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Abstract

Background—We set out to determine functional white matter (WM) connections passing
through the canine corpus callosum useful for subsequent studies of canine brains that serve as
models for human WM pathway disease. Based on prior studies, we anticipated that the anterior
corpus callosum would send projections to the anterior cerebral cortex while progressively
posterior segments would send projections to more posterior cortex.

Methods—A post mortem canine brain was imaged using a 7T MRI producing 100 micron
isotropic resolution DTI analyzed by tractography. Using ROIs within cortical locations, which
were confirmed by a Nissl stain that identified distinct cortical architecture, we successfully
identified 6 important WM pathways. We also compared fractional anisotropy (FA), apparent
diffusion coefficient (ADC), radial diffusivity (RD), and axial diffusivity (AD) in tracts passing
through the genu and splenium.

Results—Callosal fibers were organized based upon cortical destination, i.e. fibers from the genu
project to the frontal cortex. Histologic results identified the motor cortex based on
cytoarchitectonic criteria that allowed placement of ROIs to discriminate between frontal and
parietal lobes. We also identified cytoarchitecture typical of the orbital frontal, anterior frontal,
and occipital regions and placed ROIs accordingly. FA, ADC, RD and AD values were all higher
in posterior corpus callosum fiber tracts.
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Conclusions—Using 6 cortical ROIs, we identified 6 major white matter tracts that reflect
major functional divisions of the cerebral hemispheres and we derived quantitative values that can
be used for study of canine models of human WM pathological states.

1. INTRODUCTION

Diffusion tensor imaging (DTI) is an advanced MR imaging method that allows quantitative
measurement of the magnitude and direction of microscopic water diffusion. From these
measurements, one can make determinations regarding the integrity of brain structures, most
notably of brain white matter (WM). DTI has become an important tool in studying the
human brain especially for understanding the development of WM and diseases that either
cause failure of development, or deterioration, of WM [1-3]. The major DTI indices that are
routinely measured include apparent diffusion coefficient (ADC, a measure of rate of water
motion), fractional anisotropy (FA, a measure of tendency of water motion to predominantly
diffuse in a non-random manner), radial diffusivity (RD, a measure of microscopic water
motion perpendicular to the axons generally considered to be a measure of myelination), and
axial diffusivity (AD, a measure of microscopic water motion parallel to axons).
Tractography is a method by which white matter (WM) tracts can be depicted based on the
magnitude and direction of diffusion anisotropy [4]. Analysis of tracts depicted by this
technique can provide information regarding normal WM structure as well as the impact of
neurological diseases on WM integrity and track position.

Use of DTI to study the canine brain has been under-explored. However, understanding of
canine WM has a number of potential advantages for understanding the human brain due to
inherent similarities. For instance, the aging canine brain is characterized by the frequent
development of amyloid plaques and amyloid angiopathy, similar to the aging human brain
[5]. Dogs naturally experience many of the same brain diseases that affect the human brain,
such as stroke, gliomas, trauma and encephalitis [6-9]. Many canine leukodystrophy
populations exist including disease models for mucopolysaccharidosis type[10], Krabbe
disease [11], and GM1 gangliosidosis [12]. Importantly, these models can be used to test
novel therapies for central nervous system diseases in a relatively accessible population that
simulates human disease, thereby facilitating introduction of such therapies for treatment of
humans [2].

The canine brain is a very good model to study white matter pathology because the anatomic
structure is that of a gyrencephalic brain and has similar topography to the human brain. A
number of investigators have used MR imaging to effectively analyze the pathologic canine
brain [13-17]. Recently a canine model of dysmyelination, the shaking pup, was studied
using a combination of conventional diffusion tensor imaging and high b-value diffusion-
weighted imaging methods and demonstrated that DTI may be used to study myelin
abnormalities and brain development in canines [18]. In this study we analyze high-
resolution normal ex vivo canine DTI by segmenting the corpus callosum, a large white
matter structure, based upon cortical tract destination using fiber tractography. Our study of
normal canine tractography provides control data for future studies of canine CNS diseases
using DTL.
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2. METHODS
2.1 SPECIMEN PREPARATION

One normal post mortem adult canine brain was received from the University of Georgia
following an unrelated experiment. The protocol was approved and performed under the
guidelines of the university animal welfare board (IACUC). The dog was previously
assessed to be normal based on clinical neurological examination, routine hematology and
serum chemistry following by standard 3T MR imaging and CSF analysis. Prior to sacrifice,
the canine was deeply anesthetized with Nembutal (200 mg/kg) and monitored until corneal
reflexes were absent, respiration had stopped, and cardiac rhythms were interrupted. The
canine was first exsanguinated by transcardial perfusion with 0.9% sodium chloride in 0.1 M
sodium phosphate buffer, pH 7.4, with 0.5% sucrose, then submitted to transcardial
perfusion first with 4% paraformaldehyde and finally with 10% sucrose buffered in 0.1 M
sodium phosphate buffer. The brain was removed and placed in 10% sucrose buffered in 0.1
M sodium phosphate buffer. During the two weeks prior to imaging the brain was soaked in
1% MR contrast material (gadoteridol; Bracco pharmaceuticals) in 0.1 M phosphate-
buffered saline. This process allows the contrast material to diffuse into brain tissue, which
shortens the T1 relaxation time of tissue, allowing one to scan with a shorter TR and thus
decrease scan time.

2.2 IMAGING

All canine imaging experiments were performed on a 7T small animal MRI system (Magnex
Scientific, Yarnton, Oxford, England) equipped with 670 mT/m Resonance Research
gradient coils (Resonance Research, Inc., Billerica, MA, USA), and controlled with a
General Electric Signa console (GE Medical Systems, Milwaukee, WI, USA). RF
transmission and reception was achieved using a 6 cm diameter quadrature RF coil (M2M
Imaging, Cleveland, OH).

Diffusion-weighted images were acquired using a custom-designed spin-echo diffusion-
weighted pulse sequence (TR = 100 ms, TE = 16.2 ms, NEX = 1). The acquisition matrix
was 800 x 500 x 500 over an 80 x 50 x 50 mm field of view (FOV) for a Nyquist limited
isotropic voxel size of 100 um. Diffusion preparation was accomplished using a modified
Tanner-Stejskal diffusion-encoding scheme with a pair of unipolar, half-sine diffusion
gradient waveforms (width [d] = 3 ms, separation [D] = 8.5 ms, gradient amplitude = 600
mT/m). Two by images and 6 high b-value images (b=1492 s/mm?2) were acquired with
diffusion sensitization along each of 6 non-collinear diffusion gradient vectors: [1, 1, 0], [1,
0,1],[0,1,1],[-1, 1, 0], [1, 0, -1], and [0, -1, 1]. Total acquisition time was approximately
40 hours. A spin-echo sequence using solely six directions was employed because it
provides high SNR and is also less prone to artifacts and distortions due to magnetic field
inhomogeneity than multi-shot EPI. Additionally, the use of gadoteridol to prepare our brain
specimen for imaging reduces T2* to the extent that multi-shot approaches such as EPI are
no longer feasible.

AJR Am J Roentgenol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyny vd-HIN

Page 4

2.3 DATA PROCESSING

Following imaging, we smoothed the data using the SUSAN denoising algorithm
implemented in FSL with a 3 voxel kernel radius. Although the entire brain was imaged
intact, we chose to focus our analysis on the left hemisphere to simplify tensor calculations.
FA, ADC, Eigenvalue, and Eigenvector maps were reconstructed using Diffusion Toolkit
(DTK) version 0.6.1. DTK was also used to calculate fiber tracts using a FACT algorithm,
FA greater than 0.2, and a turning angle of 60 degrees. Fiber tracts were visualized using
Trackvis version 0.5.1. Separate tracts were identified by drawing three dimensional regions
of interest on a by or FA image in Avizo version 6.3.0 and importing these ROIs into
Trackvis. Fiber tracts determined to be part of adjacent structures, such as the cingulum or
fornix were removed from subsequent analysis. All included and excluded fibers were
verified by a neuroscientist with substantial neuroanatomy experience (LW). Quantitative
fiber tract measures including mean FA, ADC, AD and RD values were recorded using
Trackvis.

2.4 ROI PLACEMENT AND TRACT GENERATION

In a manner similar to studies in humans, the fiber tracts traversing the corpus callosum
were identified by first drawing a large ROI around the entire corpus callosum and then
drawing ROIs on six cortical regions [19]. The primary ROI covered the corpus callosum
drawn on 19 contiguous sagittal by images directly to the left of midline. Six secondary
ROIls were drawn and labelled orbital frontal (OF), anterior frontal (AF), superior frontal
(SF), parietal (Par), occipital (Occ), and temporal (Tem) as detailed below (figure 1). This
was done to identify white matter tracts that projected to functionally distinct domains of the
canine cerebral cortex.

On a coronal plane one quarter of the way from the anterior genu to the most anterior part of
the brain, the AF and OF ROIs were drawn separated at the level of the most inferior portion
of the pre-Sylvian sulcus (figure 2). The post-Sylvian sulcus was identified on an axial
image at the level of the inferior splenium. A coronal image at the level of the post-Sylvian
sulcus was used to draw the Occ ROI (figure 3). The Tem ROI was drawn on a coronal
image at the level of the posterior splenium (figure 4). Medially the ROI was below an axial
plane at the level of the inferior splenium and laterally the ROI included cerebral cortex
superiorly to the suprasylvian sulcus. The SF ROI was drawn on the axial image at the
dorsal aspect of the lateral ventricles (figure 5). The posterior boundary was at the posterior
margin of the post-cruciate sulcus, the lateral boundary was the coronal sulcus, and the
anterior boundary was the AF ROI. The Par ROI was drawn on the axial image superior to
cingulate white matter from the Occ ROI posteriorly to the SF ROI anteriorly excluding
cortex lateral to the suprasylvian sulcus (figure 5).

Aberrant fibers were manually removed based on known white matter anatomy common to
all mammalian brains [20]. As expected from use of this technique, peripheral fibers were
not adequately depicted [19].
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2.5 HISTOLOGY

Following imaging, the left half of the canine brain was sectioned into 50 micron thick
frozen sections in the sagittal plane. Sections were mounted on glass slides, defatted, and
stained with thionine. Magnified images were taken using the 4x objective from a Nikon
eclipse E400 microscope fitted with a 2 megapixel Optronics microfire camera run by
Optronics Pictureframe software. These images were smoothed with a bandpass filter in
ImagelJ in order to facilitate the construction of figures 2b, 3c, and 5a using the photomerge
tool in Adobe Photoshop CS6.

3. RESULTS
3.1 CANINE CORPUS CALLOSUM TRACTOGRAPHY

The canine tractography results are shown in figure 6. The frontal projections are divided
into orbital frontal, anterior frontal, and superior frontal which are labeled in red, orange and
yellow respectively. One ROI is used to identify the parietal projections which are labeled in
green. The occipital and temporal projections are shaded in purple and light blue
respectively. Figure 6 shows the three dimensional path of the callosal projections which
follow previously described white matter pathways. Figure 6B shows the location to which
cortical fibers project in the midsagittal corpus callosum. This organization follows a similar
anterior to posterior pattern as prior human studies however the relative volume each
cortical destination occupies does differ [19, 21, 22]. Most notably, the human frontal
projections occupy a greater proportion of the corpus callosum than in the canine specimen.
This reflects the smaller and less developed frontal cortex of the canine as compared to a
human.

3.2 DIFFUSION TENSOR IMAGING METRICS

The FA, ADC, AD, and RD values in the canine fiber tracts subserving the OF, AF, SF, Par,
Occ, and Tem regions are shown in figure 7. These canine results were similar to prior
human studies, FA was found to be higher in the human posterior callosal projections
compared with the anterior projections [19, 21], although this was not found in rhesus
monkeys [23]. Interestingly, ADC was higher in the posterior WM tracts even though FA
was also higher; typically high FA values are associated with low ADC values [24]. RD and
AD were also both found to increase moving from anterior to posterior however, the
increase in AD was much greater.

3.3 HISTOLOGY

Utilizing the Nissl-stained brain sections, we were able to identify important
cytoarchictetural landmarks that assisted in the development of the ROIs. Figure 5 shows
features characteristic of motor cortex, i.e., an absent layer IV and the presence of Betz cells,
large pyramidal cell bodies in layer V [25-27]. Posterior to this is the parietal cortex which
demonstrates a well-defined layer 1V but lacks Betz cells [25, 27]. These findings guided the
placement of the Par and SF ROIs. The anterior cortex near the pre-Sylvian sulcus shows a
characteristic prominent staining of layer 11, a poorly defined layer IV and a thin layer V
with medium sized pyramidal neurons (figure 2) [28, 29]. The prominent layer 1V of the
visual cortex is depicted in figure 3 [25]. While previously described surface landmarks
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were important in formulating the Occ, AF, and OF ROIs, these cytoarchitectural findings
delineating functional cortical areas confirmed our ROI placement [30-33].

4. DISCUSSION

The corpus callosum has been studied and segmented in the human brain in order to better
understand its function [19, 21, 22, 34, 35]. In various MR imaging studies, the human
corpus callosum has been divided in various ways, including division based upon fixed-
ratios [34, 35], gross morphologic components (based on identification of major structures
such as the genu and splenium) [24, 36], and functional partitioning based upon tractography
designed using target regions in the cerebral cortex [19, 21, 22]. The fixed-ratio method
partitions the corpus callosum into segments based on lines drawn from external reference
points through the corpus callosum [34]. This method is difficult to adapt to canine brains
because generally the homology between species is insufficient to allow reliable
comparisons. Similarly, division of the corpus callosum based on morphological criteria is
made difficult by the presence of differences in size and shape of corpus callosum
components in various species. Tractography-based segmentation offers a reasonable
alternative to the previously-mentioned methods. It allows partitioning of the corpus
callosum based on the destination of traversing fibers with respect to functional divisions of
the cerebral cortex, which is more comparable between species. For this reason, we chose to
employ that method in our study. However, proper use of this method required correct
identification of target regions in the corpus callosum, which is difficult for MR images of
the canine brain, given the relative paucity of MR studies of the canine brain. We overcame
this difficulty by relying on histological sections of the same canine brain that underwent
MR imaging. Utilizing cytoarchitectonic methods, we were able to validate the ROI
placement which was fundamental to the segmentation of the corpus callosum. We were
thus able to validate our ROI placements on the anterior frontal, orbital frontal, superior
frontal, superior parietal and occipito-temporal regions by histological features. Nissl-
stained tissue sections, depicting key cytoarchitectural landmarks (such as Betz cells in the
motor cortex), provided detailed anatomic information to ensure the accuracy of the
segmented tracts, thereby allowing us to adapt human corpus callosum segmentation
procedures to the canine brain.

The methods used in our study to segment the corpus callosum have also been used in non-
human primates. For instance, the corpus callosum of the chimpanzee [37]and rhesus
monkey [23] have been segmented based upon fiber destination using tractography. The
secondary ROIs in these studies were placed using surface anatomy landmarks based upon
prior histological studies in similar species [38, 39]. The study in chimpanzees also found a
predilection for fibers in the posterior portion of the corpus callosum, projecting to the
parietal, temporal and occipital cortices, to be higher than in the remainder of the corpus
callosum, similar to our study [37]. However, the study of rhesus monkeys found the parietal
and temporal fibers to have slightly lower FA values than in the frontal regions and the
occipital region [23].

Many white matter diseases can be studied using DTI and tractography. One of particular
interest is mucopolysaccharidosis type I, a genetic disorder due to a deficiency of alpha-L
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iduronidase and characterized by accumulation of glycosaminoglycans in multiple organ
systems [40]. A result is impaired myelin formation. A canine model of this human disease
exists and is currently used to study possible therapies, such as enzyme replacement therapy
[10, 13]. Tractography-based analysis is a potential means for assessment of the efficacy of
interventions in this disease. Because the disease impairs myelination, one might expect to
see untreated animals with elevated RD and reduced FA within the corpus callosum [41,
42]. Because degree of myelination can vary within the corpus callosum, disease severity
may be more pronounced in certain regions [43]. A positive treatment response would be
expected to show decreased RD and increased FA compared to pre-treatment baseline
values. This approach is potentially beneficial for mucopolysaccharidosis type I, other
canine leukodystrophy models, and any studies evaluating the canine corpus callosum.

We took a number of precautions to optimize the image and tractography quality in our
experiment. It is known that DTI tractography can be impaired by noise and artifacts [20,
44]. Because we imaged a postmortem brain, we were able to use imaging parameters and
imaging times not available for in vivo imaging. Imaging an ex vivo specimen in our study
eliminated specimen motion artifact due to pulsation reducing the need for more than six
imaging directions. Furthermore, it is well-recognized that the quality of DTI tractography
can be diminished by the presence of crossing fibers and tract-splitting [19, 20, 44]. We
minimized the effects of these factors by a prolonged imaging time (approximately 40
hours) on a very high field-strength (7T) magnet. These imaging parameters provided very
high spatial resolution (i.e., 100 microns), which is much higher than in previous canine DTI
studies. We immersed the specimen in an MR contrast agent for a period of two weeks prior
to imaging, which produced a shorter T1 relaxation time, allowing a shorter TR and a higher
spatial resolution for our scan time. The higher isotropic spatial resolution minimized the
likelihood of multiple different, and possibly orthogonal, fiber directions in a single voxel
[4, 45, 46].

4.1 LIMITATIONS

Like any study, ours is subject to a number of limitations. The first limitation is that we
performed imaging on solely a single specimen. Thus, the reproducibility of our results has
yet to be determined. However, we will assess this limitation by scanning additional
specimens in the near future. A second limitation is that of the tractography process that we
utilized, which inhibits adequate depiction of peripheral tracts due to truncation of peripheral
fibers (a known limitation of the simple tensor model)[19]. Third, tract propagating
algorithms are known to accumulate error during the tract generation procedure [47]. Future
comparison of scans of canines using identical tractography procedures will minimize these
biases. A final limitation is our use of DTI-based tractography rather than other imaging
techniques that are currently being developed to provide more accurate tractography.
Variations of DTI such as high angular resolution diffusion imaging (HARDI), Q-Ball
imaging, and diffusion spectrum imaging (DSI) offer potential advantages over the simple
single tensor model we used because they are more capable of resolving complex WM
regions. However, some of the gains offered by these techniques are partially offset by
sacrifice of spatial resolution. In addition, the HARDI and DSI techniques require complex
probabilistic tractography, which produces an increase in computational demand [18, 44,
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47-49]. While there is potential that HARDI and DSI may prove superior to high resolution

DTI for tractography, we currently prefer DTI due to the ease of use as well as its already

widespread clinical use making these results more widely applicable [49, 50].

4.2 CONCLUSIONS

The canine corpus callosum can be segmented into 6 major white matter tracts, using high
resolution DTI-based fiber tractography, which reflects major functional divisions of the
cerebral hemispheres. This procedure may be beneficial for the future study of white matter
pathology in canine models of human diseases.
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Figure 1. Relative ROI positions
Sagittal T2-weighted MR image shows relative positions of cross sections of all ROls. Orbital frontal ROI (OF) is shown in red,

anterior frontal ROI (AF) in orange, superior frontal ROI (SF) in yellow, parietal ROI (Par) in green, occipital ROI (Occ) in
purple, and temporal ROI (Tem) in blue.

AJR Am J Roentgenol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyny vd-HIN

Pierce et al. Page 12

Figure 2. Images showing use of histological sectionsto validate site for placement of anterior frontal (AF) and orbital frontal (OF)
ROIs

A) Coronal T2-weighted MR image located one-fourth of the distance from the genu to the anterior frontal cortex shows the AF
and OF ROls separated at the level of the inferior border of the pre-Sylvian sulcus, through which the horizontal line passes.
B) Parasagittal 50 micron Nissl-stained section of the canine brain that underwent MR imaging used to confirm ROI placement
shows the characteristic features of the (1) AF region, (2) the pre-Sylvian sulcus, and (3) the OF region. Both the AF and OF
typically have the prominent staining of layer |1, poorly defined layer IV, and a thin layer V, with medium sized pyramidal
neurons shown in this image. Identification of the pre-Sylvian sulcus and adjacent AF and OF regions confirmed proper
placement of the ROIs shown in A.
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Figure 3. Use of histological sectionsto validate site for placement of occipital ROI
A) Axial T2-weighted image at the level of the inferior splenium is used to identify the post-Sylvian sulcus marked by an arrow.

The occipital lobe (Occ), temporal lobe (Tem), and anterior frontal (AF) ROIs are shown in cross section.
B) Coronal T2-weighted MR image at the level of the post-Sylvian sulcus shows the occipital lobe ROI (Occ).
C) Parasagittal 50 micron Nissl-stained section corresponding to MR images in A and B shows the characteristic appearance of
the occipital cortex (i.e., prominent staining of layer 1V), thus validating placement of the ROIs shown in A and B.
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Figure 4. Temporal lobe ROI placement
Coronal T2-weighted MR image at the level of the posterior splenium shows the temporal lobe ROI (Tem) outlined in blue and

a cross section of the parietal lobe ROI (Par) in green.
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Figure 5. Images showing use of histological sectionsto validate site for placement of superior frontal (SF) and parietal lobe (Par) ROI
placement

A) Parasagittal 50 micron Nissl-stained section showing (1) parietal cortex with characteristic absence of large layer V
pyramidal cells and Betz cells, (2) primary motor cortex (characterized by presence of large layer V pyramidal cells and Betz
cells), (3) premotor cortex, and (4) post-cruciate sulcus. The sulcus separating the primary motor cortex and parietal cortex
regions was used to delineate the SF and Par ROls.

B) T2-weighted axial MR image at the level of the superior cingulate white matter shows the Par ROl in green. The histological
features in A, demarcating the parietal cortex and frontal cortex, were used to confirm placement of the Par ROI, which is
bounded posteriorly by the occipital (Occ) ROI, laterally by the supra-Sylvian sulcus, and anteriorly by the post-cruciate sulcus.
Also shown in cross section are the Occ ROI (in purple), temporal ROI (Tem, in blue) and anterior frontal ROI (AF, in orange).
C) T2-weighted axial MR image at the superior border of the lateral ventricles shows the SF ROI in yellow. The SF ROl is
bounded anteriorly by the AF ROI, laterally by the coronal sulcus, and posteriorly by the post-cruciate sulcus. Also shown in
cross section are the Occ ROI (purple), Tem ROI (blue) and AF ROI (orange).
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Figure 6. Segmented tracts of the canine cor pus callosum in the left hemisphere
The following six callosal projections are shown: orbital frontal (OF) in red, anterior frontal (AF) in orange, superior frontal

(SF) in yellow, parietal (Par) in green, occipital (Occ) in purple, and temporal (Tem) in blue.
A) The medial side of the six segmented tracts of the corpus callosum is shown superimposed on a semi-translucent parasagittal
T2 weighted MR image.
B) Sagittal T2 weighted MR image of the canine corpus callosum is color-coded based upon the cortical destination of fiber
tracts within the corpus callosum.
C) Lateral aspect of the six segmented tracts superimposed on a parasagittal T2-weighted MR image.
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Figure 7. DTI metrics versus segmented region of the canine cor pus callosum

FA, ADC, RD and AD are plotted for each segmented region of the corpus callosum. A line of best fit is plotted for each
measure. The posterior callosal regions have a higher FA, ADC, RD, and AD as compared to the anterior regions of the corpus

callosum.
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