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Abstract

Purpose—Animal models are needed to better understand the relationship between diffusion
MRI (dMRI) and the underlying tissue microstructure. One promising model for validation studies
is the common squirrel monkey, Saimiri sciureus. This study aims to determine (1) the
reproducibility of /n vivo diffusion measures both within and between subjects; (2) the agreement
between /n vivo and ex vivo data acquired from the same specimen and (3) normal diffusion
values and their variation across brain regions.

Methods—Data were acquired from three healthy squirrel monkeys, each imaged twice /n vivo
and once ex vivo. Reproducibility of fractional anisotropy (FA), mean diffusivity (MD), and
principal eigenvector (PEV) was assessed, and normal values were determined both in vivo and ex
vivo.

Results—The calculated coefficients of variation (CVs) for both intra-subject and inter-subject
MD were below 10% (low variability) while FA had a wider range of CVs, 2-14% intra-subject
(moderate variability), and 3-31% inter-subject (high variability). MD in ex vivotissue was lower
than /n vivo (30%-50% decrease), while FA values increased in all regions (30-39% increase).
The mode of angular differences between /in vivo and ex vivo PEVSs was 12 degrees.

Conclusion—This study characterizes the diffusion properties of the squirrel monkey brain and
serves as the groundwork for using the squirrel monkey, both /in vivo and ex vivo, as a model for
diffusion MRI studies.
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Introduction

Diffusion tensor imaging (DTI) is a magnetic resonance imaging technique sensitive to the
random Brownian motion of water molecules, which allows investigation of tissue
microstructure. This information has also been used to perform “fiber tractography” [1, 2] in
order to assess the macro-structural connectivity of the brain. Because of its
noninvasiveness, DTI has become a powerful tool for /n vivo characterization of normal and
abnormal human brain white matter.

The two most common scalar quantities derived from DTI are fractional anisotropy (FA) and
mean diffusivity (MD) [3]. FA is a dimensionless measure that characterizes the level of
diffusion anisotropy present in a voxel, and MD is a measure of the orientationally-averaged
diffusion in a voxel. Both metrics have been used extensively in human imaging studies as a
means to assess and monitor various white matter diseases and disorders, including
Alzheimer’s disease [4], schizophrenia [5], and multiple sclerosis [6]. Measures of MD have
also found widespread use in probing the temporal evolution of stroke [7]. In addition to
scalars, DTI also provides vector contrast in the form of the principal eigenvector (PEV),
which is an estimate of the direction of greatest diffusivity in a voxel, and is assumed to lie
parallel to the predominant axonal fiber tracts in a voxel. The PEV has been used primarily
to investigate the connectivity of the brain, as it forms the basis of most fiber tractography
algorithms [1].

While DTl is the only non-invasive imaging method capable of providing this information /in
vivo, ex vivo acquisitions are increasingly being used to probe brain connectivity and tissue
properties. DTI of fixed tissue has several experimental advantages including longer
scanning times and absence of motion. Together, this makes it possible to obtain data with
high signal-to-noise ratio (SNR) at a much higher resolution compared to /n vivo studies,
allowing visualization of more intricate fiber structures. Because of these advantages, there
has been an increasing number of diffusion MRI studies on the fixed, ex vivo brain.

Another advantage afforded by ex vivo diffusion MRI is the ability to compare diffusion
data directly to histological data. This is particularly useful in validation studies that aim to
determine the biological basis of diffusion contrast, as well as hodological studies testing the
legitimacy of diffusion MRI tractography measures. A major problem in validation studies
in humans, however, is that there is no histological gold standard available. It is difficult to
obtain high quality fixed human brain tissue, as perfusion fixation is not a viable option and
immersion fixation typically cannot be performed in a timely manner, hence the need for
animal models. One promising model for validation studies is the common squirrel monkey,
Saimiri sciureus. The functional and microstructural organization of the central nervous
system of the squirrel monkey is similar to that of humans [8, 9], making this species a
commonly-used non-human primate model in biomedical research [10]. The small brain of
the squirrel monkey is also easy to process histologically. However, the in vivoand ex vivo
diffusion properties of the squirrel monkey brain have not been thoroughly investigated.
Thus, the purpose of this study is to characterize the diffusion properties of the common
squirrel monkey brain /n vivoand ex vivo, and determine the extent to which ex vivo
diffusion measurements reflect the corresponding /n vivo values.
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To do this, several issues need to be considered. First, it is essential to assess the
reproducibility of diffusion measures in the squirrel monkey. Because quantitative
comparisons, both between and within subjects over time, rely on accurate and reliable
measurements, it is necessary to characterize the limitations of these measurements. Here,
we repeat reproducibility studies performed on human /7 vivo diffusion data [11, 12] in
order to establish measurement reliability in the squirrel monkey brain. Similarly, it is
important to determine normal diffusion values in the squirrel monkey brain, not only to
establish standards for the healthy brain, but also to demonstrate that diffusion in the squirrel
monkey brain is representative of that in the human brain. Finally, it should be established
how well the ex vivo properties reflect those of the living monkey brain. Several groups have
compared /n vivo and aldehyde-fixed ex vivo data in order to aid in interpreting DTI of the
fixed brain [13-15], and we repeat these studies for the first time on the squirrel monkey
brain.

Therefore, the goals of this study are threefold: (1) to measure the reproducibility of /n vivo
DTI measures both within and between subjects, (2) to evaluate the agreement between /n
vivoand ex vivo DTI data acquired from the same specimen, and (3) to determine the
normal values and their variation in white matter (WM) and gray matter (GM) regions of
interest (ROIS). Together, this study serves to characterize the diffuson MRI properties of the
squirrel monkey brain, both in vivo and ex vivo, and serves as a valuable resource for future
diffusion MRI studies that choose to utilize this animal model.

The data used here were acquired as part of a larger project, which aims to create the first
combined histological and MRI atlas of the squirrel monkey brain [16]. Briefly, each
monkey brain was imaged in three scan sessions, twice /7 vivo and once ex vivo. The brain
was then sectioned and stained in order to facilitate expert labeling of anatomical ROIs. All
animal procedures for this study were approved by the Vanderbilt University Animal Care
and Use Committee, and followed guidelines of National Institutes of Health for the care
and use of laboratory animals. The monkey was housed in adjoining individual primate
cages allowing social interactions with other monkeys and received extensive environmental
enrichment such as play objects that are changed for variability, novel food objects and
foraging devices. Normal food, treats and fruit were provided to the animal by trained staff.
Analgesics were given following the procedure and in response to any evidence of pain
(behavioral abnormality, loss of appetite, tissue edema, or muscle spasms). The monkey was
closely monitored in the week following the surgical procedures. All MRI scans were
performed on the same 9.4T Agilent scanner, and the same process was performed on three
squirrel monkeys (Saimiri sciureus). The monkeys were young adults (3, 4, and 5 years old
and weighed 838g, 770g, and 6169, respectively, at the time of the first scan session).

In vivo MRI data acquisition

The two /in vivo sessions were separated by a 20-day interval. During each in vivo session,
the live squirrel monkey was anaesthetized and the brain was scanned with a standard T1-
weighted gradient echo multi-slice (GEMS) sequence (TR = 404ms, TE = 2.4ms, flip angle
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= 20°, 630um isotropic voxels, 64x64x80 matrix), followed by diffusion weighted imaging
using a pulsed gradient spin echo (PGSE) echo planar imaging (EPI) sequence (TR=5.5s,
TE=44ms, 32 gradient directions, 630um isotropic voxel, 64x64x65 matrix). The nominal b-
factor was 1000s/mm2, but this was corrected for cross-terms involving imaging gradients,
on a per-direction basis.

Ex vivo MRI data acquisition

Four weeks after the second /n vivo scan, the monkey was given a lethal dose of barbiturate,
and perfused through the heart. All blood was rinsed out with physiological saline (0.9%
NaCl) followed by fixative (4% paraformaldehyde). The brain was removed from the skull
and stored in buffered saline overnight. Then the brain was scanned with a GEMS sequence
with full brain coverage (TR = 963ms, TE = 4ms, flip angle = 20°, 300um isotropic voxel,
192x128x115 matrix). Diffusion weighted scans were performed using a PGSE multi-shot
spinwarp imaging sequence with the same FOV as the structural images (TR=4.6s,
TE=42ms, 32 gradient directions, b ~1000s/mm2, 300pum voxel, 192x128x115 matrix).
Acquisition for a single diffusion-weighted volume took approximately 10 minutes. Due to
hardware limitations, the b-factor used in this experiment is lower than the optimum b-value
for DTI in fixed brain based on the expected diffusivity [13]. To compensate for the
decreased contrast-to-noise ratio caused by the low b-value, the scan time was extended to
50 hours (9 averages), which yielded a contrast-to-noise ratio comparable to /n vivo human
studies (e.g., a human /n vivo study with MD = 0.7E-3 mm?2/s and SNR=20). One subject’s
ex vivo scan was found to be corrupted, and was not included in the following analysis.

Data processing

All DTI processing was performed in the coordinate system the data were acquired in. Steps
included correction for motion/eddy current distortion by affine registration of each
diffusion-weighted volume to the non-diffusion weighted volume, correction of gradient
tables, and log-linear tensor fitting. Fractional anisotropy, MD, PEVs, and diffusion-encoded
color-maps were computed for all diffusion data sets (Figure 1).

In order to perform comparisons both within and between monkeys, it is convenient to align
all data to a “common space”. From the non-diffusion weighted volumes (b0 volumes) of all
datasets, a standard-space template was created using an iterative registration procedure
similar to that used for templates of the human brain [17]. Next, the non-diffusion weighted
volumes were registered to the template using linear and nonlinear registration implemented
in FSL [18]. By applying the resulting deformation fields, all tensors, FA maps, MD maps,
PEVs, and color-maps were transformed to the common space. The tensor, eigenvectors, and
color-maps were then re-oriented using the preservation of principal directions strategy [19].
Figure 2a provides an overview of the data processing procedures.

To assess the accuracy of registration to the template, a surface-based distance metric [20]
was calculated for each b0 volume after registration to the template. A surface mask of the
template was created using an intensity threshold. Surface masks were also created for all b0
images in native space and transformed into common space by applying the deformation
fields obtained from the aforementioned procedures. For every surface voxel of the template,
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the Euclidean distance to the nearest surface voxel of each transformed b0 image was
calculated.

All processing steps, including registrations, transformations, and visualization were
performed with the MIPAV (Medical Image Processing, Analysis, and Visualization) [21]
software package and FSL FLIRT/FNIRT (FMRIB’s Image Registration Tools) [18].

ROI definition: block and micrograph acquisition

In order to obtain ground truth WM and GM parcellations, we choose to define all ROIs on
histological samples and register these parcels to MRI data of the same monkey. Following
MRI scanning, the brain was frozen and cut serially on a microtome in the coronal plane at
50 um thickness. The surface of the frozen tissue block (i.e., the “block-face™) was
photographed using a Canon digital camera (image resolution = 50um/pixel, image size =
3330*4000 pixels, number of images per brain ~200) prior to cutting every third section
(i.e., at 150 um intervals). These block-face images have been shown to produce more robust
inter-modality registration results by providing a relatively undistorted intermediate
reference space between the histological and MRI data [22].

Every sixth section was stained for Nissl substance in order to identify the borders of the
cortical ROIs based on their cytoarchitectural features [23]. Adjacent series were stained for
myelin using Gallyas silver stain [24] for identification of WM ROls. All sections were
photographed under 0.5x magnification using a Nikon DXM21200F digital camera mounted
on a Nikon E-800 microscope (image resolution = 7um/pixel). Eighteen cortical GM ROls
and 5 WM tracts were labeled by an expert using the Nissl-stained and myelin-stained
micrographs and were digitized.

ROI definition: micrograph to DTI-space registration

The digitized ROIs were registered to the DTI image data using a multi-step registration
procedure [25]. First, every histological section was downsampled and registered to the
downsampled photograph of the corresponding tissue block using mutual information based
2D linear registration followed by 2D nonlinear registration using the adaptive bases
algorithm (ABA) [26]. Next, all down-sampled block photographs were assembled into a 3D
block volume, which was then registered to the ex vivo DTI volume using a 3D affine
transformation followed by 3D nonlinear registration with ABA. The deformation fields
produced above could be applied to the 2D digitized ROIs to transfer these regions into DTI
native space. Using the deformation fields described in the “Data Processing” section above,
these ROIs were then aligned to the common space. An overview of the ROI creation and
registration procedures is shown in Figure 2b.

Quantitative analysis

To assess the reproducibility of the /n vivo scan sessions, the percent coefficient of variation
(CV) was calculated for FA and MD for all ROIs. The CV is the most commonly reported
measure of relative reproducibility in the literature and simply represents the dispersion of
the data. The intra-subject CV was calculated by taking the standard deviation of a measure
of interest (FA or MD) in a particular ROI and dividing this quantity by the mean for the
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particular ROI. The inter-subject CV was calculated by taking the standard deviation of a
measure across animals and dividing by the mean across subjects [27, 28]. For variables
related to biomedical imaging, CVs below 10% are considered desirable and indicate a small
amount of variability in the dependent variable. Coefficients of variation between 11% and
20% indicate a moderate amount of variability, and greater that 21% are considered highly
variable [12].

Comparison of /n vivoand ex vivo DTI was performed in the common space. Fractional
Anisotropy and MD were analyzed using an ROI based approach, while the angular
difference in PEV was computed voxel-wise.

The ROIs were also examined in the non-diffusion weighted images in order to determine
the SNR [29]. All statistical calculations were performed using custom routines written in
MATLAB.

Common space and ROI definition

The average registration quality over all data sets is displayed over the surface of the
template in Figure 3a. The surfaces of the volumes tend to align well, with most areas
accurate to within the size of the /n vivo MRI voxel (630um). Outliers appear in the most
anterior parts of the prefrontal cortex, in the visual cortex, and a large area involving motor
and somatosensory areas.

For all monkeys, the digitized ROIs labeled in the light microscopy datasets were registered
to their respective ex vivo DTI volumes, and finally to the common space. Minor manual
edits were performed to ensure continuity of the ROIs. Three-dimensional renderings of the
18 GM and 5 WM ROIs of one monkey are shown in Figure 3b.

Reproducibility of in vivo scans

The SNR, mean ROI values, intra-subject CV and inter-subject CV for FA and MD are
shown in Table 1. Intra-subject variation for MD ranges between 0.30% and 6.87% for all
ROIs, while that of FA ranges between 4.8% and 16.8% for GM ROlIs and from 1.5% to
8.4% for WM ROls. Inter-subject variation ranged between 0.4% to 7.4% for MD and
between 3.4% and 31.6% for FA. Regions that had highly variable FA (greater than 20%)
included left and right primary motor area (M1), right and left supplementary motor area
(SMA), left anterior (PAC) and posterior parietal (PPC) areas, and left premotor area (PM).

From table 1, three trends are apparent. First, with a few exceptions, the intra-subject FA
variation is less than the inter-subject variation. Second, the MD exhibits a lower CV than
the corresponding FA CV for all ROIs. And finally, the WM variation tends to be less than
GM variation.

The angular difference in orientations of the PEVs between the first and second /in vivo scan
sessions was calculated for each WM voxel. Typical results from one monkey are shown in
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histogram form in Figure 4a. The histogram shows a peak angular difference of 5 degrees,
an average deviation at 12 degrees, and over 75% of voxels agreeing to within 15 degrees.

In vivo and ex vivo comparisons

Typical results for comparison of in vivoand ex vivo DTI values for one monkey are shown
in Figure 4b—d. First, the angular difference between the in vivo PEV and ex vivo PEV for
all WM voxels of the same monkey are displayed in Figure 4b. There is a notable increase in
the angular difference, as opposed to the comparison of the two /in vivo scans (Figure 4a).
The histogram peaks at an angular difference of 12 degrees, and the two scans have a mean
angular difference of 22 degrees. Over 75% of voxels agree to within 25 degrees.

Figure 4c displays the MD across all ROls for both /in vivo scans (blue) and the ex vivo scan
(red). MD in the fixed ex vivotissue is much lower than those of the living monkey, showing
decreases between 30% and 50% from that of the /n vivo diffusivity. The averaged MD (in
units of 107 mm?/s) for the whole brain, all GM, and all WM are 7.40, 7.53, and 7.13,
respectively, for the /n vivo scans, and 4.88, 5.01, and 4.50, respectively, for the ex vivo
scans.

The results from a similar analysis of FA are shown in Figure 4d. On average, WM FA was
139+/-21% of /n vivo values in the fixed brain. Corresponding values in GM were 130+/
-17%. A regression analysis of FA values for all ROIs of the /n vivo versus fixed brain
showed a significant model 1l correlation with a slope of .73 (r=.75, p<.01).

Discussion

Reproducibility of in vivo diffusion scans

The first aim of this study was to investigate within-monkey and between-monkeys
variability of three different DT1 measurements in the squirrel monkey brain. Characterizing
the regional variation of these diffusion MRI measurements is critical for interpreting results
of longitudinal studies and group comparisons. Various groups have assessed the variability
of DTI measures in human brain [12, 30-33]; however, this analysis has not been performed
on the squirrel monkey brain. Here, we quantified the reproducibility of the FA and MD by
calculation of an ROI-based CV, as well as determined the voxel-wise agreement of the
primary eigenvector orientation.

We find that the variation in diffusion measures in the squirrel monkey brain is on par with
that of the human, as the CVs reported here for ROIs align well with studies of the human
brain [12, 30, 34, 35]. In agreement with our results, the literature tends to support higher
inter-subject variability than intra-subject, larger CVs in GM than in WM, and CVs for MD
lower than those of FA. Papinutto et al. [35] reported most between-session intra-subject CV
values between 1% and 4% for MD and 2% and 6% for FA; however, their analysis was
restricted to 3 ROIs. Using a 3*3 ROl mask, Heiervang et al. [30] reported inter-session CVs
below 3% and inter-subject CVs below 8% for MD.. Our methods most closely replicate the
analysis of Marenco et al. [12], with 2 scans per subject, registered to a standard space
template, and analysis performed on both WM and GM ROls. In their study, within-subject
CV was reported to be between 3-21% for FA WM and GM, and between 2-8% for MD
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WM and GM. Finally, Heim et al. [34] derived measures related to intra-session
reproducibility using bootstrapping techniques to assess FA measures. The authors
calculated CVs for FA in GM to be 25£1% and 15+1% in WM, again, consistent with our
inter-session findings of CVs for MD lower than for FA.

The outliers in the inter-subject FA measures can likely be explained by poor registration of
one or more scan sessions. Many of these regions coincide with the area on the left
hemisphere where registration errors were most prominent (Figure 3a), specifically part of
PM, M1, and smaller areas of PAC and PPC. Also, registration errors are seen in the most
anterior and most posterior regions of the brain, corresponding to the prefrontal cortex (PFC)
and part of primary visual cortex (V1), respectively. In addition, it is expected on theoretical
grounds [36, 37] that MD is more robust to noise than is FA, and the effects of noise on FA
decrease with increasing anisotropy (i.e., the CV of FA is expected to be larger in GM than
in WM). However, the reproducibility of DTI-derived MD and FA in the squirrel monkey
brain is consistent with that of /7 vivo human scans.

Previous studies [38, 39] have shown that diffusion weighted schemes with a low number of
unique directions can cause bias and variability in the orientation of the PEV. In our study,
we use a 32-direction diffusion weighted scheme, and find a mean angular difference
between two /n vivo sessions to be 12 degrees over all WM. In an /n vivo human study on
the effects of SNR on the reproducibility of the PEV across sessions, Farrel et al. [33]
described angular deviations as high as 20 degrees in WM regions, with mean angular
deviations ranging from 6 to 12 degrees across ROIs. Thus, in addition to MD and FA, the
PEV reproducibility is consistent with human studies.

Comparison of in vivo and ex vivo diffusion properties

Comparisons between /in vivo and fixed brains have been performed in rodents [14, 15, 40,
41], macaques [13, 42], and in humans [43, 44]; however, similar analysis has not been
performed in the squirrel monkey brain. In addition, this study is unique in that a direct
comparison of the same specimen is made both /n vivo and ex vivo. Our results show a
significant increase in FA in the fixed ex vivo squirrel monkey brain, with a greater increase
in WM than in GM. Some studies [13, 40] have demonstrated the maintenance of diffusion
anisotropy after excision and fixation of the tissue, however others [42, 44] have shown a
decreased FA ex vivo. The discrepancy is likely caused by the differences in fixation
method, postmortem intervals (the time between death and tissue fixation), and scan interval
(time from death to scan). Once fresh tissue is removed from the body, it begins a process of
self-destruction or autolysis, which will continue until the tissue is fixed [45]. Because of
this, pronounced decreases in anisotropy have been observed the longer fixation is delayed
[41]. The tissues in this study were perfusion fixed and scanned within 24 hours, meaning
the postmortem interval and scan interval are minimized, whereas studies in humans cannot
be perfusion fixed, and are typically immersion fixed days after death [14, 44].

Furthermore, the smaller voxel size of the ex vivo scans could account for higher FA in fixed
tissue. A higher resolution will reduce the partial volume effects from different tissue types,
as well as reduce the occurrence of multiple fiber orientations within a voxel. Both effects
are expected to increase the observed anisotropy [46]. It is important to note that in the high
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resolution ex vivo scans, we are able to observe diffusion anisotropy in the cortex, which is
known to have coherently aligned microstructure. This phenomenon has also been described
in the human cortex [44]. Our studies best align with that of D’ Arceuil et al. [13] performed
in the macaque brain, where they noted a slight but consistent increase in FA in both
postmortem fresh and postmortem fixed brains.

It is well known that diffusivity in the brain declines significantly at death. This effect is
partially attributed to the reduced tissue temperature (~38 °C /n vivo;, ~20 °C ex vivo in our
study), along with the effects of formalin fixation including protein cross-linking,
dehydration, tissue degradation [47, 48], and decreased membrane permeability [49]. Our
results show that the fixed squirrel monkey brain MD declines by 34+5% of the /n vivo
value over all regions of interest, with a decline of 33+4% in GM ROls and 38+5% in WM
ROls. Previous comparisons of /n vivoand ex vivo diffusion properties in macaque brain
show decreases between 30-50% in fresh ex vivo brains, and between 50 and 80% in fixed
brains [13, 42]. Again, the discrepancy is likely due to the degree of tissue degeneration post
mortem, and differences due to perfusion versus immersion fixation.

Our results indicate that the PEV reproducibility between /n vivo and ex vivo scans is less
than that between multiple /n vivo sessions. The observed PEV has been shown to be
sensitive to SNR [33], diffusion weighting schemes [32], and partial volume or resolution
effects. In our study, the average SNR for ex vivo GM and WM is 21 and 15, respectively,
while the same for /n vivois 32 and 21. The reproducibility of the PEV orientation will
likely improve with an increased SNR [32]. Most importantly, DTI does not adequately
resolve crossing fibers. Because of the larger voxel size, the /n vivo acquisition is much
more susceptible to the crossing and bending fiber effects, and will produce an
“orientationally averaged” PEV that may not correspond to the true direction of any fibers in
the voxel. To gain a better understanding of where the PEV fails to be reproducible, we
chose to visualize the PEVSs in both /n vivoand ex vivo scans simultaneously, with the /n
vivo PEVS up-sampled to the ex vivo resolution. Figure 5 shows an FA map in the coronal
plane, overlaid with the in vivoand ex vivo PEV’s displayed as “sticks” (ex vivo, red; in
vivo, blue). It is easy to see agreement in areas of high anisotropy (i.e. corpus callosum and
corticospinal tract), but in regions of crossing and bending fibers the /n vivo and ex vivo
PEVs can be nearly perpendicular to each other. The widespread agreement in orientation
estimations, as well as the existence of diffusion anisotropy ex vivo, suggest that the tissue
microstructures that influence diffusion /n vivois largely the same after fixation, which
lends support to the use of ex vivo DTI as a means to validate the contrast seen /in vivo.

The differences in FA and PEV between /n vivo and ex vivo scans have important
implications for fiber tractography. Using similar /n vivo and ex vivo acquisitions, Gao et al.
[50] performed deterministic fiber tracking and described much shorter fibers in vivo, as
well as a lower /n vivo correlation to known WM fiber pathways. These results are expected,
due to a combination of a lower resolution and decreased FA, which causes early termination
when the stopping criterion is based on an FA threshold.
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Normal diffusion values

Because myelin density, cell density, and cell size vary across the squirrel monkey cortex
[51], it is reasonable to expect simple DTI measures like FA and MD to vary as well. The
third aim of this study is to determine the normal diffusion values and their distribution
throughout the brain. This is necessary as a prerequisite for neuroscience research, not only
as a means to characterize tissue microstructure and integrity in the healthy squirrel monkey
brain, but also to relate and extrapolate the results from the squirrel monkey brain to those of
the human brain.

As shown in table 1, the average MD for /n vivo GM ROls ranged from 7.02 to 8.25 [107#
mm?/s], and from 7.13 to 7.89 for WM ROIs. Ex vivo, the average MD for GM ROls ranged
from 4.91 to 5.39, and from 4.26 to 4.84 for WM ROIs (not shown). For FA, /n vivo ROIs
ranged from an average of 0.17 to 0.23 for GM, and 0.38 to 0.70 in WM. Ex vivo ROIs had
an average FA ranging from 0.19 to 0.25 in GM, and 0.52 to 0.86 in WM.

Since the early days of DTI, it was recognized the MD is fairly homogenous in the normal
brain parenchyma, with remarkably low interspecies variability [52]. Normal human
diffusivity values have been measured in the range 6.9-10.1 mm?/s [52-56], with slightly
lower diffusivities in WM than in GM. This range reported between studies may seem
surprisingly large, however, low variability of MD is reported within studies, as is the case in
this study. Variation across studies may originate from various acquisition parameters,
including b-value, diffusion times, and size of ROI’s [57]. Large variations in FA have also
been reported in the literature. Gray matter (both cortical and subcortical) FA has been
measured in the range of 0.05 to 0.25 [12, 53], while that of WM regions can vary
considerably based on the tract, and even within the tract itself. For example, one of the most
easily identifiable and highly anisotropic regions, the corpus callosum, has been reported to
vary between 0.7 [11] and 0.89 [55], and shows variation between the different regions of
the tract itself (i.e. genu vs. splenium) [12, 55]. Based on the results of this study, we can
conclude that the /n vivo diffusion measures of the squirrel monkey brain are similar to those
of the human brain, showing that the squirrel monkey is indeed a valid model for diffusion
MRI studies.

In addition to the ROI-based approach, we also visualized the voxel-wise distribution of MD
and FA throughout the cortex of both the ex vivo and /n vivo squirrel monkey brain in Figure
6. Again, the significant drop in ex vivo diffusivity (Figure 6b) compared to /n vivo (Figure
6d) is apparent. These renderings also suggest much less variation of diffusivity in the ex
vivo cortex, consistent with the ROI-based findings. Interestingly, the ex vivo squirrel
monkey brain shows a slightly increased MD near the PM, M1, and SMA regions (light blue
in Figure 6b), while the /n vivo rendering shows decreased diffusivity in the PF and V1
cortical regions (yellow, Figure 6d). These observations correlate well with the known cell
densities across the squirrel monkey cortex [51], with M1 and PM having the lowest cell and
neuron densities, while the V1 and extrastriate cortical areas have the highest densities.
Consistent with the ROI analysis, the ex vivo FA is consistently higher than in vivo. Also,
both show similar trends of increased FA in the PFC, as well as the APC and PPC cortical
area, a region which has relatively high cell densities, as well as a very distinct cortical layer
(layer 4) consisting of small, aligned granular cells, which could contribute to the increased
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FA. While only a qualitative analysis, these results suggests that, as in humans, DTI is
sensitive to the underlying tissue microstructure of the squirrel monkey brain. However,
further studies are necessary to determine the relative contributions of cell size, cell density,
and myelin content to DTI measures.

Limitations

A limitation to this study is potential residual misalignment between ROls identified through
histology and the DTI data. Registration errors could introduce partial volume effects
between different regions, as well as different tissue types, which could amplify calculated
CVs. The registration pipeline used in this study has been shown to be accurate to
approximately 300um (the size of our imaging voxels), using data of comparable resolution
and quality [25]. While ROIs on human data are typically identified directly on the MRI
images [12, 30, 35], we chose to exploit subsequent histology to create cytoarchitecture and
microarchitecture-informed ROIs. This allows a parcellation scheme that includes regions
that could not have been identified using MRI alone. Related to this, the use histologically-
derived ROIs has limited our analysis to three subjects. It is possible to use the DTI data
itself to develop a tractography-based approach to segment WM and GM structures of
interest [58-60], however, the accuracy and reliability of these techniques with respect to the
histological gold standard has not been established.

Conclusion

In this work, we have characterized the diffusion properties of the squirrel monkey brain.
First, We find that the reproducibility of the MD, FA, and PEV is comparable to that of
human DTI studies, establishing the validity of quantitative cross-sectional and longitudinal
DTI studies on the squirrel monkey. Second, the relationship between /n vivoand ex vivo
measurements is considered. We confirm that death and fixation causes significant changes
to diffusion MRI metrics, specifically a decreased MD and (in our case) an increased FA.
However, care must be taken in correlating diffusion measures from ex vivo brains due to
differences in postmortem intervals and scan intervals. Finally, we provide the normal values
of diffusion indices in a variety of both white and gray matter regions of interest. This study
is the first to address these issues in the squirrel monkey brain. Thus, it serves as the basis
for using the squirrel monkey for diffusion MRI studies, and supports the use of ex vivo
DTI, as well as subsequent histology, as a means of understanding image contrast seen on /n
Vvivo scans.
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Figure 1.
Color-maps (A-C) and scalar FA maps (D-F) from a coronal slice of the /in vivo session 1

(A,D), and /n vivo session 2 (B,E), and ex vivo session (C,F) of the same brain. Color-maps
show the orientation of the principal direction of diffusion, with red, green, and blue
representing diffusion along medial-lateral, anterior-posterior, and superior-inferior
directions, respectively. The color intensity is proportional to the FA.
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Figure 3.
Registration quality metric over the surface of the template image averaged over all animals

(A), and 3D ROIs for GM regions (left) and WM tracts (right) for one monkey (B). In (B)
GM ROils are labeled on left brain hemisphere reconstructed from cortical sections and
include: prefrontal cortex, PFC; premotor cortex, PMC; primary motor cortex, M1;
supplementary motor area, SMA,; anterior cingulate cortex, ACC (not visible on dorsolateral
view of brain); anterior parietal cortex, APC, includes somatosensory areas 3b,1-2 and
possibly adjacent parts of posterior parietal cortex; parietal ventral and secondary
somatosensory areas, PV/S2, within the dorsal bank of lateral sulcus; posterior parietal
cortex, PPC; and primary visual cortex, V1, not visible. WM ROls include: corpus callosum
(CC), internal capsule (IC), external capsule (EC), anterior commissure (AC), and optic tract
(OT).
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Figure 4.
Voxel-wise and ROI-based comparisons of PEV, MD, and FA. The angular difference in

primary eigenvectors over all white matter voxels is shown for two /n vivo scans (A), and for
in vivo scan session 1 versus the ex vivo scan session (B). /n vivoand ex vivo comparisons
of MD (C) and FA (D), across all ROIs for both in vivo (blue) and ex vivo (red) scan
sessions. “r” and “I” designate anatomic right and left, respectively.
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Figure 5.
Voxel-wise comparison of /n vivoand ex vivo PEV orientation. Coronal ex vivo FA map

(left) with insert (yellow frame) enlarged to show location of white matter region (right)
which includes lines of principal eigenvector of ex vivo (red) and /n vivo (blue) sessions of a
single monkey. Green arrow points towards regions of high agreement (corpus collosum,
corticospinal tract), and red arrow points towards region of crossing fibers and low
agreement.
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Diffusion measures across the /n vivo and ex vivo squirrel monkey cortex, averaged across
animals. 3D rendering of gray matter ROIs (A), and voxel-wise renderings of MD (B,D) and

FA (C,E) across the cortex.
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