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Abnormal vascular phenotypes have been implicated in neuropathologies ranging from Alzheimer’s
disease to brain tumors. The development of transgenic mouse models of such diseases has created a
crucial need for characterizing the murine neurovasculature. Although histologic techniques are
excellent for imaging the microvasculature at submicron resolutions, they offer only limited coverage.
It is also challenging to reconstruct the three-dimensional (3D) vasculature and other structures, such
as white matter tracts, after tissue sectioning. Here, we describe a novel method for 3D whole-brain
mapping of the murine vasculature using magnetic resonance microscopy (uMRI), and its application
to a preclinical brain tumor model. The 3D vascular architecture was characterized by six morphologic
parameters: vessel length, vessel radius, microvessel density, length per unit volume, fractional blood
volume, and tortuosity. Region-of-interest analysis showed significant differences in the vascular
phenotype between the tumor and the contralateral brain, as well as between postinoculation day 12
and day 17 tumors. These results unequivocally show the feasibility of using uMRI to characterize the
vascular phenotype of brain tumors. Finally, we show that combining these vascular data with
coregistered images acquired with diffusion-weighted MRI provides a new tool for investigating the
relationship between angiogenesis and concomitant changes in the brain tumor microenvironment.
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Introduction

Knowledge of the three-dimensional (3D) architec-
ture of blood vessels is crucial for several reasons: (1)
Various neuropathologies ranging from Alzheimer’s
disease to brain tumors involve anomalous blood
vessels (Iadecola, 2004; Jain et al, 2007). (2) The
physiologic basis of image contrast in functional
magnetic resonance imaging critically depends on
the underlying microvasculature (Moonen et al,
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1990; Pathak et al, 2003, 2008c¢). (3) The cerebral
vasculature is central to understanding the hemody-
namics and the pharmacokinetics of novel therapies
in the brain (Reichold et al, 2009). (4) The wide-
spread development of transgenic mouse models of
neurologic disease has created a need for character-
izing the vasculature of the murine brain (Raman
et al, 2007).

In the case of brain tumors, the vascular architec-
ture is a critical determinant of their pathophysiol-
ogy. Vessel morphology of high-grade gliomas is
highly heterogeneous and markedly different from
the normal cerebral vasculature. It is also strongly
dependent on tumor size, location within the tumor,
and local angiogenic activity (Vajkoczy and Menger,
2000). Therefore, the vascular architecture provides
insights into the ‘angiogenic’ phenotype, which
traditionally has been characterized using histologic
techniques in terms of microvessel density (MVD)
(Weidner, 1995). Although optical microscopy is a
powerful tool for imaging the microvasculature
at submicron resolutions, it offers only limited
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coverage, and recovering the 3D vascular and white
matter fiber morphology after tissue sectioning
requires complex reconstruction.

Multiphoton microscopy is a 3D optical imaging
technique that has been used to image murine
cortical capillaries at submicron resolution (Verant
et al, 2007), but the imaging depth is limited to a few
hundred microns. A recent study used optical
coherence tomography to image vascular and lym-
phatic morphology, as well as tissue viability in
various tumor models in vivo (Vakoc et al, 2009).
Optical coherence tomography offers a wider field of
view and greater depth of penetration at the expense
of resolution relative to multiphoton microscopy,
and does not require exogenous contrast agents.
However, the maximum imaging depth is between 1
and 2mm below the tissue surface; hence, coverage
is still limited relative to modalities such as MRI and
computed tomography (CT).

Studies have used micro-CT (uCT) to image the
whole 3D mouse cerebral vasculature for various
applications, including creating a vascular atlas
integrated with an MRI brain atlas (Dorr et al,
2007), characterizing the vascular architecture of
transgenic mice (Heinzer et al, 2008), and measuring
cerebral blood volume (Chugh et al, 2009). Recently,
a hierarchical imaging method was developed that
involved using synchrotron radiation uCT (SRuCT)
to image corrosion casts of 3D capillary networks at
1.4 um resolution in select regions of interest (ROIs)
1mm?® in size (Heinzer et al, 2006). However,
constructing an intact corrosion cast without dama-
ging microvessels remains technically challenging,
and any complementary information is lost during
tissue maceration (Hossler and Douglas, 2001).
Another study used SRuCT imaging of small cylind-
rical tissue samples to compare normal and tumor
vasculatures in a rat brain 9L gliosarcoma model
(Risser et al, 2007). Although exquisite 3D images
of the microvasculature can be acquired, this
technique is not widely accessible because of the
need for synchrotron-generated high-energy X-rays.
Moreover, uCT does not offer soft tissue contrast or
contrast based on aspects of the brain tumor micro-
environment such as changes in cellularity caused
by tumor growth and invasion. Such a capability is
crucial for studying the interactions between tumor
vasculature and its micromilleu.

Here, we describe a new method for phenotyping
the vasculature of a brain tumor model using micro-
MRI (¢MRI), a rapidly evolving type of 3D MRI that
offers very high ex vivo imaging resolutions (Johnson
et al, 1993), and has previously been applied to
phenotyping various transgenic mouse models
(Benveniste and Blackband, 2002; Johnson et al,
2002). As uMRI is nondestructive and preserves 3D
tissue and blood vessel architecture, it has been used
to characterize the mouse embryonic vasculature
(Berrios-Otero et al, 2009; Smith et al, 1994). When
combined with different kinds of MR contrasts such
as diffusion-weighted (DW) MRI, uMRI can provide
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unique information on the brain tumor microenvir-
onment. For example, the apparent diffusion coeffi-
cient (ADC) and fractional anisotropy (FA) have been
shown to reflect brain tumor cell density (Chenevert
et al, 2000) and brain tumor invasion (Bennett et al,
2004), respectively. Furthermore, acquiring coregis-
tered 3D vascular, anatomic, and diffusion data in
one imaging session precludes the need for complex
image-registration algorithms. In this study, we
exploited the ability of yMRI to generate high-
resolution 3D images of the vasculature of the entire
mouse brain, and to characterize morphologic differ-
ences between the vascular architectures of a 9L
brain tumor and the contralateral brain. We also
characterized differences in angiogenesis between 9L
brain tumors at two different growth stages (namely
postinoculation day 12 (D12) and day 17 (D17)).
Finally, we measured concomitant changes in ADC
and FA at these time points, and assessed the ability
of uMRI-derived parameters to phenotype each brain
tumor microenvironment.

Materials and methods
Brain Tumor Model and Inoculations

In all, 10 female SCID (severe combined immunodeficiency)
mice, weighing ~25g, were anesthetized with a ketamine/
acepromazine cocktail. Their heads were immobilized in a
stereotactic frame, and then using an aseptic technique, a 1-
mm burr hole was drilled in the skull 1mm anterior and
2mm lateral to the bregma on the right side. A 10-uL gas-tight
syringe (Hamilton Co., Reno, NV, USA) was used to inject 10°
9L cells in 2ul. RPMI cell culture medium (Invitrogen,
Carlsbad, CA, USA) into the right frontal lobe at a depth of
3 mm relative to the dural surface. The 9L cell line was grown
in Dulbecco’s modified Eagle’s medium (Gibco, Gaithersburg,
MD, USA) with 10% fetal calf serum and expanded
immediately before inoculation. The injection time was
5minutes, after which the needle was retracted slowly for
an additional 5minutes. The skin was then closed with
surgical staples that were removed before MRI. All animal
studies were performed in accordance with the institutional
Animal Care and Use Committee guidelines.

Whole-Brain Sample Preparation

Five 9L brain tumor-bearing mice were sacrificed on
postinoculation D12 and another five on postinoculation
D17. The mice were perfusion fixed, followed by perfu-
sion with a silicone rubber compound called Microfil
(FlowTech Inc., Carver, MA, USA) according to a method
we developed previously (Pathak et al, 2008b). In brief,
mice were deeply anesthetized with isoflurane and then
perfused through the left ventricle—first with heparinized
phosphate-buffered saline, and then with 10% buffered
formalin (Bestvater et al, 2002) for fixation, and finally
with a 1:2 mixture of Microfil and diluent added with
5% curing agent by volume. The Microfil was allowed
to cure at room temperature for 90 minutes, and then the



heads were fixed in cold formalin for 2 days. Next, the
brains were excised from their skulls and stored in
cold formalin. Twenty-four hours before imaging, each
brain was immersed in phosphate-buffered saline doped
with 1mmol/. Gd-DTPA (Omniscan, GE Healthcare,
Oslo, Norway) to enhance soft tissue contrast. Each
brain was imaged in an nuclear magnetic resonance
(NMR) tube filled with Fomblin (Solvay Solexis, Milano,
Italy), which provides a dark, uniform image background
because it does not contribute any proton signal to the
MR images.

Micro-Magnetic Resonance Imaging Protocol

After fixation, the five D12 and five D17 brains were
imaged on a 400-MHz spectrometer in a 10-mm volume
radio-frequency coil (Bruker BioSpin Corp., Billerica, MA,
USA) using the following sequences and parameters: (1)
T2*-weighted multiple gradient echo (MGE), echo
time =4.9/9.7/14.5/19.3/24.0/28.8 milliseconds, repetition
time = 100 milliseconds, resolution = 64 ym x 64 um x 62 um,
flip angle () =30°, averages = 20, and total acquisition time
~11hours. (2) T2-weighted rapid acquisition with refo-
cused echoes, echo time/repetition time=34.5/500 milli-
seconds, resolution=129 yum x 125 um x 125 um, 0=40°,
averages=4, and total acquisition time ~4hours. (3)
Diffusion tensor imaging (DTI), echo time/repetition
time = 34.38/2,000 milliseconds, resolution =129 ym x
125 ym x 1,000 um, 0 =90°, averages = 20, and total acquisi-
tion time ~11hours; 1 non-DW image and 6 DW images
were acquired with a b-value of 1,700 seconds/mm? and
diffusion-sensitizing gradient orientations: [1,1,0], [1,0,1],
[0,1,1], [-1,1,0], [1,0,—1], [0,—1,1].

Image Processing

For each brain, a 3D tumor ROI was manually delineated on
the T2-weighted images in the Amira visualization software
(Visage Imaging, San Diego, CA, USA). A homologous
contralateral ROI was defined by reflecting the tumor ROI
across the brain midline. As some of the D17 tumors had
grown past the midline, manual modifications to contral-
ateral ROIs were necessary to exclude any tumor tissue.
Three-dimensional MGE images corresponding to the
first echo time were imported into ImageJ (Rasband WS,
National Institutes of Health, Bethesda, MD, USA, http://
rsb.info.nih.gov/ij/) for blood vessel extraction and com-
putation of vascular morphologic parameters. Initially,
we intended to calculate voxelwise R2* (1/T2*) maps
from the MGE data to segment the vasculature based
on the R2* enhancement caused by the susceptibility
difference between tissue and Microfil. However, the lack
of mobile water protons within microfilled vessels pre-
cluded reliable curve fitting to calculate R2*. Blood vessels
appear dark in MGE images because of the lack of free
water in the microfilled lumina (Figure 1A). We segmented
the vasculature using images from the first echo because
they exhibited the highest contrast-to-noise ratio and the
least susceptibility-related artifacts. The image processing
procedure for vessel extraction is summarized in Figure 1.
In brief, the vasculature was automatically segmented from
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the brain using a Hessian-based ‘tubeness’ filter (Sato et al,
1998). This filter determines how ‘tube-like’ a voxel is by
convolving the image with a spherical Gaussian kernel
with s.d. ¢, computing the Hessian matrix at each voxel,
and calculating a ‘tubeness’ metric from the Hessian
eigenvalues (Figure 1B). The sensitivity of the ‘tubeness’
filter to tubular structures of varying radii can be tuned by
varying o. Therefore, we implemented a multiscale integra-
tion of filter responses using three ¢ values (6=0.8, 0=1.0,
and ¢=1.2) to optimally extract vessels of all radii in the
UMRI image (Sato et al, 1998). Next, a binary 3D vascular
structure was obtained by applying an iterative threshold
algorithm (Ridler and Calvard, 1978) on the result of the
‘tubeness’ filter (Figure 1C). To eliminate small, disconnected
objects and gaps in the vasculature, the binary image was
subjected to a 3D size filter to remove isolated background
and foreground regions smaller than three voxels.

Morphologic Characterization of the Vascular
Phenotype

After segmenting the vasculature, we computed several
morphometric parameters to characterize the 3D vascular
architecture of tumor and contralateral ROIs. The fractional
vascular volume (FV) of tumor and contralateral ROIs was
determined by computing the fractional occupancy of the
binary vascular structure within each ROIL All ROIs and
binary vascular structures were resampled using bicubic
interpolation to 50um isotropic resolution to allow
consistent measurement of vascular morphologic para-
meters across all brains. The Image] ‘3D Skeletonization’
plugin was used to automatically extract the vascular
centerlines or 3D skeleton (Lee et al, 1994) (Figure 1D),
to count the number of vessel branches, and to compute
vessel branch lengths and Euclidean distances between
branch vertices. From these parameters, we calculated the
vascular tortuosity (vessel length/Euclidean distance),
length per unit volume (L,=total summed vessel length/
ROI volume) and MVD (number of branches/ROI volume).
To measure vessel radius, a 3D Euclidean distance map
(EDM) of the vasculature was computed using the
ChamferMap module in Amira. This EDM represents
the smallest distance between each vessel voxel and the
background. Vessel radii were determined by multiplying
the binary skeletonized image with the EDM (Figure 1E).
These steps are summarized in Figure 1. All 3D visualiza-
tions were performed in Amira.

Apparent Diffusion Coefficient and Fractional
Anisotropy Maps

As mentioned previously, a major advantage of uMRI over
uCT is the availability of various MR contrast mechanisms.
We resampled the high-resolution tumor and contralateral
ROIs in ImageJ using bicubic interpolation to match the
coarser resolution of the DTI data. Voxelwise ADC and FA
maps were computed from the DTI data for each brain using
DTI-Studio (H Jiang and S Mori, Radiology Department,
Johns Hopkins University, Baltimore, MD, USA). For each
voxel, we calculated the eigenvalues of the diffusion tensor
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Figure 1 Image processing flowchart depicting an axial slice of a D12 brain. (A) First-echo MGE image of a D12 brain. (B) Output of
the ‘tubeness’ filter in red overlaid on the original image. (C) Three-dimensional binary vascular structure after thresholding, filtering,
and resampling. (D) Maximum intensity projection (MIP) of the skeletonized vascular structure. (E) Three-dimensional EDM map
showing the minimum distance in um between each vessel voxel and the background. The color reproduction of this figure is
available on the html full text version of the manuscript. D12, postinoculation day 12; MGE, multiple gradient echo.

(21, 22, and 43), from which ADC and FA were computed Finally, the median ADC and FA values of each ROI were
according to: computed using Image].

M4 Ao+ A3

ADC = =7 (1)

Zonal Analysis of Tumor Regions of Interest

=2 2 =) To further investigate the phenotypes of these tumors, we
FA = \/3/2[()”1 —4) :_ (;”22_ /1)2 + (ks — )] (2) determined how the computed morphologic and diffusion
M2y g parameters varied spatially within tumor ROIs. We divided
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each tumor ROI into three subregions of approximately
equal volume by performing two successive 3D binary
morphologic erosions in Image]. For the 50-um isotropic
ROIs, we used a spherical structuring element with a
diameter of 9 voxels (450 um). For tumor ROIs subsampled
for DTI analysis, we used a two-dimensional structuring
element with a diameter of five voxels (~400 um). In all
cases, the result of the first erosion was subtracted from
the original ROI to define the tumor rim; the result of the
second erosion defined the tumor core; and the difference
of the first and second erosion operations defined an
intermediate zone. All of the vascular and diffusion para-
meters computed above were recomputed for the three
zonal ROIs using the methods described above.

Cluster Analysis of Micro-Magnetic Resonance
Imaging Parameters

To assess the feasibility of generating a ‘signature’ of the
angiogenic phenotype using the parameters obtained from
our technique, we implemented an unsupervised hierarch-
ical clustering algorithm on all 20 brain ROIs using vessel
length, vessel radius, MVD, Ly, FV, tortuosity, ADC, and FA
as cluster variables. We used the ‘complete linkage’
clustering algorithm, which defines the distance between
two clusters as the distance between their two farthest-
apart members based on the cluster variables and yields
well-separated and compact clusters. We used the Man-
hattan distance metric, which is defined as:

d=llp—qll, =) _Ipi— qil (3)
=1

where p=(pi1, p2.-., pa) and g=(q1, qa,-.., ). The cluster
analysis was conducted using NCSS (Kaysville, UT, USA)
for Windows.

Statistical Analysis

The median value of each yMRI parameter was determined
for every tumor in each group of animals. A two-tailed,
nonparametric Mann—Whitney U-test was used (o =0.05) to
determine whether median pMRI parameters for tumor
ROIs were significantly different from those for contra-
lateral ROIs. The same test was used to determine whether
there were any significant differences between yMRI para-
meters corresponding to D12 and D17.

Results

Morphologic Characterization of the Vascular
Phenotype

Figures 2A and 2B show the manually segmented
tumor and contralateral ROIs overlaid on the MGE
uMRI data, and Figures 2C and 2D show the resultant
radius-encoded vascular maps for representative D12
and D17 9L tumor-bearing brains, respectively. For
tumor and contralateral ROIs of each brain, six
morphologic parameters were computed as summar-
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ized in Figures 3A to 3H: median vessel length,
average vessel radius, MVD, L, FV, and median
vessel tortuosity. Figures 3A to 3H show that with
the exception of D12 Ly and D17 tortuosity, there was
a significant (P<0.05) difference between these
parameters for tumor and contralateral ROIs. For
D17 brains, Ly was significantly greater in tumors
than in contralateral ROIs (Figure 3D); for D12
brains, tortuosity was significantly greater in tumors
(Figure 3F). For both D12 and D17 groups, vessel
radius, MVD, and FV were elevated in tumor with
regard to contralateral ROIs (Figures 3B, 3C, and 3E),
whereas vessel length exhibited the opposite rela-
tionship (Figure 3A). Finally, MVD, Ly, and FV were
found to be significantly higher in D12 tumors than
in D17 tumors (Figures 3C to 3E).

Apparent Diffusion Coefficient and Fractional
Anisotropy Maps

Figures 4A to 4D show coronal slices of representa-
tive ADC and FA maps for the same D12 and D17
tumor-bearing brains shown in Figures 2A and 2B.
From these images, it is immediately apparent that
ADC and FA were significantly higher in tumor
than in contralateral ROIs for both D12 and D17
groups. This observation is summarized in Figures
3G and 3H. These data also show that ADC decreased
and FA increased significantly in contralateral ROIs
from D12 to D17. In contrast, there was no significant
difference in these parameters between D12 and D17
tumor ROlIs.

Zonal Analysis of Tumor Regions of Interest

In both D12 and D17 tumors, ADC was significantly
different in all three zones (Figures 4E and 4G). It
was lowest in the rim for both groups, highest in the
intermediate zone for D12 tumors, and highest in the
core for D17 tumors. In contrast, there was no
significant difference in FA across the three zones
in D12 tumors (Figure 4F). In D17 tumors, FA was
significantly greater in the rim than in the core
(Figure 4H).

Vessel length and radius did not vary significantly
between zones in D12 tumors. However, in the core
of D17 tumors, vessel length was greater and vessel
radius smaller than in the other two zones. In D12
tumors, MVD and L, were significantly lower in the
rim than in the two inner zones, and FV decreased
significantly from the core to the intermediate to the
rim (Figures 5A to 5C). In contrast, in D17 tumors,
MVD, L,; and FV were lower in the core than in the
other zones (Figures 5D to 5F). Both MVD and FV
were significantly greater in the intermediate zone
than in the rim, as well. In D12 tumors, vessel
tortuosity was significantly greater in the intermedi-
ate zone than in the rim, whereas no significant
variation in tortuosity was seen between zones for
D17 tumors.
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Figure 2 Raw data and final results of image processing for representative D12 and D17 brains. Axial slices of the raw first-
echo MGE uMRI data of a (A) D12 and (B) D17 brain. Tumor and contralateral ROIs are overlaid in red and green, respectively.
(C, D) Three-dimensional vascular structures color coded by vessel radius and volume rendered ROIs corresponding to the uMRI data
in panels A and B. D12, postinoculation day 12; D17, postinoculation day 17; MGE, multiple gradient echo;uMRI, micro-magnetic

resonance imaging; ROI, region of interest.

Cluster Analysis of Micro-Magnetic Resonance
Imaging Parameters

Figure 6 shows the feasibility of using uMRI-
measured parameters to characterize and distinguish
between the phenotypes of the 9L tumor model at
D12 and D17. On the basis of six morphologic
parameters and two diffusion parameters calculated
in this study, unsupervised hierarchical clustering
correctly classified every brain ROI as being D12
contralateral, D17 contralateral, D12 tumor, or
D17 tumor, with the exception of one D12 tumor
ROI being assigned to the D17 tumor cluster.
Finally, Figures 7A to 7D illustrate the agreement
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between histology and the segmented vasculature.
Figures 7E to 7H show the utility of guMRI in
examining changes in the brain tumor microenviron-
ment by combining vascular and DTI data. Such
complementary contrast mechanisms permit assess-
ments of the correlation between various microenvir-
onmental variables.

Discussion

Imaging the 3D neurovascular architecture with
UMRI has many potential applications, a few of
which will be discussed here. Traditionally, the
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neurovasculature has been characterized at two
different spatial scales: the ‘cellular’ or submicron
scale using optical microscopy methods, and the
‘systemic’ or submillimeter scale using methods such
as in vivo MRI. However, coregistering histology with
in vivo imaging data is challenging because of their
vastly different spatial scales. Micro-MRI can poten-
tially be used to bridge this resolution gap between
optical imaging and in vivo MRI, facilitating coregis-
tration of cellular factors (e.g., distribution of
vascular endothelial growth factor) with in vivo
biomarkers of angiogenesis, such as cerebral blood
volume and vessel size index (Pathak et al, 2008a).
Both cerebral blood volume and vessel size index
measurements are derived from susceptibility-con-
trast MRI, but the relationship between brain tumor
angiogenesis and susceptibility-induced contrast is
not well understood. It has been shown that
abnormal tumor vessel morphology can profoundly
affect susceptibility-induced contrast (Pathak et al,

2003), and that computational models incorporating
the actual vascular structure are required to elucidate
this complex relationship (Kiselev, 2001; Pathak
et al, 2003, 2008a). This is now possible with the
UMRI data acquired in this work and the recent
development of a computational model of MRI
contrast known as the finite perturber method
(Pathak et al, 2008c). Finally, recent evidence
suggests that angiogenesis inhibition in brain tumors
may promote a shift to a more invasive phenotype,
providing brain tumor cells an avenue for evading
antiangiogenic therapy (Chi et al, 2007; de Groot
et al, 2010). Methods that are sensitive to both
angiogenesis and brain tumor invasion, such as the
UMRI method presented here, could prove indis-
pensable for answering critical questions about this
phenotypic shift in preclinical brain tumor models.

To the best of our knowledge, this is the first study
to characterize the vascular phenotype of a mouse
brain tumor model with yMRI. We showed that
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several commonly used measures of vascular geo-
metry could be obtained from yMRI data and used to
characterize vascular phenotypes in a mouse brain
tumor model. The data presented here show the
feasibility of this approach for differentiating the
tumor vascular architecture from that of the contral-
ateral brain, and for characterizing global and zonal
changes in brain tumor vascular morphology with
tumor progression.

The shorter vessel branch length and elevated
vessel radius, MVD, Ly, FV, and tortuosity in tumor
compared with contralateral ROIs are hallmarks of
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brain tumor angiogenesis (Jain et al, 2007; Vajkoczy
and Menger, 2000). Our results also show character-
istic differences between the vasculatures of D12 and
D17 tumors. The decreases in MVD, L, and FV from
D12 to D17 tumors are consistent with previous
observations that larger tumors have lower vascular
density in central and less angiogenic regions than
do smaller tumors and highly angiogenic tumor
peripheries (Vajkoczy and Menger, 2000). With 3D
vascular data, we performed a zonal analysis, which
suggested that D17 tumors consisted of well-vascu-
larized rims and less vascularized cores, as expected



Imaging brain tumor vasculature with yMRI 3
E Kimetal @

1631
A D12 D D17
l—‘—\ I—‘—|
35.00 * 30.00 - * *
a
E 28.75 25.00 -
@
Q
E=
o
£ 2250 E 20.00
3
g
= 16.251 15.00
10.00 10.00
Core Inter Rim Core Inter Rim
B ; E X
10.00 7.00
8.00 A 6.00 4
a
£
E
£  6.00 5.00
E
>
-
4.00 4.00
2.00 T T T 3.00
Core Inter Rim Core Inter Rim
c . F *
20.00 - —— 14.00 - —
16.25 E 11.50
<
E 12.50 - = 9.00 Q
w
8.75 6.50
5.00 T T T 4.00
Core Inter Rim Core Inter Rim
Tumor Zone Tumor Zone

Figure 5 Box and whisker plots of select morphometric vascular parameters for D12 and D17 tumors by zone (n =5 for all
groups, *P < 0.05): core, intermediate (Inter), and rim. Zones were defined by performing sequential 3D morphologic erosions.
D12 tumor (A) MVD, (B) L, and (C) FV. D17 (D) MVD, (E) L, and (F) FV. D12, postinoculation day 12; D17, postinoculation day 17;
FV, fractional vascular volume; Ly, length per unit volume; MVD, microvessel density.

of later-stage gliomas, which are characterized by
higher angiogenic activity in their peripheries (Vaj-
koczy et al, 1998). In contrast, although MVD, Ly, and
FV were all higher in D12 versus D17 tumors,
indicative of higher overall angiogenic activity, D12
tumors were less vascularized in the rim than in the
core. This may be attributable to the build-up of
interstitial fluid in the cores of D17 tumors with
tumor growth, which in turn, creates an outward
interstitial fluid pressure gradient that leads to
redistribution of proangiogenic growth factors to-
ward the tumor rim (Vajkoczy et al, 1998). It is also
possible that larger D17 tumors contained vessels
that were intermittently or poorly perfused because
of abnormal hemodynamics or elevated interstitial

fluid pressure, which could affect their degree of
microfilling.

Furthermore, combining vascular data with other
MR-contrast mechanisms provides a powerful tool
for examining the interactions between vascular and
neuronal structures. For example, our findings of
elevated ADC in tumor compared with contralateral
ROIs, and the independence of tumor ADC from
tumor volume and growth are in agreement with
previous DTI studies of 9L tumors in rat brains (Kim
et al, 2008; Zhang et al, 2007). The decrease in
contralateral ADC from D12 to D17 is probably
attributable to compression of the contralateral brain
caused by extensive tumor growth. The lateral
compression from the tumor may also preferentially
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Figure 6 Double dendrogram showing the results of the
unsupervised hierarchical clustering analysis. The clustering
variables are organized by rows, and brain ROIs by columns.
Based on ADC, FA, and six vascular morphometric parameters,
the clustering algorithm separated contralateral from tumor,
and ordered all 20 ROls correctly by group (D12 contralateral,
D17 contralateral, D12 tumor, D17 tumor), with D12 contra-
lateral and D17 tumor being farthest apart in parameter
space. ADC, apparent diffusion coefficient; D12, postinoculation
day 12; D17, postinoculation day 17; FA, fractional anisotropy;
FV, fractional vascular volume; L, length per unit volume;
MVD, microvessel density; ROI, region of interest.

restrict diffusion in this direction, thereby contribut-
ing to the increase in contralateral FA between D12
and D17. The increase in contralateral FA with tumor
progression may also be attributed to the inclusion of
white matter tracts in the larger contralateral D17
ROIs as seen in Figure 4D.

Zonal analysis showed lower ADC in the rim
than in the rest of the tumor for both D12 and
D17 groups; D17 tumors also exhibited higher FA in
their rims than in their cores. This may be indicative
of higher cell density (Chenevert et al, 2000) and, for
D17 tumors, greater anisotropic cellular organization
in the tumor periphery (Zhang et al, 2007). As
discussed previously, the vascular morphometric
parameters we measured show that D12 tumors have
less vascularized rims relative to the other zones,
whereas D17 tumors have relatively higher vascular-
ized rims. Thus, for this tumor model and the spatial
resolution used in this study, increased tumor
cellularity did not always spatially correlate with
elevated vascularity. In addition, vascularization
decreased from D12 to D17 tumors as a whole,
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whereas ADC and FA did not change significantly
with tumor progression.

It must be mentioned that, as this is an ex vivo
study using fixed specimens, one cannot preclude
the effects of aldehyde fixatives on ADC (Shepherd
et al, 2009), and it is possible that blood vessels filled
with polymerized Microfil affect ADC and FA differ-
ently than do perfused blood vessels in vivo. These
ex vivo-specific factors may have different effects on
tumor and normal tissue, causing the elevated tumor
ADC seen in this and previous ex vivo studies.

The main technical challenge of using uMRI to
image the vasculature of the whole mouse brain is
achieving sufficient spatial resolution to resolve the
vascular tree. The acquisition resolution of our uMRI
scans ranged from 62 to 65 um, whereas the diameter
of cerebral capillaries is in the range of 3 to 5 um.
Thus, the capillaries were undetectable by uMRI, and
the images acquired represent a subset of the total
vessel population (radius >25 um). This is apparent
when comparing the MVD visible in histology
(Figures 7A and 7B, Supplementary Figures S1A
and S1B) with yMRI (Figures 7C and 7D, Supple-
mentary Figures S1C and S1D). When considering
just the uMRI-visible tumor vessel population (Sup-
plementary Figures S1E and S1F), one can see that
the trends in pMRI-measured and histologically
assessed radii between D12 and D17 tumors were
similar. However, there is a slight rightward shift in
the yMRI radius distribution relative to that assessed
histologically, which may be attributed to spatial
discretization caused by partial volume effects. With
the increasing availability of high field magnets
(>9.4T) and more powerful gradient hardware, it
is possible to achieve higher spatial resolution, e.g.,
30 um. However, there will be a concomitant increase
in acquisition time, which decreases the throughput,
and the increased size of the data also poses a
challenge for analysis. The uMRI resolution used in
this study enabled us to quantify relative changes in
six morphologic vascular parameters with brain
tumor progression, and between the tumor and the
contralateral brain. Moreover, we were able to image
the whole mouse brain vasculature in 3D. Acquiring
the 3D structure of the intact neurovasculature is a
significant advantage of this technique and, as we
discuss below, can impact the calculation of vascular
morphologic parameters.

Direct comparisons between parameters obtained
from uMRI and those obtained using uCT or optical
techniques are challenging because of differences in
spatial resolution. For example, the median tumor
vessel branch length is significantly shorter than that
of the contralateral ROI for both D12 and D17 groups,
which is consistent with observations reported in
other studies (Heinzer ef al, 2008; Zhang et al, 2009).
However, the vessel lengths computed in this study
are longer than those computed using other methods
such as pCT and optical microscopy. This may be
owing to the inability of uMRI to resolve vessel
lengths below its resolution limit. Consequently, the
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Figure 7 Comparison of histology and uMRI vascular and diffusion data. Representative histology of (A) D12 and (B) D17 9L tumor-
bearing mouse brains. Nuclei are visible in blue, and microfilled vessels in green. (C, D) Corresponding slices of uMRI MGE images.
Tumor and contralateral ROls are shown in red and blue, respectively. Segmented vessels are shown in green. (E-H) Complementary
diffusion data inherently coregistered to the vascular data. (Panels E and F) ADC and (panels G and H) FA maps of the slices
shown in panels C and D), respectively, overlaid with 3D renderings of coregistered vasculature in green. Gray scale bars are
omitted for clarity and are the same as shown in Figure 4. ADC, apparent diffusion coefficient; D12, postinoculation day 12;
D17, postinoculation day 17; FA, fractional anisotropy; MGE, multiple gradient echo; uMRI, micro-magnetic resonance imaging;

ROI, region of interest; 3D, three dimensional.

loss of smaller branches may cause visible parent
vessels to appear as longer branches instead of
comprising shorter-length vessel segments. This
effect is likely compounded by differences in ROI
volumes used by different studies. For example,

previous studies obtained their measurements from
SRuCT images of 1 mm?® ROIs (Heinzer et al, 2008) or
from laser scanning confocal microscopy images of
100-um-thick sections (Zhang et al, 2009), whereas
we performed our analysis on ROIs that encompass
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whole tumors with volumes ranging from ~2.5 to
40mm?®. It is noteworthy that imaging the whole
brain with uMRI permits us to measure the complete
lengths of longer vessels without truncation as in
other techniques.

The constraint on spatial resolution may also lead
to underestimation of MVD and L. Microvessel
density is traditionally calculated from two-dimen-
sional histologic sections and is reported in units of
vessels/area instead of vessels/volume, making it
difficult to directly compare our results with other
studies. Boero et al (1999) reported L, values for
normal mouse brains ranging from ~430 to
1,300 mm/mm?®, which is two orders of magnitude
greater than the values measured here (1.99 to
9.15 mm/mm?).

Surprisingly, there is little consensus in the
literature about the fractional blood volume of a
normal mouse brain because each study uses
different measuring techniques and mouse strains.
Reported values range from ~0.5% to 6% (Boero
et al, 1999; Chugh et al, 2009; Heinzer et al, 2008;
Tsai et al, 2009; Verant et al, 2007). The mean
contralateral FV of 2.83% +0.78% calculated from
our #MRI data falls within this range. Literature
values of the fractional blood volume of orthotopic
9L tumors in the murine brain are scarce. Bremer
et al (2003), using both in vivo MRI and nuclear
imaging, reported a mean FV of 2% for D16 9L
tumors implanted in the gluteal region of nude mice.
Nomura et al (1994) also used nuclear imaging to
measure blood volume and reported mean values of
12.4 uL./g for D8 9L tumors and 1.79 uL/g for the
normal brain in Wistar rats. Assuming a brain tissue
density of 1g/mL, these values translate to 1.24%
and 0.02% for tumor and normal brain, respectively.
Pathak et al (2001) measured the FV of D10-D30 9L
tumors implanted in Fisher rat brains using stereo-
logical techniques and obtained a mean value of
5.29% versus 1.89% for the normal brain. The mean
tumor FV over all tumors in our study was 10.81% *
3.04%. Although it is well established that 9L tumors
exhibit increased blood volume relative to the normal
brain, the results of these studies underscore the
sensitivity of such measurements to the methodology
used and the subsequent difficulty in comparing
results derived from different studies.

As expected, tumor vessels are significantly more
tortuous than contralateral vessels in the D12 group,
but there was no significant difference for the D17
group. Heinzer et al (2008) reported median tortuos-
ity values between 1.2 and 1.25 for normal vessels
>7.5um in diameter, whereas the median contral-
ateral tortuosity calculated in this study was 1.12.
Again, it is likely that partial volume effects led to
lower tortuosity values because directional varia-
tions of blood vessels on a scale comparable with or
smaller than the image resolution were undetectable.

On the basis of all pyMRI-measured parameters
discussed above, we characterized the phenotypic
changes of the brain microenvironment that
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accompany tumor progression. This is evident from
the double dendrogram in Figure 6, which shows
that unsupervised hierarchical clustering sorted
tumor and contralateral ROIs into two well-separated
clusters. It then sorted D12 and D17 contralateral
ROIs into two separate, smaller clusters. Within the
tumor cluster, four D12 tumor ROIs were further
distinguished as one subcluster, and the fifth D12
tumor ROI was assigned to a second subcluster with
D17 tumor ROIs. This lone D12 tumor ROI was the
closest ROI within that subcluster to the other D12
tumor ROIs in parameter space. We also found that
removing ADC and FA from the cluster analysis did
not appreciably affect the clustering of tumor ROlIs,
but did negatively impact the clustering of contral-
ateral ROIs (data not shown). This indicates that the
‘vascular phenotypes’ of the D12 and D17 tumors
were unique, and that tumor growth from D12 to D17
caused a substantial mass effect in the contralateral
brain.

In conclusion, uMRI has the potential to character-
ize the vascular phenotype of preclinical brain tumor
models. Our method could differentiate between
tumor and contralateral vasculatures, as well as
between the vascular phenotype of D12 and D17
tumors. Although yMRI does not have submicron
imaging capability, it is capable of ‘whole-brain’
mapping, offering superior coverage to optical
techniques. In addition, although xMRI cannot out-
perform uCT in terms of spatial resolution, it has the
advantage of complementary contrast mechanisms
such as DW imaging, which allows us to simulta-
neously measure changes in the brain tumor micro-
environment. The work presented here shows the
feasibility of using uMRI to study the relationship
between angiogenesis and other components of the
brain microenvironment in a range of pathologies
involving the neurovasculature.
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