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Abstract

Objective—To create accurate, high resolution 3D reconstructions of neovasculature structures
in xenografted tumors and Matrigel plugs for quantitative analyses in angiogenesis studies in
animal models.

Methods—The competent neovasculature within xenografted solid tumors or Matrigel plugs in
mice was perfused with Microfil, a radio-opaque, hydrophilic polymerizing contrast agent, by
systemic perfusion of the blood circulation via the heart. The perfused tumors and plugs were
resected and scanned by X-ray micro-computed tomography to generate stacks of 2D images
showing the radio-opaque material. A non-biased, precise post-processing scheme was employed
to eliminate background X-ray absorbance from the extra-vascular tissue. The revised binary
image stacks were compiled to reveal the Microfil-casted neovasculature as 3D reconstructions.
Vascular structural parameters were calculated from the refined 3D reconstructions using the
scanner software.

Results—Clarified 3D reconstructions were sufficiently precise to allow measurements of
vascular architecture to a diametric limit of resolution of 3 um in tumors and plugs.

Conclusions—Ex vivo micro-computed tomography can be used for 3D reconstruction and
quantitative analysis of neovasculature including microcirculation in solid tumors and Matrigel
plugs. This method can be generally applied for reconstructing and measuring vascular structures
in 3 dimensions.
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INTRODUCTION

Many imaging modalities exist for visualizing angiogenic responses in animal models [8, 9,
10]. A cohort of newer techniques such as contrast-enhanced MRI, marker-based intravital
microscopy coupled with optical frequency domain imaging, and both in vivo and ex vivo X-
ray micro-computed tomography (microCT/uCT) have emerged with the promise of
providing 3D structural information that previously was inaccessible by standard 2D
imaging analysis. A major goal in the development of these techniques is the ability to
achieve sufficiently high resolution to visualize the microcirculation [15, 30]. Recent studies
have used pCT to quantify the number of small vessels in lung tumors and to generate 3D
vascular reconstructions in other systems [12, 16, 35, 36]. However, a persistent problem is
the precise elimination of background absorbance from the scans, which precludes accurate
reconstruction and measurements of the vascular structures [10]. We have modified the
scanning and image processing to reconstruct and measure neovascular structures including
small vessels in carcinomas and melanomas in a knockout mouse model [24].

Neovasculature in tumors is believed to have unique structural properties, reflecting unique
functional properties. Blood vessels in tumors are more dynamic, tortuous and permeable,
and perfuse poorly, compared to their normal counterparts in non-pathological settings.
Furthermore, the microcirculation in tumors can be heterogeneous and does not resemble the
usual hierarchy of arterioles, capillaries and venules [3, 11, 19, 22]. Thus, the ability to
reconstruct and measure the structure of neovasculature in tumors and other settings is key
to understanding the biological basis for these effects, and to develop targeting strategies [5,
9, 10, 14, 15].

Although a variety of in vivo and ex vivo platforms other than solid tumor models for
analyzing angiogenesis exist, sub-cutaneous (s.c.) implantation of basement membrane
matrices such as Matrigel as a tissue-free receptacle for neovascularization has remained a
widely used tool, due in part to its ease of use [32]. Matrigel is a partially defined extract
from the Engleberth-Holm Swarm tumor, consisting of basement membrane proteins and
several growth factors [2, 41]. Matrigel from which low molecular mass proteins such as
growth factors have been extracted by ammonium sulfate treatment (“growth factor-
reduced” Matrigel) is commonly used as a substrate for co-mixing of defined factors such as
vascular endothelial growth factor (VEGF) or basic fibroblast growth factor prior to
implantation [28, 39]. The resulting invasion of endothelial cells from the host animal and
subsequent formation of endothelial networks within the Matrigel plugs models angiogenic
capillary network formation - albeit in an isolated, tissue-free environment - which is
commonly assessed by histological examination of 2D sections from the resected plugs [2,
32]. However, this method has eluded standardization, due to heterogeneity of the plug size
and composition, as well as sampling variability from 2D sectioning [28, 32]. Hence,
analysis of ex vivo angiogenic platforms such as Matrigel plugs, like solid tumor models,
would also benefit from 3D vascular reconstruction.

In this study we have refined a pCT-based technique for 3D reconstruction and quantitative
analysis of neovasculature in xenografted tumors as well as Matrigel plugs in mice. An
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isotropic voxel limit of resolution of 3 um, coupled with thorough depletion of background
absorbance using a precise, non-biased image processing scheme, allows for accurate
quantitation of vascular architectural parameters, including the microvasculature. We
propose that this system will be generally applicable for testing angiogenic responses ex
Vivo.

MATERIALS AND METHODS

Mice

24 C57BL/6 mice between the ages of 6 and 8 weeks were used for all experiments. For
surgical procedures, ketamine-HCI (40 mg/kg) and xylazine (10 mg/kg) (Ketaset) were
administered by intraperitoneal injection as anesthetic prior to surgery. All animal
experiments followed protocols approved by the Institutional Animal Care and Use
Committee (IACUC) at Temple University.

Cell culture and inoculation of tumor cells in vivo

Lewis lung carcinoma (LL/2, LLC) cells were obtained from American Type Culture
Collection (Rockville, MD). The cells were cultured in DMEM with 10% FBS in a
humidified, 5% CO, atmosphere at 37°C. LLC cells were harvested by trypsinization,
washed and resuspended at 1 x 108 cells/500 pL of DMEM without serum, and this
suspension was injected subcutaneously into the flank of 6-8-week-old C57BL/6 mice. The
peripheral circulation was perfused with Microfil and mice were euthanized within 10 d
post-injection.

Angiogenesis in Matrigel plugs

The angiogenesis model was based on the use of Matrigel (BD Biosciences) implants in
C57BL/6 mice. 500 pL growth factor-reduced Matrigel with or without 100 ng/mL of VEGF
was injected s.c. in the mouse flank. After 3, 7, or 10 days the plugs were perfused with
Microfil as described below, mice were euthanized and the Matrigel plugs were dissected
away from the tissue, photographed, and then fixed with 10% formalin/PBS for 48 hours at
room temperature prior to scanning.

Vascular perfusion with Microfil

A freshly prepared solution of Microfil compound (MV-120, Flow Tech, Inc.) was prepared
and used immediately, according to the manufacturer recommendations. We used a blue
version of Microfil although other colors are also available. It consisted of 42% of MV-120,
53% of the diluent solution and 5% of a curing agent. The abdominal cavity and rib cage of
each plug- or tumor-bearing mouse was opened under anesthesia. Intracardial cannulation of
the left ventricle was done with a 27 % g. needle connected to a polyethylene catheter with
1.6 mm tubing while simultaneously nicking the right atrium, and the mouse circulation was
perfused with 20 mL of a 0.1% heparinized solution in phosphate-buffered saline (heparin;
Sigma, H3393) through a pressurized pump (Masterflex System Model 7553-70, Cole
Palmer) at 2 mL/min, which we found was sufficient for optimal perfusion but did not result
in vascular damage. Thereafter, 20 mL of the Microfil mixture was perfused through the
same catheter by stopping the pump, moving the back end of the catheter tubing to a 50-mL
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conical tube containing fresh Microfil solution, and then re-starting the pump [16]. Perfusion
was allowed to continue for 20 minutes, during which procedure the animal dies under
anesthesia. Obvious perfusion in the eyes and tail served as a reliable marker for systemic
perfusion of the blood circulation. The neovasculature was also obviously perfused in the
LLC tumors and Matrigel plugs (as indicated by blue colored vessels in the tumor and plugs,
post-perfusion.) The Microfil solution was allowed to polymerize at 4°C overnight, after
which the tumors or plugs were resected with surgical scissors, and fixed overnight in 10%
formalin/PBS.

Fixed samples were scanned in a UCT system [6]. A Skyscan 1172, 11 MPixel camera
model, high resolution cone-beam puCT scanner (Skyscan, Ltd, Antwerp, Belgium) was
used. The specimens were placed inside a 13 mm-diameter ultracentrifuge tube (Nalgene,
3410-1351) with the bottom cut off and replaced with a plug of poster putty for placement
on the scanner stage. Multiple specimens can be layered within the tube so long as they do
not overlap across the horizontal. It is essential to avoid encasing the specimens in
wrapping, such as Parafilm, as the wrapping material may absorb X-rays and be visible in
the scanned images, which will complicate 3D reconstruction later. The top of the tube was
plugged with poster putty to prevent dehydration of the specimens during scanning. The
tube was positioned vertically onto the computer-controlled rotation stage of the uCT
system. MicroCT scanning and analysis was performed according to recent guidelines [6].
The following settings were used: camera pixel size of 8.75 um (i.e., the near setting for the
camera), image pixel size of 3 um, source voltage of 60 kV, source current of 130 pA, no
filter, frame averaging of 4, and scanned 180° around the vertical axis in rotation steps of
0.28°, one specimen per scan. The average scan duration was 1 hour. These slices were
reconstructed into 3D reconstructions using cone-beam reconstruction software (Skyscan
NRecon) based on the Feldkamp algorithm, a process that yielded a total of ~ 3500 image
slices per sample that were 3.0 um thick in the axial plane. The following reconstruction
settings were used: a ring artifact correction of 12, a beam hardening correction of 20%, no
smoothing, and a post-alignment correct of 1.

Summary of 3D reconstruction, image processing and 3D analysis

The 3D construction and image processing were performed using the SkyScan
accompanying software: NRecon, CTAn and CTVox [29]. First, the images were resized by
Y4, since reconstructed files were very large, which greatly slowed the computer processing.
Second, the resized whole image was selected as a region of interest (ROI), and then saved
as a new series of image files. Next the ROl image series was reloaded onto CTAN. The ROI
images were processed from the 2D stack to create a stack of binary images and to eliminate
background pixels (voxels in 3D.) Once the 2D stack was refined, CTAn 3D analysis was
performed to obtain vessel volumes and surface areas. Analyze 10.0 (AnalyzeDirect) was
used to generate tree maps and to measure branch angles and segment lengths.

3D reconstruction with CTVox

1. Reconstruct by SkyScan’s volumetric reconstruction software, NRecon:
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Open NRecon for 3D reconstruction with scanned files.

Select the scanned image top and bottom, and then “preview” to make sure the
entire specimen is contained in the file series.

Set output ranges from 0.0 to 0.1, choose a unique destination folder, and save as a
series of 8-bit BMP (bitmap image file format) image files in the new folder.

Start the 3D reconstruction (typically overnight.)
Open the reconstructed files within the CTVox program.
Set up Log-Scale histogram on the channel screen.

Slide the histogram bar line to highlight the vessels and deplete the extravascular
material from the image, and then save the 3D reconstruction as a single 2D image,
as a 3D CTVox image (large file) or as a rotating movie of the 3D reconstruction
using the flight recorder.

3D reconstruction analysis from compiled 2D stacks

1.

Open the CTAnN program and open the reconstructed files. Optional: resize the files
to ¥ of the original size. This step greatly reduces computer processing time for
large (~1 cm?3) samples. The reconstructions do not need to be resampled to the
original size prior to analysis, as CTAn converts the sample dimensions during the
“resize” step. We compared resized (both % and ¥ size) to non-resized images
followed through the remaining steps, and found the reconstructions and
subsequent analysis to yield identical results (not shown.)

Select Regions of interest (ROI) by widening an ROI circle around the area
including the specimen, but excluding the outer tube. The tube can be seen as a
thick circle around the periphery in each image. Although it is not strictly
necessary, a tighter fitting volume of interest (VOI) can be created by resizing the
ROI at multiple image slices within the stack. This will “crop” the VOI and can
reduce processing time for the thresholding and despeckling steps later.

Save the selected ROI to a new folder as “voi.ROI”.
Open the ROI files. (See example in Figure 2B.)
Set up and run the following Task list:

a. Thresholding: Mode, Global; Lower grey threshold, 30; Upper grey
threshold, 255. (See example in Figure 2C.)

b. Despeckle: remove white speckles/3D space/less than 100 voxels/apply to
image. (See example in Figure 2D.)

c. Thresholding: Mode, Global; Lower grey threshold, 75; Upper grey
threshold, 255. (See example in Figure 2E.)

Processing at this step can take several hours. The final result will be a
series of background-subtracted binarised 2D images with solid white
“vessel” sections against a black background. Reconstructions can be
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visualized using various software packages, such as CTVox or CTVol
accompanying software (Figure 3A.)

6. Check processed images by reopening the “voi.ROI” files, and then chose the Task
for “3D analysis.”

7. Select “Preferences”, set units to um, and then run the “3D analysis” Task.
8. Copy the outputs to a database program such as Microsoft Excel.

9. Tree analysis, as in Figure 4, can also be carried out with the completed
reconstructions using Analyze (AnalyzeDirect). In our studies, we used Microsoft
Excel to compile data from the tree analysis and Kaleidograph to generate dot and
box plots.

10. Tortuosity (Tg) was calculated using a surface-based distance metric (Phil Salmon,
Bruker-microCT, personal communication.) Surface areas (SSA), thickness (vessel
diameter, D), and volumes (V) were derived from CTAnN as described above. Like
the Distance Metric [7], general tortuosity can be determined as the ratio of surface
areas of given vessels to the surface areas of idealized cylinders with the same
volume and diameters [1]. Surface area of a cylinder (length x circumference) can
be expressed as (4 x V)/D. Hence, we used the following calculation for general
tortuosity: Tg = (SSA x D)/(4 x V).

Statistical analysis

RESULTS

One-way ANOVA followed by Fisher PLSD analysis was used for all statistical data
analysis, using StatView (SAS). A 5% probability was considered significant.

Using Microfil perfusion, pCT scanning, and 3D reconstruction of tumor vasculature, we
recently determined that angiogenesis in xenografted tumors in mice deleted for the RLIP76
gene was substantially blocked compared to wild type (WT) [24]. The neovasculature was
analyzed days to weeks later, after angiogenesis in the xenografts has occurred. This method
relies on the perfusion of competent vessels connected to the peripheral circulation within
the tumor, with the hydrophilic, silicon-based polymerizing contrast agent Microfil, perfused
via a catheter inserted in the heart [16]. Based on these initial results, we sought to refine
this method further to be useful as a general tool for ex vivo angiogenesis or other vascular
studies.

We optimized the perfusion, PCT scanning and image processing steps to generate 3D
reconstructions of the neovasculature in the resected tumors, with an isotropic voxel size of
3 um (Figures 1, 2), ensuring inclusion of narrow vessels (capillaries) and minimal
background in the reconstructions [24]. We applied this revised method for observing the
development of neovascular structures in developing solid tumors in mice over time ex vivo.
Microfil was perfused at a steady flow rate at 2 mL/min through the left ventricle via a
catheter attached to a perfusion pump (Figure 1A and B), in C57BI/6 mice 7 and 10 d after
bolus injection of LLC cells. The dark blue Microfil suspension perfused the peripheral
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circulation quickly, as within seconds, blood vessels could clearly be seen to fill with the
blue Microfil throughout peripheral tissues, including the spleen, colon and other organs
(Figure 1C), and upon later inspection, blood vessels in the brain were also perfused (results
not shown.) By 7 d and later at 10 d, discrete solid neoplasias had formed, and these were
deeply perfused with the Microfil solution, which included small diameter vessels (Figure
3A.) Tumor volumes at 7 d and 10 d averaged 466 and 568 mm3, respectively. Gross
examination indicated little, if any, leakage of the Microfil from the blood circulation into
the surrounding tissue (Figure 1D), indicating that in this system, perfusion did not rupture
most vessels, and the perfused vessels were impermeable to the compound, which is a large
polymer.

We next imaged the neovasculature by UCT scanning of the Microfil-perfused, resected
tumors at 3 um isotropic voxel resolution, using a Skyscan UCT scanner (Figure 2A,; see
Materials and Methods) (SkyScan, Kontich, Belgium). The scanner created a stack of 2D
images that could then be compiled into a 3D reconstruction. However, in order to
reconstruct the Microfil-perfused vasculature accurately — particularly the microvasculature
- it was essential to eliminate the background X-ray absorbance, representing the
surrounding tumor tissue as well as the tube in which the samples were placed, from the 2D
images before 3D compiling (Figure 2B), while simultaneously preserving the regions of the
image which represented the Microfil vascular casts in each image. Therefore we developed
a simple yet precise, hon-biased, threshold-based image-processing scheme using the
accompanying software to apply to the image stacks, which yielded a stack of 2D binary
images for each sample representing only the radio-opaque regions, corresponding to the
perfused vessels (Figure 2E and F; see Materials and Methods.) An initial threshold step
with a lower grey value of 30 (using a 1-255 LUT) was determined empirically, using 30
randomly selected fields, to be the minimum level to reduce background tissue absorbance
to be low enough for subtraction in subsequent steps, while maintaining pixels (representing
voxels) derived from Microfil X-ray absorbance (cf. Figure 2B and C.) Next, the despeckle
function was applied in 3D to subtract background absorbance voxels; again the minimal
voxel size (100) was determined empirically to eliminate non-vessel voxels, well below a
threshold for microvessels, for which even the shortest vessels corresponded to several
hundred voxels (Figure 2D.) Finally, a second threshold was applied with a slightly higher
minimum grey value, which we determined resulted in nearly complete elimination of
spurious absorbance pixels without altering or deleting pixels derived from vessel casts
(Figure 2E). Manual inspection of the raw and processed image stacks confirmed that the
processing scheme selectively preserved the Microfil absorbance, including small voxels
representing the microvasculature, and effectively deleted the background material (Figure
2B-F.)

From the scans we generated 3D reconstructions of the neovasculature as binarised images
that included small vessels and minimal background voxels (Figure 3A, top row.)
Skeletonized images can also be generated from these reconstructions (Figure 3A, bottom
row.) We also generated movies to visualize the 3D reconstructions in full rotation
(Supplementary Movies 1, 2.) These reconstructions not only offered new views of the
tumor vasculature, but allowed us to measure the vascular geometries, including total and
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individual vessel volumes, and individual vessel diameters at the widest points (presumed to
be the branch points.) Measurements of total vessel volumes of each structure
complemented visual inspection of the reconstructions and confirmed the progressive
neovascularization in the developing tumors (Figure 3B and Table 1.) From the 3D
reconstructions we also calculated individual vessel diameters and volumes. Figure 3C
shows the range of vessel diameters as a frequency function of the total vascular volumes at
7 dand 10 d, and Figure 3D shows the distribution of vessel volumes as a function of vessel
diameters. These reconstructions included vessels with diameters in the range of 3-14 pm,
indicating capillaries, and volumes of these individual small vessels could be calculated. By
10 d there was a broader distribution of vessel volumes, thicknesses, and by extension,
vessel lengths in the tumors. Vascular specific surface area (SSA, Figure 3E) and micro-
vascular density (MVD, Figure 3F) determinations showed a trend toward increased SSA
and MVD in the 10 d tumors (although these differences were not significant), confirming
the volume and diameter measurements and indicating an increase in abundance of smaller
vessels in the 10 d tumors (see also Table 1.)

The apparently high connectivity in the reconstructions allowed us to convert the 3D images
into segmented tree structures for further analysis of the vascular architecture including
segment length and branching structure. Representative analysis is shown in Figure 4. Each
new branch in the tree map (Figure 4A) represented either a side branch or bifurcation from
the parent vessel. Branch angles in both the 7 d and 10 d reconstructions showed a broad
distribution with a nearly identical median, demonstrating no significant median difference
in branch angles at the two time points (Figure 4B and Table 1.) Segment lengths also varied
greatly in tumors at both 7 d and 10 d; however, the median segment lengths were identical
(Figure 4C and Table 1.) The segment length measurements represent distances between
branches or bifurcations; thus, there was no difference in the overall distribution of vessel
branching in the more mature tumors. However, these analyses revealed several differences
in vascular architecture in the 7 d and 10 d tumors, as implicated by vessel volume and
diameter measurements (Figure 3). As shown in Figure 4B, branch angle measurements of
0° (empty columns along the abscissa) indicate vessels with no branches or bifurcations.
Notably, there was a higher concentration of non-branched vessels furthest from the root in
the 7 d tumors than in the 10 d tumors (right side of the histograms), indicating extensive
branching throughout the larger vascular tree in the more mature tumors. Similarly, as
shown in Figure 4C, whereas the median length and overall distribution of segments was the
same between these tumors, there was a ~30% increase in the total number of segments at
10d compared to 7 d, confirming the presence of longer vessels (i.e., more segments, given a
similar distribution of branches). The longer vessels also correlated with an overall increase
in tortuosity. Ratios of vessel length to the minimal linear distance between endpoints (e.g.,
of cylinders) rose from 1.25 + 0.31 at 7 d, to 2.63 £ 0.67 at 10 d, indicating an increase in
vascular curvature over time in the tumors (Table 1; see Materials and Methods).
Together, these metrics corroborate the reconstructions showing a more extensive tree
structure at 10 d.

We next extended the 3D vascular reconstruction approach to analyze neovasculature in
Matrigel plugs in the absence of tumor cells. We used growth factor-reduced Matrigel plugs
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(500 mm3) + 100 ng/mL VEGF, injected into the mouse flanks, and perfused with Microfil
at 3, 7, or 10 d for uCT scanning. The plugs showed progressive neovascularization over
time, with or without VEGF, based on the presence of Microfil and apparent enrichment of
the plugs with blood. Thus, Matrigel plugs support infiltration of competent vessels which
can be perfused from the peripheral circulation. Gross observations of the Microfil-perfused
plugs, facilitated by the translucency of the plugs and opacity of the Microfil, suggested that
most of the neovasculature was localized to the periphery of the plugs, even after 10 d
(Figure 5A.) Plugs scanned at 3 d showed no apparent X-ray absorbance over background,
indicating that substantial angiogenesis did not occur until at least 3 d after implantation
(results not shown.) However, we were able to generate 3D vascular reconstructions as early
as 7 d after implantation, as well as in 10 d plugs. We then scanned the plugs by uCT and
generated 3D reconstructions using the same parameters as for the resected tumors (Figure
5B.) The 3D reconstructions recreated “vessels” which closely resembled the overall
appearance of the perfused plugs (cf. Figure 5A and B), indicating that the same scanning
and reconstruction parameters used for tumors will also reproduce accurate 3D vascular
reconstructions from Matrigel plugs. From these we calculated vessel volumes (Figure 5C)
and vessel diameters measured at the widest points (Figure 5D, E.) These parameters
corroborated the visual inspection, such that total vessel volumes increased over time
(Figure 5C), with larger diameter vessels appearing later (Figure 5D, E), indicating vessel
maturation. As expected, the addition of VEGF was associated with an increase in all of
these parameters. Thus, new blood vessel formation in Matrigel plugs can be monitored
dynamically by uCT scanning, 3D reconstruction, and quantitative analysis.

DISCUSSION

We have refined a generalizable method of ex vivo X-ray UCT scanning and computer-
assisted 3D reconstruction of Microfil-perfused vascular structures, including
microvasculature, which can be applied to studying formation and topological features of
neovasculature in normal and pathological angiogenesis in animal models. The 3 um
resolution lower limit of the scans (lower than the 15-16 pm isotropic voxel size from
several previous studies [12, 16, 36]) ensured inclusion of the capillary structures within the
3D reconstructions. Importantly, thorough depletion of background absorbance using a
precise, non-biased, threshold-based image processing scheme (see Materials and
Methods) allowed for accurate reconstruction and subsequent quantitation of vascular
volumes, diameters, branch angles, segment lengths, and other morphological parameters
from the resultant 3D reconstructions which included microvasculature [12].

This system offers more thorough structural characterization of vasculature than 2D image
analysis such as in histological sections and several other intravital imaging methods, in
roughly the same amount of analysis time [9, 14]. The time for the overall procedure
(starting with the day of perfusion, i.e., after angiogenesis has been induced) can range from
a few days up to one week, depending on several factors, including the size of each
specimen, the perfusion efficiency, and the processing speed of the computer running the
software. HCT scanning can be left to run overnight, and using our scanning parameters,
takes approximately 3—4 hr for a sample diameter of ~ 1 cm. Up to three samples can be
placed in the scanner for a single (partitioned) scanning procedure which can be run
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overnight. 3D reconstruction, which occurs after the scanning step, can also be run
overnight, but must be run separately for each specimen and takes ~ 3 hours per specimen.
Post-reconstruction quantitative analysis can be completed within a few hours.

Perfusion with Microfil relies on the competency of the vessels within the structure of
interest. Thus, we have also confirmed that vessels in Matrigel plus can be perfused,
resulting in accurate vascular casting in the plugs [17, 34]. The apparent restriction of the
neovasculature to the plug peripheries may reflect angiogenesis initiating from multiple
points in the host vasculature and invading the plug from many directions, in contrast to the
more tree-like structures in the tumors. Alternatively, “dead end” vessels could represent
sealed or damaged vessels, or could also reflect limited perfusion due to localized
fluctuations in perfusion pressure. Similarly, tumor vessels with low patency may be missed
with UCT casting approaches.

UCT cast analysis does not rely on expression of specific vascular cell markers (e.g., CD31
or smooth muscle actin), on the selectivity of marker expression under particular conditions,
or on the ability of tracer probes to access those markers by any labeling methods. However,
radio-opaque tracers designed to absorb X-rays are conceivable [8, 10, 19, 33]. We have
found that using the heart catheter, the Microfil compound readily perfused and formed a
cast of the complete blood circulation, including within the brain (not shown), and perfusion
was rapid in mice. These results suggest that this method may also be applicable to studies
in larger animal models, without the Microfil hardening too quickly. It should be noted that
contrast agents such as Microfil in vascular reconstructions may not be as useful in more
advanced tumors, or in other model systems in which vessel permeability may be high and
the agent can leak through weak and damaged parts of the vessel wall [22]. However,
Microfil is a large polymer and may not be useful by itself for assaying vascular
permeability, although it has been combined with other contrast agents for this purpose [23].

Accurate 3D reconstructions of neovascular structures derived by this method can be used to
assess multiple morphological features with implications for the unique properties of the
vasculature in pathological settings. For example, tumor neovasculature is believed to be
more tortuous and less hierarchically organized than normal blood vessels, and we have
found that tortuosity increased in the tumor vasculature over time in the carcinoma
xenografts. Our results closely match those found in gliomas [7]. Other morphological
measurements, including branch angles and segment lengths, provide an indication of the
distribution of vessels in the tree structure and also can indicate hemodynamic properties [3,
5, 11, 19, 25, 26, 38]. In our reconstructions of tumor neovasculature in Lewis lung
carcinoma xenografts in mouse flanks, we found a broad distribution of branch angles but a
narrow distribution of segment lengths between branch points throughout the tree structure,
with no distinct changes in patterns of segment length across vessel generations from the
root to the tips of the tree (Figure 4.) These findings are in contrast to previous studies using
maceration casts and other modeling techniques in other tumor models in mice, which
showed increasing branch order (i.e., shorter segment lengths) at higher generations,
variability in lengths that did not seem to correspond hierarchically, and other unusual
properties such as loop structures or long non-branched segments; however, in our studies
vessel diameters did vary widely, particularly at 10 d, as in previous studies [26, 31, 37].
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The particular vascular architecture in the xenografts in this study may reflect heterogeneity
in neovascular tree structure depending on the tumor type; for example, in our previous
studies with this method we observed that neovascular trees in xenografted B16 melanomas
consisted primarily of a single axial artery interspersed with small-diameter, relatively
straight lateral branches, as opposed to the evidently more tortuous architecture of the LLC
tumor vasculature [24]. The basic structure of sprouting from a large axial vessel appears to
be a common feature of tumor neovasculature [13]. However, a relatively small range of
examples of uCT 3D reconstructions of tumor neovasculature have been reported to date,
making broad, direct comparisons with other modeling or reconstruction efforts difficult. As
3D reconstructions or models of tumor vasculature continue to be examined, more thorough
characterization of the distinctive nature of tumor angiogenesis may emerge.

Vascular parameters such as vascular network flow pathways, hemodynamics, and the
distribution and morphologies or other properties of cells of the vessel wall cannot be
determined directly with this method, as the vascular tree reconstructions are generated from
casts of the patent vessel lumens. For example, tumor vessels cannot be assumed to be
cylindrical — which has direct implications for hemodynamic properties [13] — but this level
of architectural detail was not evident in branch point diameter measurements. However,
SSA and MVD determinations provide surrogate indications of overall transport capacity of
the vasculature, and here we find SSA in LLC tumors comparable to previously reported
levels for colonic carcinoma xenografts, suggesting a similar degree of vessel caliber in the
Lewis lung carcinoma xenografts [13]. MVD levels were also within a similar range to other
carcinoma xenografts [13]. MVD, based on intervessel distance, is determined by the
balance of local angiogenic and anti-angiogenic factors, as well as by other factors such as
local nutrient concentrations; thus, our results suggest an increase in both angiogenesis as
well as metabolic burden of the tumor cells [18]. Furthermore, coupling hemodynamic
assessments such as by dynamic contrast-enhanced MRI or CT [11, 21, 27] with uCT-based
tree reconstruction, can be explored in animal models as a way to determine flow variability
within the tumor neovasculature (e.g., tissue blood flow, blood volume, mean transit time,
and capillary permeability) as functions of the tree architecture [4, 20]. Hence, each of these
imaging and modeling approaches, including cast reconstructions such as in this study, is
alone insufficient to yield the complete spectrum of vascular parameters, but combinatorial
approaches as well as continual refinement of these methods can improve imaging and
subsequent analysis further. Another obvious drawback to the method is that it is invasive,
and the animal subjects have to be sacrificed in order to perform the experiments. Thus, one
animal must be used for each time point or other variable. The structure of interest must be
able to be accommodated by the scanner; in our case the specimen size limit was 50 mm in
height, width and length [24, 40]. This method also could conceivably be used to evaluate
vasculogenesis and to map vascular structures in developed organs and soft tissues. Finally,
this method cannot be used for human subjects as it is an ex vivo UCT technique.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PERSPECTIVES

This study establishes a standardized approach to ex vivo uCT scanning, reconstruction
and measurement of vascular volumes, branch point diameters and angles, segment
length distribution, and other architectural parameters, including the microcirculation. By
applying a non-biased, thresholded depletion of background X-ray absorbance in scan
processing, small diameter vessels can be reconstructed accurately, while eliminating
excess voxels from the reconstructions. This allows for precision in quantitation of
vascular geometries, which will be particularly valuable in investigations of the unique
properties of neovasculature in pathological settings such as in solid tumors. This
approach was further used to confirm perfusion in Matrigel plugs, and to measure the
vascular parameters in the plugs. Thus, this approach can be utilized for a broad range of
studies in macro- and microvascular biology.

Microcirculation. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Leeetal. Page 16

Figure 1. Perfusion of peripheral blood circulation and xenografted tumors with heparin and
Microfil

(A) Tubing and pump (pump speed, 2 mL/min). (B) Catherization in left ventricle, for
exsanguination with 0.1% heparinized solution. The right atrium is nicked when the catheter
is inserted (arrow). (C) Microfil perfusion through the same catheter after heparin treatment.
Arrows point to Microfil perfused in peripheral blood vessels. (D) Macroscopic appearance
of Microfil-perfused LLC carcinomas derived from a bolus injection of 1 x 108 tumor cells
in the mouse flanks at 7 d (left) and 10 d (right). Bar, 10 mm.
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Figure 2. MicroCT scanning set up; raw and thresholded images
(A) A perfused tumor specimen (with orange-colored Microfil solution) prepared for X-ray

scanning. The specimen was held in place in a polyethylene tube with poster putty (blue) on
top and bottom, and the assembly was fixed onto a brass spigot in the SkyScan scanner. (B)
Example of a raw. BMP reconstructed image slice (3 um thick) from a scanned LLC tumor
sample including the polyethylene tube, before reconstruction. Small and large vessels are
seen in cross-section as bright grey regions, within the darker grey surrounding tissue, which
weakly absorbed the X-rays. The tube, which weakly absorbs X-rays, can usually be seen
around the periphery (*). (C) The same cross section from (B) after the first thresholding
step (lower limit 75, upper limit 225) using the CTAn Task list. (D) Image from (C) after
despeckling. (E) The final cross section converted to a binarised image after a second
threshold step (lower limit 105, upper limit 225). This series of steps preserves small
diameter vessels, seen here as small white dots, while eliminating background pixels from
the surrounding tissue and the tube. (F) Overlay of binarised final image from (E),
pseudocolored red, with raw reconstruction scan from (B). Note the absence of background
pixels in the final processed image (E), which otherwise can create background voxels in the
3D models that would also be included in the analysis. Bar, 400 um.
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Figure 3. Tumor neovasculature 3D modeling and analysis by X-ray uCT scanning in wild type
(WT) C57BI/6 mice

(A) Sample images of 3D reconstructions of neovasculature in LLC tumors (left, 7 d; right,
10 d) acquired by X-ray uCT scanning of tumors derived as in Figure 1D at 3 um voxel
resolution, followed by post-scan processing and 3D reconstruction. Top row, reconstruction
view in CTVol; bottom row, using CTVox (different samples). Bars, 10 mm. (B) Total
vessel volumes in 3D reconstructed vascular models from tumors derived in WT mice. n=3,
* p<0.01. (C) Frequency distribution of the vascular diameters in LLC tumors at 7 d
(dotted red line) and 10 d (solid black line). (D) Individual vessel volumes plotted against
vascular diameters from (C) (* p < 0.05, ** < 0.01). (E) Vascular specific surface areain 7 d
and 10 d tumors determined by the ratio of total vascular surface area to volume. (F) Micro-
Vascular Densities in 7 d and 10 d tumors determined as the percentage of total tumor
volume occupied by the vascular casts.
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Figure 4. Tree analysis of LLC tumor neovasculature
(A) Representative tree structures determined from pCT vascular reconstructions in

xenografted LLC tumors at 7 d (left) and 10 d (right) post-implantation. Yellow nodes
represent the tree root, blue nodes indicate branch or bifurcation points, and red nodes
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indicate branch termini. (B) Branch angle measurements are shown for each tree segment
from (A), beginning with “Al1” as the root segment. 7 d, top; 10 d, bottom. Inset, dot plot of
branch angles at 7 d and 10 d, excluding angles of 0° from non-branched segments. Medians
are shown with a horizontal line in each case. (C) Segment length measurements from the
tree analysis. 7 d, left; 10 d, right. Inset, dot plot of all segment lengths at 7 d and 10 d.
Medians are shown with a horizontal line in each case.
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Figure 5. Matrigel plug neovasculature 3D modeling and analysis by X-ray uCT scanning in WT
mice

(A) Macroscopic appearance of Matrigel plugs with or without VEGF at 3 d (left), 7 d
(middle), and 10 d (right). Bar, 10 mm. (B) Images of 3D models of neovasculature in
Matrigel plugs (top, +VEGF; bottom, —=VEGF; left, 7 d; right, 10 d) acquired by X-ray uCT
scanning at 3 um voxel resolution and 3D reconstruction. Bar, 10 mm. (C) Total vessel
volumes in 3D reconstructed images from Matrigel plugs derived in WT mice. n=3, * p <
0.001. (D) Frequency distribution of the vascular diameters in Matrigel plugs at 7 d (red
lines) and 10 d (black lines). Dotted lines, —VVEGF; solid lines, +VEGF. (E) Individual
vessel volumes plotted against vascular diameters in Matrigel plugs from (D) (* p < 0.001,
** < 0.0001).
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