signal after the intra-ductal injection of contrast agent was five times higher in
normal (FVB/N) glands than in SV40 glands with /n situ cancer. This was not caused by
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differences in the amount of contrast agent injected, since all mice received the same
concentration and volume. The ‘enhanced volume’ was calculated relative to the signal
intensity in the contralateral gland that did not receive an intra-ductal injection, to correct for
any variations in signal between mice. The much smaller enhanced volume imaged between
12 minutes and 21 minutes after intra-ductal injection in SV40 mice could reflect rapid
leakage of contrast agent from the SV40 ducts before acquisition of the first image, due to
increased permeability of the ductal wall. In addition, the washout of the contrast agent from
mammary ducts during the imaging period (from 12 minutes to 90 minutes post injection) is
significantly more rapid in SV40 mice than in FVB/N mice, consistent with increased
permeability of the walls of the ductal lumens.

After intraductal injection, contrast agent leaked out of mammary glands, diffused into the
blood, and was cleared through renal excretion. Contrast agent washout rate measured from
the aorta was somewhat slower in SV40 mice than in FVVB/N mice (although this difference
was not statistically significant). The slower decrease in washout rate of contrast agent in the
aorta of SV40 mice suggests that the leakage rate from the ducts almost balances the rate of
renal excretion, while in FVB/N mice, leakage from ducts is slower than renal excretion.

The present results are consistent with previous XFM (X-Ray Fluorescence Microscopy)
data showing increased ductal permeability in the S\V40 mice with /n situ cancer [17]. XFM
demonstrated that, following IV injection, Gadolinium that is taken up by mammary glands
leaks into mammary ductal lumens in S\V40 mice with /n situ cancer, but there is no
measurable leakage into the cancer-free ductal lumens of FVB/N mice. The XFM data
provide further support for the hypothesis that increased permeability of mammary ducts of
SV40 mice is due to the presence of small /in situ cancers, and may be an MRI detectable
marker for early cancer. This would be consistent with previous work showing increased
permeability of epithelial tight junctions in mammary glands associated with /n situ cancer
[18].

The present results demonstrate that enhancement in the ductal lumens due to intra-ductal
injection of a 0.8 mM solution of Omniscan is easily detectable and remains detectable for
as long as 90 minutes. This is approximately the same as the concentration of contrast agent
detected by XFM in SV40 mammary ducts following 1V injection [17]. Therefore, the
present results, together with previous XFM results suggest that contrast agent accumulation
in hyper-permeable mammary/breast ducts following 1.V. injection could be detected by
MRI. Dynamic contrast enhanced (DCE) MRI is very sensitive and specific for invasive
breast cancer but sensitivity and specificity for DCIS are more modest [4]. MRI is less
sensitive to DCIS because intraductal cancer produces less angiogenesis than invasive cancer
and DCIS is often diffuse. Therefore, there is a critical need for improved MRI-detectable
markers for DCIS. DCE-MRI acquisition and analysis methods could be developed and used
clinically for monitoring contrast media concentration in the ductal lumens following I.V.
injection, as an early indicator of cancer. In addition, serial MRI studies of increasing ductal
permeability in mouse models during cancer development, and changes in ductal
permeability during therapy could guide the development of new therapies for human breast
cancer and could enhance understanding of the biology of /n situ breast cancers.
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There were two major limitations in this study. First, the initial MRI scan was acquired
approximately 12 min after the intra-ductal injection. Ideally, the initial MRI scan would
start immediately after the intra-ductal injection to allow for a more accurate measurement
of washout rates. This is currently difficult to do because of the time required to prepare the
mouse for MRI after intra-ductal injection. However, we are currently developing methods
that will decrease the time between an intra-ductal injection and the first MRI scan. In
addition, we are performing measurements of ductal permeability using optical imaging
methods, since optical scans can be acquired very rapidly after ductal injection. Second, the
mammary glands of the S\V40 mice studied in this research contained early in situ cancers
and a small number of invasive tumors. More advanced cancers increase the difficulty of
intra-ductal injection by blocking the flow of contrast agent throughout the ducts. To address
this problem, we will develop gentler and more gradual injection protocols that allow us to
measure permeability in the presence of /n situ cancers at different stages and to more
accurately assess changes in permeability as cancer develops.

Cancers in the SV40 mice start very early, as early as 4 weeks, and it would be important to
collect information about the initiation of DCIS at this stage. It is currently difficult to
perform an intra-ductal injection earlier than 15 weeks because the nipple is very small. We
hope in the future to be able to develop better injection methods so that we can perform
ductography on younger mice. However, even at 15 weeks we are able to study a range of
cancers, because each mammary duct typically contains /7 situ cancers at different stages.

To our knowledge, this is the first dynamic 3D MRI study of contrast agent washout
following intra-ductal injection into a mammary gland. The results of this pilot study
provide support for the clinical use of ductography to find early cancers that are not
detectable by traditional MRI. In addition, acquisition and analysis of DCE-MRI data after
conventional 1.V. injection of contrast media could be adapted to detect accumulation of
contrast media in ductal lumens. MRI detection of increased ductal permeability could
contribute to the clinical diagnosis of early /n situ cancer, and changes in ductal permeability
could be tracked as an indicator of response to therapy.
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Figure 1.
An axial MRI slice for an SV40 mouse: (a) pre-contrast agent injection T2-weighted image,

(b) a corresponding pre-contrast agent injection T1-weighted image, (c) ~90 min post-
contrast agent injection T2-weighted, and (d) the corresponding 15t T1-weighted image post-
contrast agent injection. The side of mammary gland injected with contrast agent is
indicated by a white arrow and the bright area indicates contrast agent uptake.
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FVB/N mouse SV40 mouse

Tail direction ‘ Tail direction ‘

Figure 2.
Volume rendered T1-weighted images were generated to show contrast agent uptake by a

mouse inguinal mammary gland (orange circles) and lower aorta (red rectangles) for (a) an
FVB/N mouse and (b) a SV40 mouse on one side of inguinal gland. Please note that part of
aorta for FVB/N mouse was hidden behind other tissues. The image shows the body
orientation where the tail is located at the bottom of the image. The left (L) and right (R)
side were labeled on the figures.
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Figure 3.
Box plot of (2) total volume of tissue and (b) specific volume of tissue that had significant

enhancement post contrast agent injection for an FVB/N mouse and an SV40 mouse after
one side of an inguinal gland was injected with contrast agent. The square symbols (O)
indicate the mean, and the asterisks (*) indicate the upper and lower limits of the data.
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Box plots of average contrast agent washout rate for tissue that had significant contrast
uptake in (a) mammary gland and (b) lower aorta for both FVB/N and SV40 mice. The
square symbols (O) indicate the mean, and the asterisks (*) indicate the upper and lower

limits of the data.
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