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Micro-computed tomography (micro-CT) is an X-ray imaging technique that can produce detailed 3D images
of cerebral vasculature. This paper describes the development of a novel method for using micro-CT to
measure cerebral blood volume (CBV) in the mouse brain. As an application of the methodology, we test the
hypotheses that differences in CBV exist over anatomical brain regions and that high energy demanding
primary sensory regions of the cortex have locally elevated CBV, which may reflect a vascular specialization.
CBV was measured as the percentage of tissue space occupied by a radio-opaque silicon rubber that fills the
vasculature. To ensure accuracy of the CBV measurements, several innovative refinements were made to
standard micro-CT specimen preparation and analysis procedures. Key features of the described method are
vascular perfusion under controlled pressure, registration of the micro-CT images to an MRI anatomical brain
atlas and re-scaling of micro-CT intensities to CBV units with selectable exclusion of major vessels.
Histological validation of the vascular perfusion showed that the average percentage of vessels filled was
93±3%. Comparison of thirteen brain regions in nine mice revealed significant differences in CBV between
regions (p b0.0001) while cortical maps showed that primary visual and auditory areas have higher CBV
than primary somatosensory areas.
© 2009 Elsevier Inc. All rights reserved.
Introduction
Micro-computed tomography (micro-CT) can provide detailed 3D
images of the mouse vascular architecture (Ritman, 2004). Recent
applications of micro-CT to the mouse cerebral circulation include the
systematic classification of major vessels (Dorr et al., 2007), the
detection of atherosclerotic lesions around the circle of Willis
(Langheinrich et al., 2007), and the co-registration of capillary-level
views of the circulation with the macroscopic vasculature (Heinzer et
al., 2006). The use of this technique in the mouse is motivated by a
desire to better understand mouse models of human diseases.

This paper describes the application of micro-CT to measure
cerebral blood volume (CBV) for characterizing total vascularity in 3D
regions of themouse brain. CBV is defined as the total volume of blood
in a given unit volume of brain (Toga and Mazziotta, 2002).
Measurement of CBV in local regions of the mouse brain is of
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particular interest for delineating the phenotypes of models of
neurodegenerative diseases that alter cerebral vasculature, such as
Alzheimer's disease (Buee et al., 1997).

Before the advent of suitable 3D imaging technologies, the CBV
of the whole mouse brain was measured by detecting intravascular
radionuclides (Edvinsson et al., 1973). More recently, regional
values of CBV were obtained using magnetic resonance imaging
(MRI) (Wu et al., 2003); however, resolution was limited to
0.1 mm×0.1 mm×0.6 mm due to the time constraints of in vivo MRI
scanning. Another technique that allows a higher resolution for CBV
mapping is multi-photon laser scanning microscopy (Verant et al.,
2007); however, available optics and depth of light penetration limit
this technique to the superficial 0.6 mm of cortex over small fields of
view. Micro-CT measurement of CBV provides both high-resolution
and whole brain coverage for characterizing 3D regions.

In this paper, we present a methodology by which CBV can be
measured as the percentage of a volume of tissue occupied by a
perfused radio-opaque silicon rubber that remains intravascular. We
utilize the principle that for a voxel filled with two components, tissue
and radio-opaque contrast agent, the micro-CT image intensity is a
weighted average of the attenuation coefficients of each component
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(Goodenough et al., 1986). Thus, the micro-CT image intensity is
linearly related to the proportion of a voxel's volume that is occupied
by radio-opaque contrast agent.

The procedure outlined in this paper involves several innovative
refinements to standard micro-CT specimen preparation and analysis.
First, to permit reproducible measurement of CBV, radio-opaque vas-
cular casts were prepared under controlled pressure. Second, to permit
regional comparisons, micro-CT images were registered to an MRI
anatomical brain atlas. Third, to better reflect the contribution of local
microvessels to CBV, major vessels were excluded from the analysis.

We also address the hypotheses that differences in CBV exist over
anatomical brain regions and that highly active primary sensory
cortical areas have a particularly rich vascularization to meet their
high metabolic demands (Harrison et al., 2002; Harrison, 2006).
Specifically, we examine the possibility that primary sensory cortex
has a relatively high CBV in the non-stimulated condition, reflecting
more dense patterns of vascularization.

Materials and methods

The steps to measure CBV in regions of the mouse brain were: (1)
the cerebral vasculature was filled with Microfil (Flow Tech, Inc.,
Carver, MA, USA), a radio-opaque silicone rubber containing particu-
late lead chromate and lead sulfate and known for minimal shrinkage
(Cortell, 1969); (2) micro-CT images were acquired; (3) micro-CT
images were re-scaled to CBV units; (4) CBV images were co-
registered to an MRI anatomical brain atlas; (5) CBV was measured
over brain regions; (6) small vessel CBV (sv-CBV) was calculated by
major vessel masking; (7) regional CBV values were analyzed. Each
step is detailed in the following sections.

Filling the cerebral vasculature with microfil

Nine female C57BL/6 mice (Charles River Laboratories, Wilming-
ton, MA, USA), weighing 17–25 g, were anesthetized with an
intraperitoneal injection (IP) of 100 μg ketamine per gram of body
weight (Pfizer, Kirkland, QC, Canada), 20 μg of xylazine per gram of
body weight (Bayer Inc., Toronto, Canada) and 3 μg of the vasodilator,
acepromazine maleate (Arras et al., 2001), per gram of body weight
(Vetoquinol, Lavaltrie, QC, Canada), then given an IP injection of
heparin (200 U) (Organon Canada Ltd., Toronto, Canada). The inferior
vena cava and descending aorta were ligated. A 24-gauge IV catheter
(Becton Dickinson Infusion Therapy System Inc., UT, USA) was
inserted into the left ventricle, sealed in place using the adhesive
Loctite 404 (McMaster-Carr, GA, USA) and connected to a pressure-
controlled pump (Model PS/200, Living Systems Instrumentation, VT,
USA). All incidental cuts were sealed. A slit in the right atrium
provided outflow.

Tominimize variation in CBV due to vessel inflation, the pressure at
which Microfil polymerizes should be uniform. Warm heparinized
(5 U/mL) phosphate buffered saline (Wisent Inc., St-Bruno, QC,
Canada) was perfused at 50 mm Hg for 5 min at a filling rate of
2mL/min, followed byMicrofil at room temperature at 150mmHg for
10min at a filling rate of 0.25 mL/min. The filling rate was determined
based on the rate of volume change in a graduated cylinder containing
the infusate. The pumpwas stopped, the slit in the right atrium sealed
and the pump restarted at 30 mmHg, approximating normal capillary
pressure (Burton,1972; Li, 2004). At this uniformpressure, theMicrofil
polymerized over 90min at room temperature.Microfil has previously
been shown to remain intravascular (Rennie et al., 2007); we
quantified the completeness of the perfusions in a section that follows.

Acquiring micro-CT images

In preparation for micro-CT scans, dissected skulls (devoid of
external soft tissue and lower jaw) were fixed for 12 h at 4±1 °C in
10% buffered formalin phosphate (Fisher Scientific Company, Ottawa,
Canada). To avoid partial volume and beam hardening artifacts, the
skulls were decalcified in 5% formic acid (Fisher Scientific Company,
Ottawa, Canada) at 50 °C for 24 h and then mounted in 1% agar
(Sigma-Aldrich Co., St. Louis, MO, USA). Each micro-CT image was
acquired over 2 h in which 720 views were obtained through 360°
rotation with a GE eXplore Locus SP Specimen Scanner using peak
voltage 80 kVp, current 80 μA and field of view at object of 20.48 mm.
The measured line spread function had full-width-at-half-maximum
of 24 μm and the modulation transfer function at 10% was 34 line
pairs/mm, based on previous work (Marxen et al., 2004). The micro-
CT images were reconstructed with isotropic cubic voxels of size
20 μm.

Measuring completeness of the perfusion

A potential source of error is incomplete perfusion of the brain
with Microfil, leading to underestimated CBV. Thus, the proportion of
vessels filled with Microfil was measured. Specifically, five of the
perfused specimens were paraffin embedded and sixteen 5 μm
coronal sections were cut: four samples (spaced 10 μm apart) were
cut at four locations (defined by frontal cortex, striatum, hippocampus
and superior colliculus). To calculate the percentage of vessels filled
with Microfil, we stained the sections with hematoxylin and under
20× magnification, scored vessels in randomly selected fields
according to whether Microfil was seen in the lumen. The data were
categorized by specimen (out of 5) and brain location (out of 4). To
test whether the completeness of Microfil perfusion significantly
differed between the locations examined, an ANOVA was performed
on a linear mixed effect model of the data, with one fixed effect
(location) and one random effect (specimen) using the statistical
program R, available at http://www.r-project.org/.

Re-scaling the micro-CT images to CBV units

The CBV of each tissue voxel is the ratio of the concentration of
Microfil in that tissue voxel to the concentration of Microfil in the
vasculature. This was computed for each micro-CT image, by using
simple volume averaging of the components of the voxel, which were
assumed to be Microfil and tissue. The tissue's radio-opacity is similar
to 1% agar and is much lower than that of Microfil.

To study the relative radio-opacities of the components of each
voxel, an additional C57BL/6 mouse was perfused just with PBS,
without Microfil, prior to scanning. This specimen was imaged in 1%
agar together with an external slab of Microfil and the average radio-
opacity in all components was compared. We also tested uniformity in
the CT intensity through the depth of the image, by measuring the
percentage variation in the line profile through the tissue.

Eachmicro-CT image was re-scaled into CBV units by the following
equation:

ICBV = 100 IORIGINAL − IAGARð Þ= IMICROFIL − IAGARð Þ;

where IORIGINAL denotes the original intensity of the tissue voxels, IAGAR
denotes the average intensity of voxels in the 1% agar and IMICROFIL

denotes the average intensity of voxels completely filled with Microfil.
The background intensity, IAGAR,was computed as the average intensity
of approximately 10,000 voxels in the 1% agar. We applied a custom
written program to automatically trace vessel centerlines and
determine vessel diameters. This automated vessel tracking program
traces the centerlines of tubular objects by maintaining equal distance
from the lumen wall as determined by the image intensity gradient
along rays perpendicular to the vessel centerline (Fridmanet al., 2004).
To normalize the intensity of each individual image, IMICROFIL was
computed as the average intensity of approximately 20,000 voxels at
centerline positions of vessel segmentswith diameter between 0.1 and

http://www.r-project.org/


Fig. 2. The mid-sagittal section of a micro-CT image (A) and the corresponding section
of the MRI anatomical brain atlas (B) with suitably chosen vascular landmarks (yellow)
leads to accurate registration (C). Also shown is the corresponding major vessel mask
(gray) superimposed on the MRI anatomical brain atlas (D).

Fig. 1. Illustration of a representative maximum intensity projection of a micro-CT
image in three views, (A) sagittal, (B) horizontal and (C) coronal. For illustrative
purposes, the images have been cropped using an MRI derived mask to show only CT
data within the brain. Marked with arrows are the middle cerebral artery (MCA), the
anterior cerebral artery (ACA) and the superior sagittal sinus (SSS).
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0.2 mm. Use of these vessel segments ensured that the voxels were
completely filled with Microfil.

Co-registering micro-CT images to an MRI anatomical brain atlas

To delineate CBV measurement regions, we used an MRI
anatomical brain atlas that was registered to the micro-CT images.
TheMRI anatomical brain atlas, which has 62 labeled 3D regions (Dorr
et al., 2008), was prepared by averaging 20 female and 20 male
C57BL/6 brain MRI images of 32 μm isotropic resolution (Spring et al.,
2007). The MRI anatomical brain atlas was accessed at http://www.
mouseimaging.ca/research/C57Bl6j_mouse_atlas.html.

Each micro-CT image was registered to the MRI anatomical brain
atlas using vascular landmarks as a guide. As landmarks, we selected
four easily identifiable bifurcations on major vessels in the mid-
sagittal plane, which had low variability in position, namely: the
branch point of the vertebral arteries and the basilar artery; the
branch point of the medial orbitofrontal artery from the azygos of the
anterior cerebral artery; the branch point of the rostral rhinal veins
from the superior sagittal sinus; the branch point of the transverse
sinuses from the superior sagittal sinus. The position of each landmark
in the MRI anatomical brain atlas was computed as the mean value of
the coordinates identified on a subset of eight of its individual MRI
images. The computer program Register, which was used to identify
landmarks is distributed by the Montreal Neurological Institute
(http://www.bic.mni.mcgill.ca/software/). The same four landmarks
were also identified on each of the micro-CT images by applying our
automated vessel tracking program. The registration of micro-CT
images to the MRI anatomical brain atlas was performed using a
procrustes matching algorithmwithout scaling (Sibson, 1978) applied
to each landmark position in the micro-CT images and the
corresponding landmarks in the MRI anatomical brain atlas.

Measuring CBV over brain regions

Our goal was to reduce variability in CBV caused by registration
error. Of the 62 regions in the MRI anatomical brain atlas, we
selected all 13 regions that were larger than 5 mm3. Selection of this
threshold was based on a registration simulation that relied on the
measured variability in the position of the vascular landmarks. This
simulation involved generating five transformed copies of a given
micro-CT image by adding random offsets derived from observed
positional variation in vascular landmarks; for the transformed
images the coefficient of variation (COV) was calculated region by
region and an arbitrary cutoff at 10% COV led us to retain regions
larger than 5 mm3.

Misregistration error can significantly bias CBV when there is a
great difference between the values of neighboring regions. To reduce

http://www.mouseimaging.ca/research/C57Bl6j_mouse_atlas.html
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this bias, we incrementally eroded the boundary of each region on the
MRI anatomical brain atlas using a six neighbor binary morphological
operator (Haralick et al., 1987). We selected 0.15 mm as the depth of
erosion because the CBV values of gray matter regions that border
white matter regions stabilized after this amount of erosion.

The following computational method was applied to obtain CBV
values. The average CBV and standard error was calculated for each of
the selected 13 brain regions. To map CBV over the cerebral cortex, we
solved Laplace's equation to generate field-lines from the inner to the
outer cortical surface. This method has previously been applied to map
human cortical thickness (Jones et al., 2000) and has recently been
adapted to determine cortical thickness in themouse brain (Lerch et al.,
2008). Next, CBV was averaged along each field-line and the value was
projected to the mid-cortical surface; this was done through the entire
thickness of the cortex, without eroding the boundary. To determine
CBV through the depth of the cortex, the field-lines were divided into
ten equal parts, which collectively defined ten layers.

Determining sv-CBV by major vessel masking

To emphasize the contribution of local microvessels to CBV,
major vessels were excluded using a selectable diameter threshold
that was arbitrarily chosen to be 100 μm. We formed a major vessel
mask by our automated vessel tracking program to identify vessels
in the micro-CT images greater than 100 μm in diameter. The metric,
sv-CBV, was defined as the blood volume in a region from all voxels
not covered by the major vessel mask as a percentage of the region's
volume; sv-CBV was measured over the 13 brain regions and the
cerebral cortex.

Analyzing regional CBV values

Using R, a statistical analysis was performed on the CBV data,
which were categorized by specimen (N=9), brain region (N=13)
Fig. 3. CBVmaps over the surface of the cerebral cortex, averaged over nine mice: (A-C) show
show the sv-CBVmaps; (G and H) show the right and left surfaces marked with manually del
For each sensory modality a core region (dark shading) is indicated, which includes visual
denotes primary somatosensory areas including the extensive barrel cortex region.
and the type of metric (total CBV or sv-CBV). An ANOVA was
performed on a linear mixed effect model of the data, which had two
fixed effects (brain region and type of metric) and one random effect
(specimen). The percentage difference between total CBV and sv-CBV
was also determined for each micro-CT image.

To determine if sv-CBV significantly differed between brain hemi-
spheres, ten of thirteen regions were segmented into portions in each
hemisphere and the mean sv-CBV was graphically compared. An
ANOVAwas performedwith R, using amixed effect linearmodelwhere
hemisphere was the fixed factor and specimenwas the random factor.

To compare sv-CBV over regions of the cortex, the primary sensory
areas were delineated on right and left cortical maps based on
published maps for the C57BL/6 mouse, prepared by staining
cytochrome oxidase (Airey et al., 2005), cytochrome oxidase and
myelin (Hunt et al., 2006) and acetylcholinesterase (Paxinos and
Franklin, 2003).

All described animal procedures were approved by the Hospital for
Sick Children Animal Care Committee, subject to the Canadian Council
on Animal Care.

Results

A representative example of one of the Micro-CT images is shown
in three maximum intensity projection views in Fig. 1. All major
arteries branching from the circle of Willis and major returning veins
and sinuses were identifiable, such as the middle cerebral artery
(MCA), the anterior cerebral artery (ACA) and the superior sagittal
sinus (SSS) (marked with arrows in Fig. 1). Inspection of the images
provided no evidence that Microfil had leaked outside of vessels.

Histological analysis revealed that over the group of mice the
average±standard error of mean (SEM) percentage of vessels filled
with Microfil was 93±3%, which may have been underestimated due
to minor displacement of Microfil fragments during slide preparation.
total CBV maps for the dorsal, right lateral and left lateral surfaces, respectively; (D-F)
ineated visual, auditory and somatosensory areas (in blue, yellow, and red respectively).
areas V1 and V2 and auditory areas A1 and A2. The large somatosensory area (pink)



Table 1
Total CBV and sv-CBV values for thirteen brain regions and the total brain reported as
mean±SEM.

Region Total CBV (%) sv-CBV (%)

Amygdala 4.3±0.4 4.1±0.4
Arbor vitae 4.0±0.4 3.9±0.3
Cerebral cortex 7.9±0.7 4.6±0.4
Cerebellar cortex 6.6±0.5 4.9±0.5
Corpus callosum 3.1±0.5 2.9±0.4
Hippocampus 3.7±0.4 3.7±0.4
Hypothalamus 4.3±0.5 4.3±0.5
Medulla 7.9±0.5 5.7±0.3
Midbrain 5.6±0.6 4.7±0.5
Olfactory bulbs 6.9±0.4 5.9±0.5
Pons 4.4±0.5 4.3±0.5
Striatum 2.8±0.3 2.8±0.3
Thalamus 3.7±0.5 3.6±0.5
Total brain 5.8±0.4 4.4±0.3

Fig. 5. Comparison of mean sv-CBV±SEM for regions in left versus right hemisphere.
For reference the line of identity has been plotted.
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The completeness of Microfil perfusion did not significantly differ
between the locations examined (F=0.72, p=0.5).

The average radio-opacities of Microfil and 1% agar were 3700±
100 Hounsfield units and 0±100 Hounsfield units, respectively. In
support of the assumption that CT intensity varies negligibly through
the depth of images, we found that the line profile through the
unperfused brain tissue had a maximum variation of 5 Hounsfield
units.

A representative example of vascular-landmark registration of a
micro-CT image to the anatomical brain atlas is shown in Fig. 2 (A,B,C).
The mean value (N=9) for the standard deviation of the registered
coordinates of the four vascular landmarks was 0.15 mm.

A representative example of the overlay of a major vessel mask on
the MRI anatomical brain atlas is shown in Fig. 2 (D). In regions where
multiple vessels converged, the diameters of the vessels tended to be
overestimated by our automated vessel tracking program.

Cortical maps of total CBV, averaged across ninemice, are shown in
Fig. 3 (A,B,C) and maps of sv-CBV in Fig. 3 (D,E,F). The posterior cortex
had an elevated sv-CBV compared to the average cortical sv-CBV of
4.6±0.4. The primary sensory areas that are delineated (Airey et al.,
Fig. 4. Representation of 13 regions featured in Table 1 by labeling the area for each region i
coronal image (A) from the 40 mouse average MRI image. AMG = amygdala, ARB = arbor
hippocampus, HYP = hypothalamus, MED = medulla oblongata, MID = midbrain, OLF =
2005; Hunt et al., 2006; Paxinos and Franklin, 2003) in Fig. 3 (G,H)
indicate a higher value of CBV in the primary visual and auditory
areas relative to the average value of the cortex. However, there does
not appear to be a higher than average value of the CBV in the
primary somatosensory areas.

Table 1 summarizes CBV data sets for both total and sv-CBV. To
illustrate the shapes, relative sizes and locations of the 13 brain
regions, three sagittal slices have been labeled with each region in
Fig. 4. Significant differences were found between regions (F=35.6,
p b0.0001) and by type of metric, namely, total CBV or sv-CBV
(F=28.8, p b0.0001). The largest differences between total CBV and
sv-CBV were found in the cerebral cortex, the cerebellar cortex, the
medulla oblongata, the olfactory bulbs and the midbrain, respec-
tively. As shown in Fig. 5, sv-CBV did not significantly differ between
hemispheres (F-value=3.4, p-value=0.07).

As plotted in Fig. 6, the variation in CBV through the depth of the
cortex showed no fine structure but did show a monotonic increase
from inside to outside for both sv-CBV and for total CBV. The curve for
sv-CBV was flatter than the curve for total CBV. The difference
n three sagittal slices (B-D). The relative positions of each sagittal slice are marked on a
vitae, COR = cerebral cortex, CER = cerebellar cortex, CC = corpus callosum, HIP =

olfactory bulbs, PON = pons, STR = striatum, THL = thalamus.



Fig. 6. Plot of mean CBV±SEM versus the normalized distance from the inner surface of
the cortex (value=0) toward the outer surface (value=1).
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between the two curves was most pronounced at the outer surface of
the cortex.

Discussion

This paper demonstrates the use of micro-CT to generate CBVmaps
of the mouse, an application that is of particular interest for
characterizing cerebral vascular disease phenotypes. Several innova-
tive refinements to standard micro-CT specimen preparation and
analysis procedures were developed to meet this objective. To
minimize variation due to vessel inflation, we perfused the vascular
network at a specified pressure by controlling inflow and outflow of
the contrast agent. To permit regional comparisons, micro-CT images
were registered to an MRI anatomical brain atlas. By re-scaling the
intensities to CBV units and masking out major vessels, the sv-CBV
values better reflected the local contributions of microvessels; this
protocol also permits flexible selection of major vessels masks. We
provided normative values of CBV in thirteen brain regions, and
cortical maps to illustrate normative variations in the brain.

The total brain CBV reported here can be compared with
measurements obtained in vivo. A reported value of in vivo CBV
measured using intravascular radionuclides is 35–40 μL of blood per
gram of brain tissue (Edvinsson et al., 1973). By assuming a brain
density of 1 g/mL, this method gives a total CBV of 3.5% to 4% in our
scale. These values, which do not suppress the contributions of major
vessels, are in reasonable agreement with our sv-CBVmeasurement of
4.4±0.3%, but lower than the total CBV of 5.8±0.4%. A possible
explanation for this difference is that by preparing the radio-opaque
vascular casts at a pressure of 30 mm Hg, the venous vessels, which
contain most of the blood in the brain, were distended past their
normal physiological point. Most of this effect would have been
accounted for by masking of the major sinuses and veins. However,
the remaining slight difference is likely owing to the large amount of
blood in the venules, which may also be distended in the pressure
control setup. Nevertheless, the CBV values measured in this paper are
in reasonable agreement with the in vivo CBV values, as obtained
using intravascular radionuclides.

To obtain reproducible values of CBV, we stress that the radio-
opaque vascular casts must be prepared at a well-defined pressure. As
the main contribution to the CBV comes from highly compliant
venules and veins, failure to control this factor would likely lead to a
large variation in results. We set the pressure close to an assumed
average capillary pressure of about 30 mm Hg, which has not been
directly measured in the mouse brain, but which provides a
commonly accepted estimate for capillaries in the systemic circulation
(Burton, 1972; Li, 2004). In this case, we can expect the sv-CBV values
to be similar to the in vivo value. The close correspondence of sv-CBV
between bilaterally symmetric regions (see Fig. 5) supports the notion
that the image registration was accurate. Another factor affecting
reproducibility is the completeness of major vessel masking. The
purpose of applying our automated vessel tracking program was to
ensure greater accuracy of the major vessel masking. Since vessels
with diameter greater than 100 μm represent approximately 1% of
total brain volume, moderate overestimate of the mask can be
expected to have a negligible effect on sv-CBV. Masking of finer
vessels in the brain could also be performed, in future, with micro-CT
scanners of higher resolution and signal-to-noise ratio.

As brain atlases become more refined, one likely interest will be to
measure sv-CBV in increasingly fine regions. In such cases, registration
will pose a fundamental limitation on the size of the region over
which sv-CBV can be accurately mapped. The registration method
used in this paperwas based on vascular landmarks that have 0.15mm
root mean squared variability in position. In Fig. 3, a comparison is
made between total CBV and sv-CBV. By masking the major vessels,
the sv-CBV was shown to be more spatially uniform over structurally
similar regions of the cortex. The ability to mask vessels also poses a
limitation on the size of the region that can be studied. In small
regions, a major vessel may constitute a large fraction of the
measurement volume; this artifact could outweigh microvascular
variation and lead to false interpretation. For example, a 100 μmvessel
that passes through a measurement volume of 1 mm3 will increase an
average CBV of 4% to about 5%, leading to a 25% overestimate. Since the
masking is a function of resolution and SNR, improvements in micro-
CT image quality will translate to greater control of the size of the
region that can be mapped.

One of our scientific questions was whether primary sensory areas
of cortex have a higher local sv-CBV compared to other cortical
regions. This questionwas based on the hypothesis that sensory input
areas such as visual, auditory and somatosensory cortices are highly
active, with metabolic demands that might be met with a privileged
blood oxygen supply. It is well known from hemodynamic based
functional imaging techniques such as optical imaging of intrinsic
signals (Grinvald et al.,1986) that under sensory stimulation, there is a
significant CBV change in primary cortex compared to less active
association cortex (Harrison et al., 1998; Harel et al., 2000). Although
the changes described in these studies are transient responses to
stimulation, it is possible that primary sensory cortex has a more
permanent vascular specialization (Harrison et al., 2002). Comparison
of the cortical map of sv-CBV in Fig. 3 with maps showing locations of
the major sensory cortical areas, suggests that sv-CBV is elevated in
both visual and auditory areas, though not convincingly in the primary
somatosensory area. This likely suggests that there is not a specialized
blood supply for the entire somatosensory area. One reason for this
may be that the hypothesized increased blood oxygen supply to highly
active brain areas may be most readily detectable at the capillary
network level (Harrison et al. 2002) whereas this definition of sv-CBV
includes feeding arterioles and drainage venules that contain a
significant proportion of the blood.

The sv-CBV increased from the inner to the outer boundary of the
cerebral cortex, which was consistent with the depth variation of
cortical microvessel density observedwith confocal microscopy in rats
for vessels with diameter under 50 μm (Masamoto et al., 2004) and in
humans both with and without major vessel masking above 10 μm in
diameter (Lauwers et al., 2008). Unlike those studies of microvessel
density, however, the sv-CBV, plotted in Fig. 6, did not sharply decline
at the outer boundary, but appeared to level off toward the outer 20%
of the depth. This pattern of variation supports a model of vascular
organization where capillary-rich beds and their associated feeding
arterioles and drainage venules are concentrated near the outer
boundary of the cortex.

Mapping sv-CBV over an anatomical brain atlas could lead to better
understanding of vascular degeneration in dementiamodels, aswell as
the angiogenesis following treatments. Ourmethodof sv-CBVmapping
improves on past work as it can be used to determine CBV phenotypes
in small 3D regions of themousebrain.With continueddevelopmentof
better mouse brain atlases and genetic models, we anticipate that this
method to measure sv-CBV will lead to a better characterization of
vascularity in mouse models of cerebral vascular disease.
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