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Abstract
Previous research on the vasculature of tumor-bearing animals has focused upon the
microvasculature. Magnetic resonance angiography (MRA) offers a noninvasive, complementary
approach that provides information about larger vessels. Quantitative analysis of MRA images of
spontaneous preclinical tumor models has not been previously reported.

Eleven TgT121;p53+/− mice, which invariably develop choroid plexus carcinoma (CPC), and nine
age-matched healthy controls were imaged using T1, T2, and a high-resolution 3D time-of-flight
(TOF) MRA sequences at 3T. Tumors and vessels were segmented to determine tumor volume and
vascular attributes, including number of terminal branches (TBC), vessel count (VC), and the average
vessel radii (AVRAD) of MRA-visible vessels within the tumor. Differences in the vasculature
between tumor-bearing animals and healthy controls were analyzed statistically. Although the spatial
resolution of MRA prohibits visualization of capillaries, a high density of intra-tumor blood vessels
was visualized in CPC mice. A significant increase in TBC and VC, but not AVRAD, was observed
in CPCs when compared to normal controls. Both TBC and VC were highly correlated with tumor
volume. This study represents the first MRA analysis of a spontaneous preclinical brain tumor model.
Although the spatial resolution of MRA is less than histological analysis, MRA-obtained vascular
attributes provide useful information with full brain coverage. We show that consistent tumor
vasculature properties can be determined by MRA. Such methods are critical for developing
preclinical therapeutic testing and will help guide the development of human brain tumor analyses.

Keywords
MR; Angiography; Angiogenesis; choroid plexus; genetically engineered mice; brain tumor

Reprint Requests: Lauren M. Brubaker, University of North Carolina at Chapel Hill, Department of Radiology, CB#7515, Chapel Hill,
NC 27599, Email: lauren_brubaker@med.unc.edu.
A variant of this paper was published as Brubaker L, Bullitt E, Yin C, Van Dyke T, Lin W (2005) MRA visualization of abnormal tumor
vasculature in genetically engineered mice. Cancer Research 65: 8218-8223

NIH Public Access
Author Manuscript
Cancer Res. Author manuscript; available in PMC 2008 June 16.

Published in final edited form as:
Cancer Res. 2005 September 15; 65(18): 8218–8223.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Carolina Digital Repository

https://core.ac.uk/display/345204881?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Introduction
A critical stage in the development of aggressive cancers is the establishment of a blood supply.
Much research has been devoted to understanding this process using preclinical models that
involve cell line transplantation such as xenografts. Furthermore, numerous clinical trials have
been initiated to test the efficacy of angiogenesis inhibitors with limited success despite in spite
of promising preclinical xenograft data [1–2]. In recent years, several mouse models of cancer
have been established that develop tumors de novo based on genetic events engineered into
the mouse, and in several cases the transition to angiogenesis has been established [3–11].
These models provide an opportunity to develop methods for in vivo imaging to characterize
the properties of tumor vasculature to develop sensitive strategies for preclinical testing.

Previous efforts to characterize tumor vasculature in mouse brain tumor models relied on
sacrificing the animals, thus prohibiting longitudinal studies of angiogenesis. Extensive efforts
have been devoted to the development of approaches capable of revealing the unique features
associated with tumor neoangiogenesis in vivo. Specifically, non-invasive approaches such as
dynamic susceptibility contrast (DSC) magnetic resonance (MR) imaging have been utilized
to depict regional vascular density, potentially useful in differentiating lesion pathology [12–
19]. In addition, the continual monitoring of MR signal changes post-contrast can provide
consistent vascular permeability measurements in animal and human subjects [19,20]. Both
MR approaches offer insight into the microscopic physiological alterations associated with
tumor vasculature. Little attention has been given to macroscopic vessels within these tumors,
however.

High resolution MR angiography (MRA) offers a macroscopic view of the entire tumor
vasculature. These parameters are likely to be of physiological importance by complementing
MR perfusion and permeability studies. Indeed, in a recent blinded study of human tumor
patients whose images were analyzed prior to lesion resection, a statistical analysis of the
shapes of MRA-extracted blood vessels proved successful in separating benign from malignant
disease in all cases [21].

The purposes of the current study are to determine whether tumor-associated vasculature can
be visualized and extracted from the MRA images of tumor-bearing mice and, if so, to assess
the properties quantitatively by which they differ from normal mice. The tumor model
employed is a well-characterized, genetically engineered mouse model in which choroid plexus
carcinoma (CPC) develops with 100% penetrance [6,7]. The histological characteristics of
these tumors have also been well-studied [6,7] and mature tumors always exhibit marked
angiogenesis.

This report describes the acquisition of high-resolution MR images, the extraction of blood
vessels, the definition of tumors from the images of tumor-bearing animals, and the registration
of images into a common coordinate system. For each tumor, we then statistically compare the
number of terminal branches (TBC), the vessel count (VC), and the average vessel radius
(AVRAD) to the means and standard deviations of the vasculature within the same anatomical
region of the healthy controls. We conclude that tumor-associated vasculature can indeed be
visualized and extracted successfully from the images of CPC-bearing mice.

Materials and Methods
Choroid Plexus Carcinoma (CPC) Mouse Model

TgT121;p53+/− mice develop focally aggressive angiogenic CPC that is histologically
detectable by 8 weeks and terminal by 12 weeks of age [7,22]. Often a single animal develops
multiple focal tumors. Tumors are initiated by choroid plexus-specific expression of T121, an
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N-terminal fragment of SV40 large T antigen that binds and inactivates the tumor suppressor
pRb and related proteins p107 and p130 [22]. T121 induces cell proliferation and p53-dependent
apoptosis throughout the choroid plexus epithelium such that heterozygosity for a p53 null
allele facilitates multi-focal tumor progression to CPC with complete p53 loss. Histological
analyses show that the timing and penetrance of tumor development is highly reproducible
[6]. CPC tumors are heavily vascular lesions, and thus provide an ideal tumor type in which
to study the effect of anti-angiogenic agents in experimental animals.

A total of 20 mice were studied, including eleven TgT121;p53+/− mice and nine age-matched
control mice. Of the TgT121;p53+/− animals, nine were terminal (10–11 weeks of age), while
two were subterminal (8–9 weeks of age). All animal protocols were approved by the
Institutional Care for Animal Use Committee.

Magnetic Resonance Imaging
All images were acquired on a Siemens 3T Allegra head only scanner (Siemens Medical Inc.,
Erlangen, Germany) with a maximum gradient strength of 40 mT/m and a slew rate of 400
mT/m/msec. A custom-made volume coil measuring 2.1 cm in diameter was utilized. Imaging
sequences included a pre-contrast two-dimensional (2D) multi-slice T1 weighted sequence
(T1W) (30mm2 field of view (FOV), 0.1x0.1x1.0mm3 voxel size, repetition time (TR) 500ms,
echo time (TE) 13ms, 4 averages, and acquisition time (TA) 8:46) and a 2D multi-slice T2
weighted sequence (T2W) (30mm2 FOV, 0.1x0.1x1.0mm3 voxel size, TR 6990ms, TE 100ms,
4 averages, and TA 11:20). A high-resolution three-dimensional (3D) time-of-flight (TOF)
MRA sequence was employed for acquiring MRA images (30mm2 FOV, 0.1x0.1x0.1 mm3

voxel size, TR 53 msec, TE 8.8 msec, 2 averages, 256x256 resolution, and TA 23:11). All of
the above imaging sequences were applied prior to the injection of a MR contrast agent (Gd-
DTPA) Following an intraperitoneal injection of 0.5 mL Gadolinium contrast agent, post-
contrast T1W images were acquired with identical parameters as above. Total acquisition time
was approximately 1 hour.

Isoflurane, an inhalant anesthesia, was mixed with air and administered to animals at 2%
induction and 1% maintenance through a nose cone. All mice were stereotactically
immobilized prior to imaging.

Data analysis
All images were transferred to a PC for post-processing. Data analysis included vascular
segmentation, lesion segmentation, image registration, derivation of vascular attributes, and
statistical analysis.

Vessels were extracted from MRA images using a semi-automated, multi-scale method that
proceeds from user-supplied seed points to automatically define the path of each vessel and to
calculate the radius at each vessel point. Detailed descriptions of the vascular segmentation
approaches are described in reference [23]. In short, the method models a vessel in three steps:
(1) definition of a seed point on or near a vessel of interest; (2) automatic, dynamic-scale
extraction of an image intensity ridge representing the vessel’s central skeleton; and (3)
automatic determination of vessel radius at each centerline point. The program’s output defines
each vessel as an ordered set of x, y, z points indicating the spatial position of that vessel’s
centerline with an associated radius at each point. For this report, we use the term “vessel” to
indicate a single, unbranching structure. A single vessel might have one or more child branches,
but the analyses described here count each child branch as an independent vessel.
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Tumors were extracted from gadolinium-enhanced T1W images using a partially manual
program that defines tumors via polygon drawing and filling on orthogonal cuts through an
image volume [24].

All images were then registered via a normalized mutual-information based, affine registration
into the coordinate system of one of the healthy mouse MRA studies [25]. Using a combination
of forward and backward mapping, the same region of interest (the tumor boundary) could thus
be mapped into the undeformed space of any animal’s MRA. Registration of tumor-bearing
mice into the healthy coordinate system was often difficult, as mice with large tumors possessed
markedly bulging skulls without deformation of the jaw. In such cases, the brain was segmented
and registration was performed upon the brain alone.

For each tumor, the surface was mapped into the tumor mouse’s MRA and vessels were clipped
to the tumor surface. Vascular attributes, as described below, were derived for the vessel
segments contained by the region of interest (the volume defined by the tumor surface). This
same region of interest was then mapped into the coordinate space of each healthy mouse, and
the same vascular attributes were derived for each normal mouse. Note that although some
vessels traversed the region of interest, analysis was only performed upon the vessel segments
contained within the defined tumor region.

This paper considers three vessel attributes. The AVRAD was calculated by summing the
radius at each centerline point and dividing by the number of vessel points. The VC was the
number of vessels (including clipped vessels) within the confines of the tumor. Each branch
counted as one vessel. The TBC was defined as the vessels lying entirely within the tumor (the
terminal branches originate and end within the region of interest and no point in a terminal
vessel branch lies outside the region). Hypervascular tumors induce the formation of new
vessels within the tumor confines, and the TBC therefore provides an indirect measure of vessel
sprouting. Figure 1 shows a region of interest (oval) and two vessels (thick lines) that traverse
it. Three terminal branches are shown as narrow lines. The total vessel count would be 5 in
this example. Traversing, entering, or exiting vessels are clipped to the tumor surface and
analysis is performed only on the vessel segments lying within the confines of the region of
interest. Finally, tumor volumes were calculated automatically by summing the number of
voxels within the tumor and multiplying by the voxel size.

Statistical Analysis
In order to compare how vascular attributes differed between CPC and normal brain, we
calculated the mean and standard deviation for each of the vascular attributes over the same
anatomical location as each tumor in the 9 normal mice, allowing for the calculation of z-scores
for each vascular attribute. In addition, linear regression analysis was utilized to determine the
relation between AVRAD, VC, TBC, and lesion volume.

Results
Eleven TgT121;p53+/− animals possessed a total of 15 tumors, each of which was analyzed
independently. Three (mouse 01, 05 and 06, Table 1) of the nine terminal mice (mouse 00 to
09, Table 1) had more than one lesion. Gadolinium-enhanced images were not available or
were of low quality in two animals; in these cases T2 images were used to define tumor margins.

The 3D TOF MRA images generated consistent high-resolution images of all mice in the study.
Figure 2 provides an example of T1 (Fig. 2A), T2 (Fig. 2B), and MRA (Fig. 2C) and of the
vessel trees (Fig. 2D) defined from a healthy mouse. Vessel trees are color-coded by circulatory
group in this figure. Note that although the limits of MRA resolution preclude direct imaging
of capillary beds, each of the major circulatory groups contains significant vascular detail.
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Figure 3 provides an example of a subterminal mouse (mouse 07, Table 1) possessing multiple
tiny tumors within a dilated ventricular system (arrow, Fig. 3a). In this case, the tumors were
so multitudinous and small that no attempt was made to define the tumors individually, but the
entire ventricular system was defined as a single region of interest for the later analysis of the
vascular attributes.

The nine terminal mice each had one or more large tumors measuring approximately 4 mm in
diameter, and located in the third, fourth and/or lateral ventricles. These larger tumors enhanced
with gadolinium and were readily defined from contrast-enhanced T1 images. Figure 4
illustrates an example of a large tumor together with an associated histopathological slice. Note
that small tumor nodules, less than 1 cubic mm in volume, can be seen on both the MR slice
images and on the associated histopathological slice.

Results for AVRAD, VC, TBC and tumor volume for each tumor are summarized in Table 1.
This table also provides the z-score values for AVRAD, VC, and TBC when compared to the
age-matched normal controls at the same anatomical regions of the tumors. With the exception
of a single very small mass (mouse 05; tumor 7), tumors displayed an increase in TBC and VC
as compared to the matched anatomical region of control mice. This finding is consistent with
the known hypervascularity associated with this particular tumor type. A lack of consistent
regional difference in AVRAD is observed between tumor and healthy vessels, probably
because tumor-associated neoangiogenesis produces an increase in vessels of a variety of sizes.

The interplay between lesion volume, TBC, and VC are shown in Figure 5, as compared
between lesion volume and TBC (Fig. 5a), lesion volume and VC (Fig. 5b) and VC and TBC
(Fig. 5c). A linear relationship exists between these three physiological parameters.

Discussion
Many evaluations of tumor angiogenesis using MRI have focused upon the utilization of
perfusion imaging for estimating vascular density, with encouraging results reported by several
groups [13–17]. Although still under investigation, dynamic contrast imaging may provide a
promising approach as reported in both patient and animal studies [13–17]. However,
disadvantages of perfusion imaging include confusion due to breakdown of the blood-brain
barrier and omission of small foci of malignancy resulting from low spatial resolution.

This report takes an alternative, but complementary approach by describing visualization of
the larger vessels directly discernable from MRA to investigate the feasibility of imaging
murine tumors and vessels. As shown in Figures 3 and 4, abnormal vessels are clearly visible
in both subterminal and terminal mice, suggesting that MRA may provide a reasonable means
to monitor the progression of tumor angiogenesis in a preclinical tumor model.

As compared to healthy controls, a significant increase of TBC and VC were observed in CPC
mice, which is in good agreement with previously described histological findings in this animal
model [6]. Intuitively, one would expect a correlation between TBC and VC, since an increase
in TBC will automatically produce an increase in vessel count. The TBC provides a count of
short vessels contained entirely within a region of interest. Tumor-associated neoangiogenesis
is likely to produce a statistically significant increase in TBC within a region of interest, since
the tumor induces growth of new vessels within the tumor. Although an increase in TBC will
also produce a rise in the total vessel count, the total vessel count is likely to be variable when
a region of interest is mapped between a tumor subject and multiple healthy subjects since the
mass effect of a tumor may displace vessels that would normally course within the region of
interest. The two parameters TBC and VC are therefore related, but TBC is likely to provide
a more reliable measure of tumor neoangiogenesis. In contrast, no significant differences were
found in AVRAD between healthy animals and the tumor group, most likely due to tumor
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neoangiogenesis involving both large and small vessels [26]. Both TBC and VC were linearly
correlated with the lesion volume. This finding is in agreement with previous reports that
describe homogeneity of this tumor as seen by histological section [6].

Our study is important for several reasons. First, to our knowledge, this report represents the
first in vivo assessment of tumor vasculature based on MRA visible vessels in a well controlled
genetic mouse brain tumor model. Second, all images were co-registered into a common
coordinate system so that a direct comparison of the vasculature between CPC mice and normal
controls at similar anatomical locations can be obtained. This ability is of importance since
vessel distribution and shape is not uniform throughout the brain. Such registration will likely
be helpful to follow tumor progression or response to treatment in individual animals over
time.

Third, the vascular segmentation and analysis methods described provide automated,
quantitative measures of vessel shape and density with statistical comparison to a database of
healthy controls. Although the spatial resolution of MR images is not as high as that of
histology, the quantitative parameters offered by our approach allow direct assessment of
vascular morphology with coverage of the entire head in a noninvasive fashion.

Finally, tumor volume is calculated automatically. This ability is not only likely to prove
helpful when following animals over time, but is clearly useful in enabling a direct comparison
between several vascular attributes and lesion volume. Nevertheless, only post-contrast T1W
images were used to define tumor margins. It is possible that combination of T1W and T2W
images, particularly FLAIR sequences may further improve our ability to accurately define the
margin of tumors althoug this is beyond the scope of our current study.

Although a spatial resolution of 0.1mm3 was achieved, capillaries cannot be visualized by MR
and the experimentally derived vascular morphological parameters are only applicable for
MRA visible vessels. The smallest vessels we were able to define had a diameter of 0.1
mm3, as is compatible with the voxel size of the images acquired.

The method of registration employed was both affine and tissue based and may not be the
optimal method of aligning images when the purpose is to compare vasculature between
individuals. A deformable, vessel based registration method would be preferable. Others in
our group are currently developing such an approach [22].

Future studies will focus on the following areas. First, as mentioned previously, many studies
have focused on vascular density as measured by perfusion imaging. It would be of interest to
compare vessel density measurements by perfusion imaging to the vessel density of the larger
vessels imaged here. We have not performed perfusion imaging in this study because severe
leakage of the blood brain barrier may confound estimates of vascular density. Nevertheless,
an intravascular contrast agent such as AIM227 could potentially overcome this difficulty and
provide an accurate estimate of vascular density. This study is currently in progress.

Second, the approach described in this report is applicable to longitudinal, non-invasive studies
of individual animals. The ability to follow animals over time and to assess the vessel changes
associated with malignancy in a non-invasive fashion will be of significant value to all
investigators exploring the development and treatment of animal tumor models that closely
mimic human tumors.

Finally, unlike perfusion imaging, which measures only vessel density, the definition of
individual vessels from high-resolution MRA allows quantitative assessment of multiple
measures of vessel shape. Several of these vessel attributes may be useful in the evaluation of
disease [23,28,29]. The ability to define mouse tumor vessels individually as described in this
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report will facilitate larger studies that can evaluate tumor neoangiogenesis not only on the
basis of vessel density but also with the incorporation of other vessel attribute measures.

Conclusion
In summary, this report describes a set of methods useful for imaging brain tumors and, more
uniquely, brain vasculature in the mouse. We describe results obtained in 9 healthy and 11
tumor-bearing animals, and conclude that high-resolution images can be obtained using a 3T
scanner within a reasonable time frame. In addition, the ability to segment vessels and brain
tumors allows a direct analysis of the vasculature in relation to the brain tumors in living
animals. The ability to conduct repeated studies using MRA offers a valuable tool for directly
monitoring the effectiveness of different antiangiogenic therapies without sacrificing animals.
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Fig. 1.
Diagram demonstrates an oval region of interest with two vessels (thick lines) traversing the
region and three terminal branches (narrow lines). The total vessel count would be 5 in this
example.

Brubaker et al. Page 9

Cancer Res. Author manuscript; available in PMC 2008 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Control Age-Matched Mouse
A: Pre-contrast T1 image, B: T2 image C: MRA D: corresponding vessel segmentation. For
segmented vessels, blue = right middle cerebral group, cyan = left middle cerebral group, red
= anterior cerebral group, gold = posterior cerebral group. The segmented vessels are shown
from an AP point of view similar to that of the slice sections.
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Fig. 3. Subterminal CPP Tumor Mouse
A: Post contrast T1 slice. Arrow points to a cluster of tiny tumors, B: 3D visualization of the
extracted ventricular system with superimposition of the same slice seen in (A). C: MRA slice
at the same level. D: 3D visualization of the segmented ventricular system (grey) shown at
partial opacity together with the segmented vessels. Vessels are color coded relative to the
ventricular surface such that blue = outside, gold = traverse, and red = inside. The 3D
visualization is shown from an AP view.
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Fig. 4. Terminal CPP Tumor Mouse
A: Low-magnification histological section illustrating a large tumor within the third ventricle.
Arrows point to small tumor nodules adjacent to the large tumor. B: Magnification of the same
histological slice shown in A. Note the heavy vascularity of this tumor. C. Gadolinium-
enhanced T1 slice at the corresponding level of the histological slice shown in A. Arrows point
to the small tumor nodules. D: 3D visualization of the magnified segmented tumor (grey) drawn
at partial opacity and with vessels color-coded relative to the tumor surface. Blue = outside,
red = inside, gold = traverse, cyan = entering or exiting, white = traversing vessels with less
than five vessel points within the tumor (excluded from analysis). There is marked
neoangiogenesis, producing an increase in vessel number both within and surrounding the
tumor. The tumor is very large, extending far beyond the confines of the mass shown in the
single sections displayed in 4A-C. The 3D visualization is again shown from an AP view.
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Fig. 5.
Correlation between TBC and lesion volume (a), VC and lesion volume (b), and TBC and VC
(c), respectively. Note: Outlier data point due to difficultly in defining true tumor margins from
lack of contrast enhanced T1 image
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