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Abstract

Blood borne macrophage ingress into brain in HIV-1 associated neurocognitive disorders governs
the tempo of disease. We used superparamagnetic iron-oxide particles loaded into bone marrow-
derived macrophages (BMM) injected intravenously into HIV-1 encephalitis mice to quantitatively
assess BMM entry into diseased brain regions. Magnetic resonance imaging tests were validated by
histological coregistration and enhanced image processing techniques. The demonstration of robust
BMM migration into areas of focal encephalitis provide ‘proof of concept’ for the use of MRI to
monitor macrophage migration into brain.

Keywords
image coregistration; blood-brain barrier; monocyte-derived macrophages; HIV-1 encephalitis

1. Introduction

Migration of blood-borne macrophages across the blood brain barrier (BBB) into diseased
brain tissue governs the onset and progression of HIV-1 associated neurocognitive disorders
(HAND) (Antinori et al. 2007; Ciborowski and Gendelman 2006; Glass et al. 1995). This cell
migratory process perpetuates the viral reservoir and provides a continuous source of cellular
and viral toxins that influence disease progression (Kadiu et al. 2005; Persidsky and
Gendelman, 2003; Reynolds et al. 2007). Interestingly, the ability of macrophages to migrate
to the sites of infection makes them an attractive drug delivery system for disease and
specifically for antiretroviral and neuroprotective therapies (Dou et al 2006; Kinglsey et al.
2006).
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Amongst the techniques used to monitor macrophage migration from blood to tissues,
including the central nervous system (CNS), superparamagnetic iron oxide (SPIO) enhanced
magnetic resonance imaging (MRI) stands as the most sensitive and well established method
(Bendszus and Stoll 2003; Berger et al. 2006; Engberink et al. 2007; Gorantla et al. 2006;
Kleinschnitz et al. 2003; Linker et al. 2006; Oweida et al. 2004; Oweida et al. 2007; Rausch
et al. 2004; Smirnov et al. 2006). Indeed, macrophage MRI tracking using SPIO labeling was
in past works, in our laboratories and others to track cell migration for multiple sclerosis,
ischemic stroke lesions, tumors, and HIV-1 encephalitis (HIVE) (Anderson et al. 2004; Boska
et al. 2004; Kabanov and Gendelman 2007; Kleinschnitz, et al. 2005; Smirnov et al. 2006;
Zelivyanskaya et al. 2003). However, the ability to harness this approach with precision to
quantitatively monitor cell migration remains elusive.

To monitor macrophage brain ingress as a function of disease we injected SP10 labeled BMM
intravenously in HIVE mice. Accumulation of SPI1O particles in brain tissue was readily
observed in areas of active neuroinflammation resulting in increased magnetic To/To*
relaxivity of IH nuclei and signal loss. The distribution of MRI detected BMM was registered
to histology demonstrating macrophage ingress into areas of focal HIVE. Registration of MRI
to histology was performed using intermediate digital brain images obtained during
cryosectioning (blockface images) as the spatial reference. Robust methods to extract brain
images from whole mouse head MRI were developed. Moreover, a semi-automated feature
extraction method was applied to modified thin plate splines for warping MRI and processed
histology to blockface images. These data demonstrate, for the first time, an ability to
quantitatively monitor the migration of BMM from blood to brain. This observation along with
the specificity of cell brain entry into areas of focal viral encephalitis demonstrates the accuracy
of macrophage quantitation in diseased brain subregions by histology and MRI registration.

2. Materials and Methods
2.1. Murine HIVE

Four-week-old male C.B.-17 severe combined immunodeficient (SCID) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). All animal procedures were approved by the
Institutional Animal Care and Use Committee of the University of Nebraska Medical Center.
Animals were allowed to acclimate to the animal center for one week before the experiment.
Monocytes were isolated by centrifugal elutriation methods isolated from peripheral blood
mononuclear cells that were acquired from leukopaks from HIV-1,2 and hepatitis B
seronegative donors. Monocytes were cultivated in suspension cultures within Teflon jars for
seven days in Dulbecco’s Modified Eagles Media supplemented with 10% human sera and
1,000 Units/ml of recombinant macrophage colony stimulating factor (MCSF, a generous gift
from Wyeth Inc., Cambridge, MA). After differentiation into monocyte-derived macrophages
(MDM), the cells were infected with the macrophage tropic ADA strain of HIV-1 at a
multiplicity of 0.1 infectious viral particles/cell (Gendelman et al. 1988). One day after
infection, HIV-1aoa-infected MDM (5x10° cells in 5 pl) were injected intracranially into the
caudate and putamen (n=5) by stereotactic procedures (Persidsky et al. 1996). Replicate
animals were sham operated (n=5).

2.2. BMM Preparation and Injections

BMM were obtained from mouse femurs and cultured in Teflon flasks (Dou et al. 2006; van
der Meer et al. 1978). BMM were labeled with SP1O (Feridex, Berlex Inc., Wayne, NJ) by
incubation with 2.5 mg/ml of Feridex/10” BMM/ml in complete media for 1 hour at 37°C
(Zelivyanskaya et al. 2003). Cells were washed twice with DMEM and each recipient mouse
received 1 x 107 SP10-labeled BMM in 100 ul in media intravenously through the tail vein.
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2.3. MRI Acquisition

For HIVVE and sham operated control mice three dimensional (3D) high resolution MRI scans
were performed for each animal immediately prior to and five days after saline injections or
adoptive transfer of SPIO labeled BMM. Mice were anesthetized by inhalation of 1.5%
isoflurane in a 70% nitrous oxide/30% oxygen mixture prior to MRI data acquisition.
Anesthetized animals were placed in a custom made stereotactic holder with a breathing
monitor and placed into the MRI system for imaging. Anesthesia was maintained during the
acquisition at .5% to 1.5% isoflurane by maintaining the breathing rate at 40-80 breaths per
minute. Breathing rate was monitored using an MRI compatible physiological monitoring
system (Model 1025, SA Instruments, Stony Brook, NY). The presence of SP10-labeled BMM
in tissues was evaluated by 3D high resolution (150 um isotropic) spoiled gradient recalled
echo (To*-weighted) MRI using a Bruker (Karlshure, Germany) Pharmascan 7T MRI system
operating Paravision 3.0.2. High resolution 3D gradient recalled echo MRI scans of mouse
head were acquired using a 25 mm birdcage volume coil with acquisition parameters of TE =
5ms, TR =50 ms, 30% echo, flip angle = 35 degrees, Averages = 2, field of view =20 x 20
x 20 mm with a resolution of 128 x 128 x 128 (voxel size = 150 x 150 x 150 um), total
acquisition time = 30 min. Mice were euthanized after the final MRI. Brains were extracted,
fixed and embedded for histological evaluation. Blockface images were used as an intermediate
modality to register in-vivo MRI to stained histological sections. Coregistered MRI and
histology were used to assess quantitatively BMM migration to the brain.

2.4. Blockface imaging and 3D reconstruction

Blockface images were acquired using a digital camera (Canon EOS Digital Rebel 300D with
a Canon Ultrasonic EFS 60mm /2.8 Macro USM lens) mounted to the front of the cryostat
with a custom mount and triggered by a remote switch. Digital images were acquired every 50
micrometers through the entire brain volume. Slices were numbered to allow registration within
the volume after histological processing and staining. Individual blockface slices were aligned
to reconstruct the 3D volume using the block outlines to account for jitter in the position of the
cryostat head. The brain volume was then automatically segmented using seed based region
growing algorithm in the Analyze software package (AnalyzeDirect, Lexena, KS). In this
method a seed is selected in the blockface volume and the upper and lower bounds of the
intensity are assigned. The region to be segmented grew from the seed to include the pixels
connected to the region and within the intensity limits. The intensity limits of the image were
defined to prevent the region from growing into areas outside of the brain.

2.5. Histology and Immunohistochemistry

Slices from the brain were collected every 25 um and their positions numbered. Brain sections
obtained through the injection line were stained with Prussian blue, counterstained with
hematoxylin and mounted for cell volume analyses and MRI coregistration.
Immunocytochemical assays were performed as previously published (Dou et al. 2005).
Human HIV-1 infected MDM were detected with Vimentin and astrocytes by glial fibrillary
acidic protein (GFAP, Dako). Neuronal Nuclei (NeuN) assessed neuronal numbers and
integrity (Chemicon International Inc., Temecula, CA). Twenty five micron sections were cut
from formalin-fixed paraffin-embedded blocks through the entire thickness of the HIV-1
infected human MDM injected brain tissue. The imaging parameters were set using the caged
control on any given slide.

2.6. Coregistration of MRI with histology

Coregistration of MRI and histology uses the blockface images as the spatial reference. The
process is illustrated in Figure 1. The mouse brain images were first extracted from the whole
head MRI. The brain MRI was then registered to the blockface volume using the automatic
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image registration package (AnalyzeDirect, Lexena, KS). The brain MRI was then resliced to
create coronal slices that are registered to the blockface images. Both histological slices and
resliced MRI were then warped to the blockface images. The details of the brain extraction and
warping techniques (boxes in Figure 1) are described in the following paragraphs.

2.6.1. Brain extraction—The brain extraction technique was developed based on a level set
method (Li et al. 2005). Level set methods represent a 3D surface C as the cross section of a
four dimensional (4D) function (m= ¢(x,y,z))taken at m=0. This can be formulated by: C =
{(x,y,2) | @(x,y,2) = 0}. The 4D function @ is referred to as the level set function; the surface
Cisreferred to as the zero level surface (Osher and Sethian 1988). Level set methods start with
an initial zero level surface and update the surface iteratively towards the object boundaries.
The movement of the zero level surface is represented by C(t) = {(x,y,2) | @(t,x,y,z) = 0}
resulting from the evolution of the level set function @ can be written in the following general
form (Osher and Sethian 1988):

d¢

% FIVe|=0
o IVl (1)

which is the level set equation (Osher and Sethian 1988). The function F is the speed function.
For this study, the function F depends on the image gradient and the level set function .
Equation (1) can be written as:

0—¢—;1 Ap — dz'v(ﬁ) +A106 (¢) div (g%) +vgo ()
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where A is the Laplacian operator, § is the Dirac function, and g is the gradient map. The first
term at the right hand side corresponds to the internal force, penalizing the deviation of the
level set function from the previous iteration. The second and third terms correspond to the
external force that drives the zero level surface towards the locations with high gradient (edges).
u, 4 and v are the weighting factors of the forces. By choosing the appropriate values for the
weighting factors, the internal and external forces together drive the surface towards and
converge at the brain boundary.

Constraints were introduced to the level set method by localizing the weighting factors in the
head MRI. We designated this method as the “pinned” level set method since the constraints
were designated at particular points (pins) extracted from brain contours drawn on one sagittal
and two axial slices. Contrary to the edges which attract the surface, the constraints trap the
surface and block its propagation. To incorporate the constraints in the level set method, the
weighting factors were localized (assigned to each voxel). Instead of being constants, they are
varied at the pins by increasing u (deviation penalty), decreasing 4, and changing the sign of
v (both are for external force). In this study, x = 0.05, A = 0.0, and v = 1.5 at the pins, and u =
0.04, 1 =5.0, v = -3 at all other points in the image.

The initial zero level surface was constructed from the pins using a 2-D stacking procedure.
In each coronal slice, the pins were connected by line segments to form a closed polygon. The
polygons were stacked to form the closed initial surface. The brain extraction procedure
illustrated in Table 1 was performed using a computer program coded in Matlab (MathWorks,
Natick, MA).

2.6.2. Coregistration of MRI/histological sections to blockface—The MRI was
registered to the blockface volume using affine transformation (AnalyzeDirect, Lexena, KS).
Normalized mutual information was used as the cost function for the registration. The
registered MRI volume was then resliced in the coronal plane to register with the blockface
images.
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Both MRI and histological slices were warped to blockface images for comparison. The
warping procedure developed in this work consisted of matching similar anatomical contours
from the source images (MRI and histological slices) to target images (blockface) using thin
plate splines. The thin plate splines are a control point (or landmark) based technique, in which
the control points are matched between the source to the target image and other parts of the
source image are interpolated using the thin plate splines. Excellent reviews of the details of
thin plate splines are available in the literature (Bookstein 1989). The manual selection of
control points for the traditional thin plate splines is time-consuming and often lacks of
accuracy. A semi-automatic technique was developed for this study to allow effective and
accurate control point selection. Control points were defined by delineating the contours of the
brain boundary and/or corpus callosum and/or ventricles (if they appear on each slice) on the
source and target images. The contours on the source image were then sampled by a user-
defined accuracy (usually 10-20 pixels) to extract control points. The corresponding target
control points were found by minimizing a cost function consisting of a match matrix (Lee et
al. 2003). The elements of the match matrix M are assigned as:

Mij=exp (a (85 T) +B- (K° - Ky{ )2) @
where S = {S;}Pj=1 and T = {T(}Pk=1 are the source and target control points, respectively. d
(Sj, Tk) is the distance between S and T. The symbols kjs and ki T represent curvature of contours
fs and fr at control point position j and k, respectively, and are defined as: Equation (3)
incorporates both Euclidean distance and local curvature at control points, by which two
geometrically different points would not match only because they are spatially close. The
weightings of distance and curvature in (3) are determined by coefficients o and 3, respectively.
A constrained optimization using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) (Broyden
1970; Fletcher 1970; Goldfarb 1970; Shanno 1970) Quasi-Newton method with a cubic line
search procedure was employed to find the optimal positions of the target control points by
minimizing the match matrix. The target control points were constrained on the anatomical
contours during the optimization. Based on the control point correspondences that were found,
the source image was warped with minimum bending energy to the target image. The control
point optimization and warping using the thin plate splines were implemented using Matlab.
The accuracy of the registration was confirmed using the target registration error (TRE) method
(Fitzpatrick et al. 1998; Fitzpatrick and West 2001):

317 (s -t

TRE=ZL
n (4)

where s and t are corresponding points on the source and target images, respectively, and f is
the warping function. Points s and t were placed on anatomical features and not used to effect
the warping. Three pairs of points (n=3) were selected in this study for each warping evaluation.

2.7. Detection of BMM by Pre-Post-Injection MRI Signal Subtraction

The intracranial injection of HIV-1a0a-infected MDM induces a focal HIVE at the injection
site (Persidsky et al. 1996). The injuries can cause signal loss and generate similar intensities
to those of SPIO in Ty*-weighted MRI. To differentiate SP10-labeled BMM from the injuries,
the warped post-injection MRI (acquired five days after BMM injection) was subtracted from
the warped pre-injection MRI (obtained before BMM injection) from the same animal,
generating positive values only in the region of the SP10O labeled BMM. Histogram
normalization of intensities between the two data sets was performed before the subtraction.
Results of subtraction were windowed and leveled to eliminate noise and the resulting positive
signals were superimposed on the pre-injection MRI for comparison to histology. A statistical
analysis was performed to calculate the correlation between the quantities of BMM detected
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by MRI and stained in histology. The spatial correlation of the BMM distribution between MRI
and histology was analyzed by calculating the matching ratios of the BMM clusters in
coregistered 3D MRI and histological volumes in each animal.

3. Results

3.1. Pathobiology of Murine HIVE

Migration of BMM across the BBB is a defining component of the pathogenesis of HIV-1
infection. Thus, to examine the process and extent of cell migration, we developed in-vivo cell
tracking methods validated by histology and applied these methods to evaluate cell migration
in the murine model of HIVE. Microscopic imaging demonstrated human cells, astrogliosis,
microgliosis, and neuronal impairment (Figure 2). Robust expression of GFAP was
demonstrated in and around the areas of focal encephalitis as was reduced NeuN
immunostaining. These observations provide a putative mechanism for macrophage blood-
brain barrier migration and an opportunity and foundation to explore the functional dynamics
of cell migration to assess the potential of cell-packaged drug delivery in disease-affected brain
regions.

3.2. MRI Tracking of SPIO-Labeled BMM

The SPIO-labeled BMM detected by the MRI is shown in Figure 3A. Most BMM cells are
clustered at the injection site of HIV-1aoa-infected MDM, in the region of focal encephalitis.
Some BMM cells appeared in the ventricles indicating a possible mode of entry through
structures with no blood-brain barrier adjacent to the ventricular system such as the subfornical
organ. False positive results were observed in control animals (Figure 3B), likely due to healing
of the injection site between initial imaging session and the second imaging session five days
later. The regions with false positive results were few and small compared to the true positive
results in experimental animals. The false positives were primarily located around the tip of
the injection line.

3.3. Coregistration of Histology and MRI Using Blockface Imaging

The 3D head MRI volume is shown in Figure 4A using the volume rendering in an image
visualization software Amira (Visage Imaging, Chelmsford, MA). It can be seen that brain
parenchyma and peripheral tissues have similar intensities. Figure 4B shows the brain contours
drawn on sagittal and axial slices. The pins extracted from the contours were shown in Figure
4C. Figure 4D demonstrated the initial surface constructed from the pins. After 60 iterations,
the final surface reached the brain boundary and was shown in Figure 4E. The segmented brain
volume is shown in Figure 4F. The sagittal slice on which a contour was drawn is shown in
Figure 4G to provide clear visualization of the contour. The pins, the initial and final surface
contours on a central coronal slice were shown in Figure 4H-J, respectively. With the
incorporation of the constraints, the surface correctly identifies the brain boundary (Figure 4E)
and the level set method accurately segmented the brain tissue (Figure 4F).

Figure 5A shows the subimaged MRI brain volume which has been registered to the blockface
volume (Figure 5B). The affine transformation correctly compensated the global brain
deformation caused by perfusion and extraction from the skull. The coregistration between
MRI and the blockface volume allowed processed histology slices (Figure 5C) to be registered
with the transformed MRI using affine transformation of the processed histological slices to
the corresponding slices of the blockface volume.

The warping procedure to register MRI and histological slices to blockface images is shown
in Figure 6. The control points on the source images were extracted from the anatomical
contours at the accuracy (10-20 pixels between control points) set by the user (Figure 6A and
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D). The target control points were extracted from the anatomical contours and optimized using
the match matrices in Equation (3) (Figure 6B and E). The final warping results using the
control points are shown in Figure 6C and 6F. The accuracy of the warping was satisfactory
as determined by the target registration error method (TRE < 1 in Equation 5).

3.4. Comparison of BMM on MRI to histology

Two analyses were performed to compare the BMM volume and distribution between MRI
and histology. The correlation of the volumes of tissue containing BMM between MRI and
histology was calculated, and the spatial distribution of BMM around the injection line was
compared. The total volumes of cells by MRI were compared to the volumes detected by
histology to correlate the BMM quantity between MRI and histology. Statistical analysis
showed a high correlation between the volume occupied by BMM detected in MRI versus
histology (R = 0.95, Figure 7).

The distribution of BMM in brains detected by MRI and histology were compared by visual
inspection and quantitative biostatistical analyses. The MRI and histological slices were
warped to the blockface images and reconstructed into 3D volumes. The BMM clusters in the
MRI and histological volumes were labeled with different pseudo-colors. The overlapped
volumes of the two BMM clusters were also labeled for visualization. The matching ratios of
the two BMM clusters were calculated using Cn, /Chist, Cn/mri and Chist/Cvry to investigate
the accuracy of the MRI detection of BMM, where Cpyr and Chjst are the BMM containing
voxels in the MRI and histological volumes, respectively, and Cp, is the overlapping pixels of
the two BMM clusters. The matching ratios of the two BMM clusters are shown in Table 2. It
can be seen in Table 2 that MRI overestimated the volume of BMM containing tissue by an
average of 178%.

The overlap of the stained BMM cluster in histology in one animal to the 3D MRI volume is
shown in Figure 8. Figure 8B shows the BMM clusters detected by MRI (labeled in red) and
stained in histology (labeled in blue). The overlap volume of the two BMM clusters was labeled
in yellow and shown in Figure 8C. In this figure, it is clear that the histology BMM cluster is
largely contained within the MRI-detected BMM cluster.

4. Discussion

We demonstrated robust migration of blood borne macrophages into HIVE affected brain
subregions using registration of MRI and histology techniques. Such observations is a first, to
our knowledge, using these combined tests to track disease onset and progression relevant to
the neuropathogenesis of HIV-1 infection. Of interest, such approaches can also be modified
to track other cell types as well as cell-based drug delivery systems into the brain, making these
observations broadly applicable for neuroscience research. Nonetheless, we acknowledge and
explain the potential limitations of the data set. Migration of BMM was seen in the area of the
needle track, raising the concern that simple BBB disruption elicited the selective migratory
response which was observed. We posit that this was likely not the case. Previous studies from
our laboratories demonstrated that the BBB is healed within 2-3 days of any induced trauma
(Persidsky et al. 1996). Moreover, parallel studies performed in our laboratories of cell
migration in sham-operative and lipopolysaccharide-induced neuroinflammation confirm a
specific BMM migratory response to inflammation (H. Gendelman, unpublished
observations). Indeed, no BMM ingress into brain was seen following trauma but correlated
with demonstrable neuroinflammatory responses including elevated macrophage chemotactic
protein-1 levels. These findings, taken together, support that the inflammatory cascade induced
by virus-infected macrophages was responsible for the migratory events across the BBB into
the area of focal encephalitis.
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Implementation and the development of state-of-the-art image processing methods allow
whole brain detection of migrating cells, validated by accurate histological coregistration.
Development of blockface imaging, pinned level set method for image segmentation and
modified image warping methods provide the groundwork to validate MRI results using
standard histopathological assessments.

A number of automated or semi-automated brain extraction techniques have been developed
for human head MRI (Boesen et al. 2004; Chiverton et al. 2007; Hartley et al. 2006; Lee et al.
2003b; Rex et al. 2004; Segonne et al. 2004; Smith 2002; Zhuang et al. 2006). However, these
techniques are prone to failure when used for mouse brain extraction due to the small or non-
existent gap between the brain and the non-brain tissue. We presented a technique based on
level set methods with the incorporation of higher level constraints obtained from prior
knowledge and understanding of the mouse brain anatomy. Level set methods were first
introduced two decades ago (Osher and Sethian 1988), and their application has received great
attention in image segmentation in recent years. As describe above, similar intensity of brain
parenchyma and peripheral tissues and narrow or disappearing brain-skull gap (Figure 9A and
9B) causes the traditional level set methods to miss the brain-skull border (Figure 9C). A
method to prevent the surface from moving beyond the brain-skull border is incorporating high
level constraints into the level set methods, which, even with their increasing applications in
medical image segmentation, has rarely been studied (Mitchell et al. 2002). Generally, several
properties are desirable for the constraints including 1) the ability to effectively represent the
prior knowledge of the object to be segmented; 2) ease of definition by the user, 3) seamless
incorporation into level set methods. The strategy used in this study assures that the constraints
meet these desired properties. With minimum knowledge of the mouse brain anatomy, and by
quickly browsing through the head MRI, a researcher can locate the areas with weak edges,
and thus define brain contours to constrain these locations. The contours were defined on
orthogonal (sagittal and axial) 2-D slices to avoid the complex 3-D visualization and
manipulation. Their seamless incorporation was achieved in this study by localizing the
weighting factors of the internal and external forces. Additionally, the pins were used to
automatically define the initial surface by using them as the vertices of the surface, eliminating
the need for user intervention (Figure 9D). This also assured the initial surface to be close to
the brain boundary, which reduced the time required for the surface to converge to the brain
boundary. The level set method with incorporation of high level constraints developed in this
study can also be used for the segmentation of other organs and tissues.

MRI needs to be coregistered to histology to evaluate the accuracy of the MRI to monitor cell
trafficking to brain. Histology is difficult to register with MRI due to two major deformations,
global deformation which occurs during fixation and removal of the brain from the skull and
histological slice specific deformation. The individual deformations for each slice include
asymmetrical shrinkage due to processing and tearing due to slicing and mounting on glass
slides. Therefore, to map histology and MRI the coregistration procedure needs to reverse these
deformations on histology or/and model them on MRI. From the image processing point of
view, the global and slice specific deformations can be described by two different mathematical
manipulations: linear (affine) and nonlinear transformation (warping), respectively. Direct
coregistration between the MRI and histological sections that performs the affine
transformation and warping simultaneously is feasible but technologically difficult. We used
the blockface images as an intermediate modality to reduce the variables involved in
coregistration and warping of MRI and histology. An affine transformation was performed to
register MRI to the blockface images to address the global deformation associated with
perfusion and removal of the brain from the skull. Deformations from histological processing
were corrected using slice by slice warping of the processed histology back to the blockface
image. Similar methods have been used in previous studies (Jacobs et al. 1999; Meyer et al.
2006).
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Each histological section is subject to different distortions requiring individual 2-D slice-by-
slice warping for registration of MRI to histology. These characteristics make the thin plate
splines the best candidate among many image warping techniques (Christensen et al. 1997;
Davatzikos 1997; Friston et al. 1995; Hill et al. 2001; Kyriacou et al. 1999; Liu et al. 2006;
Pelizzari et al. 1989; Pelizzari 1998; Rueckert et al. 1997; Woods et al. 1998a; Woods et al.
1998b; Zitova and Flusser 2003). The thin plate splines has been extensively used in
neuroscience studies (Bookstein 1997; Buchsbaum et al. 1998; Corouge et al. 2003; Darvas et
al. 2006; Davis et al. 1997; DeQuardo et al. 1999; E. Downhill J, Jr et al. 2000; Jacobs et al.
1999; Kim et al. 1997; Li et al. 2006; Meyer et al. 1997; Meyer et al. 2006; Miller et al.
2002) due to the capability to correct severe distortion and computational efficiency. However,
the selection of control points for the thin plate splines is an error prone and time-consuming
procedure. Image features were used for control point selection in previous studies (Jacobs et
al. 1999, Rohr et al. 1996; Rohr et al. 2001). However, these methods can not guarantee the
exact correspondence between the source and target control points which is the underlying
assumption of the thin plate splines. To address this problem, Rohr et al (1996, 2001) relaxed
the exact interpolation condition by introducing the Euclidean distance between corresponding
control points into the bending energy function. In this method, two control points are
considered to be correspondent if the distance is within a preset tolerance. The method we
present here extracts control points from anatomical contours which minimizes user
interaction, allowing distance and, unlike Rohr et al, local curvature into the control point
selection procedure. The match matrix (Equation (3)) based control point optimization method
used in this study was recently introduced in applications of pattern recognition. To the best
of our knowledge, this is the first time this method has been used in medical image
coregistration.

Development of techniques for coregistration and overlay of processed histology and MRI
enable us to evaluate the accuracy of MRI to monitor the BMM infiltration. These
developments are key to the feasibility of a broad range of studies to evaluate imaging,
molecular imaging, and spectroscopic imaging with histology in neurological disease models.

Results shown in Table 2 and Figure 8 demonstrate that there is not an exact correspondence
between the volume of cells detected by MRI and histology. There are several sources of
potential error which may contribute to this effect. The effect of SP1O on the MRI signal extends
well beyond the cell border and when large clusters of SPIO labeled cells are present, the spatial
extent of the signal disturbance is enhanced. In addition, the resolution of the histology is much
greater (25 micron slice thickness) than the MRI (150 micron slice thickness). These are the
primary reasons that the volume determined by MRI is 178% greater than the volume
determined by histology. However, this is not the only source of error, as only 72% of the
volume of the cells determined by histology is within the MRI volume. Other sources of the
difference in spatial extent and distribution of cells include small errors in registration and
warping, lack of detection of regions with few cells by MRI, and false positives in MRI from
wound healing between the initial and second imaging study. Despite sources of error, the
overall correlation between the location and amount of cells shows that the MRI technique can
be used to assess the dynamics of cell influx. With histological endpoints, the method can be
corrected for overestimated cell volumes. Further developments, including increased spatial
resolution, improved methods of cell labeling, and improved image processing will improve
accuracy. Having the tools to evaluate the accuracy by coregistration with histology will allow
quantitative assessments of the accuracy of image acquisition and processing developments in
future works.

Taken together, the migration of macrophages across the BBB in this murine HIV model
demonstrates readily identified cells in the area of encephalitis. These responses may be aided,
in part, by impairments in the BBB seen in this murine model and in human disease (Kadiu et
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al. 2005; Persidsky and Poluektova 2006). Further studies to track the responses and kinetics
of BMM migration to the brain of other diseases which exhibit inflammation including
Alzheimer’s disease, Parkinson’s disease, stroke, and injury (Reynolds, et al. 2007) may
provide valuable biological insight into the response of BMM and other cell types to brain
injury and disease.
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Figure 1.
Flowchart of the procedure of the coregistration between MRI and histological slices. Texts

without box represent data; boxed texts represent data processing procedures.
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Figure 2.

Histological and immunocytochemical evaluation of BMM macrophage migration in focal
murine HIVE. SCID mice were stereotactically injected with human HIV-1 infected MDM.
After four days, murine BMM containing SP10 were administered intravenously through the
tail vein and ingress of BMM from blood to brain in areas of the brain injection sites were
monitored by Prussian blue staining (BMM, Blue) and immunocytochemistry for density of
human Vimentin+ MDM (A and B, brown), signs of GFAP+ astrogliosis (C and D, brown),
and NeuN+ neuronal integrity (E and F, brown). Sham operated animals were used as controls
and showed no evident BMM ingress or signs of astrogliosis or neuronal loss (A, C, and E).
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In sharp contrast HIVE mice (B, D, and F) showed ingress of BMM specifically into sites of
pathology as evidenced by astrocyte activation (D), and diminished viable neurons (F).
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Figure 3.

Overlay of subtraction results used for cell detection from MRI in (A): mouse I.V. injected
with SPIO labeled cells and (B) negative control mouse (no cell injection). Effects of healing
of the injection site between initial imaging session and the second session five days later are
apparent in (B).
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Figure 4.

Results of brain extraction using the pinned level set method. (A) A mouse head MRI. (B)
Brain contours were drawn sagittal and axial slices. (C) Pins were extracted from the contours.
(D) The initial zero level surface was constructed using the pins as vertices. (E) The final
surface after 60 iterations. (F) The segmented brain using the pinned level set method. (G) The
contour drawn on the sagittal slice. (H) Pins extracted from the contours on a coronal slice. (1)
The initial surface contour on the coronal slice. (J) The final surface contour on the coronal
slice.
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Figure 5.

Visual representation of brain volume processing. A mouse brain volume (A) was registered
to the blockface volume (B) in which slices about the injection line (C) were coregistered and
warped to the blockface volume for histological analysis.
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Figure 6.

Image warping using thin plate splines. Left panel: A histological slice was warped to a
blockface image. Right panel: A MRI slice was warped to the same blockface image. The
contours of the brain boundary and corpus callosum on the histological slice were traced
manually and sampled at the accuracy of 10 pixels to generate control points (A). The
corresponding contours on the blockface were traced and sampled to generate the homologues
of the control points (B). Similar to (A) and (B), the control points on MRI (C) and blockface
(D) were generated with the sampling accuracy of 20 pixels. The sampling accuracy was chosen
depending on the image resolution. (E, F): The warped histological slice (E) and MRI (F) using
thin-plate splines.
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Figure 7.

Correlation of BMM containing tissue volumes between MRI and histology. VVolumes are
expressed as a percentage of total brain volume. Points are from the five animals injected with
SPIO labeled BMM, and the solid line is the linear regression with the regression results
displayed at the upper left of the figure.
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Figure 8.

Three dimensional overlay of MRI and histology detected cell locations. (A) MRI detected
BMM locations (red) overlapped with histology detected BMM locations (blue). (B) MRI (red)
and histology (blue) detected BMM clusters. (C) Overlap volume of the two BMM clusters
(yellow).
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Figure 9.

The utility of the pinned level set in an area of mouse brain with no significant signal gradient.
(A) Disappearing of the gap between the brain and skull in a posterior slice, (B) Image gradient,
(C) A traditional (unpinned) level set method (the red closed contour) missed the brain-skull

border (pointed by the arrow) on the posterior slice, (D) The initial zero level surface contour
(the red closed contour) as defined from the pins (green) on a posterior coronal slice, (E) the

final surface correctly segments the brain, (F) the mouse brain volume extracted from the whole
head MRI using the pinned level method.
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Table 1
The procedure to extract the brain parenchyma from a whole mouse head MRI using a computer program coded in
Matlab

Draw brains contours on different sagittal and axial slices.

Extract pins from these contours.

Set the weighting factors of internal penalty and external image gradient forces with appropriate values.
Set the weighting factors of internal penalty and external image gradient forces at the pins.

Construct the initial surface from the pins.

Update level set function and zero level surface iteratively.

orwWNE
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Matching ratios of the BMM clusters detected by MRI and stained in histology
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histology Animal ID Cn/ Chist Cn/Curi Chist/ Cvri
M1 0.69 0.12 0.17
M2 0.29 0.091 0.32
M3 0.74 0.35 0.47
M4 0.75 0.34 0.48
M5 0.72 0.24 0.33
meanzs.d. 0.64+0.20 0.23+0.12 0.36+0.15

Cn : overlapped volume of the two BMM clusters Chjst: BMM cluster a histological volume C\pR|: BMM cluster in a MRI volume
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