
Rhesus Macaque Brain Morphometry: A Methodological
Comparison of Voxel-Wise Approaches

Donald G. McLaren1,2,3, Kristopher J. Kosmatka1,3, Erik K. Kastman1,3, Barbara B.
Bendlin1,3, and Sterling C. Johnson1,3
1 Geriatric Research Education and Clinical Center, Wm. S. Middleton Memorial Veterans Hospital,
Madison, WI 53705, USA
2 Neuroscience Training Program, University of Wisconsin, Madison, WI 53706. USA
3 Department of Medicine, University of Wisconsin, Madison, WI, 53705 USA

Abstract
Voxel-based morphometry studies have become increasingly common in human neuroimaging over
the past several years; however, few studies have utilized this method to study morphometry changes
in non-human primates. Here we describe the application of voxel-wise morphometry methods to
the rhesus macaque (Macaca mulatta) using the 112RM-SL template and priors (McLaren et al.
2009) and as an illustrative example we describe age-associated changes in grey matter morphometry.
Specifically, we evaluated the unified segmentation routine implemented using Statistical Parametric
Mapping (SPM) software and the FMRIB’s Automated Segmentation Tool (FAST) in the FMRIB
Software Library (FSL); the effect of varying the smoothing kernel; and the effect of the
normalization routine. We found that when studying non-human primates, brain images need less
smoothing than in human studies, 2–4mm FWHM. Using flow field deformations (DARTEL)
improved inter-subject alignment leading to results that were more likely due to morphometry
differences as opposed to registration differences.
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1. Introduction
In vivo brain imaging studies of grey matter morphometry in aging (Brickman et al., 2007a;
Brickman et al., 2007b; Giorgio et al., 2008; Good et al., 2001; Kalpouzos et al., 2007; Sowell
et al., 2004a; Sowell et al., 2004b) and neurological disease (Beyer et al., 2007; Ceccarelli et
al., 2008; Chetelat et al., 2008; Hamalainen et al., 2008; Honea et al., 2008; Meisenzahl et al.,
2008; Wolf et al., 2007; Yoo et al., 2008) in humans have provided a wealth of new information
due to the accessibility of voxel-wise analysis methods. Previously, morphometry studies
utilized manually traced regions in both humans (Allen et al., 2002; Raz et al., 2004; Raz et
al., 2005) and animals (Matochik et al., 2004; Matochik et al., 2000; Tapp et al., 2004; Wisco
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et al., 2008) to look at structural brain changes in tissue volume. Though valued for their careful
analysis, region of interest analyses are tedious to complete on large numbers of participants,
and can be limited in the number of regions that are investigated and possibly confounded by
rater bias. The advent of voxel-based morphometry (VBM) and automated tissue segmentation
algorithms provide an opportunity to study the entire brain or specific regions with a rater free
approach (Ashburner, 2007; Ashburner and Friston, 1999, 2000, 2005; Good et al., 2001;
Senjem et al., 2005). These methods are widely available and due to their ease of use, are
increasingly applied in human studies of brain structure. Despite a large increase in the number
VBM studies (156 publications from 1999 to 2004 compared to 402 publications from 2005
to 2007), there are dramatically fewer VBM studies in nonhuman primates due, in part, to the
lack of available species specific voxel-wise methods (Alexander et al., 2008; Colman et al.,
2009; Oakes et al., 2007). Recently, our laboratory published a rhesus macaque MRI atlas
collection that includes tissue prior probability maps (McLaren et al., 2009) facilitating VBM
analysis in software packages such as Statistical Parametric Mapping (SPM5, Wellcome
Department of Imaging Neuroscience, University College London, UK) or the FMRIB
Software Library (FSL, Functional MRI of the Brain Centre, University of Oxford, UK).

VBM analysis consists of segmenting structural brain images into tissue classes, normalizing
the segmented images to a standard space, smoothing the images, and carrying out statistical
tests at each voxel. Segmentation in SPM5 requires: (i) a priori knowledge of the probability
that a given voxel will belong to a given tissue class; and (ii) a template space to normalize the
segmented images. In SPM5, the segmentation and normalization are done together (Ashburner
and Friston, 2005). In contrast, FSL does not depend on prior probability maps of tissue classes
and segments the images prior to normalization to a template space. While both SPM and FSL
have seen limited use in animal studies, VBM studies using these software in animals are likely
to increase in number as a result of tool development, including the development of brain atlases
for: Macaca fascicularis (Vincent et al., 2007), Macaca mulatta (McLaren et al., 2009),
Macaca nemestrina (Black et al., 2001a), Papio anubis (Black et al., 1997; Black et al.,
2001b; Greer et al., 2002), R2/6 mouse (Sawiak et al., 2009), and 129S1/SvImJ male mouse
(Kovacevic et al., 2005). At present, only the Macaca mulatta and R2/6 mouse atlases also
contain prior probability maps for each tissue class, facilitating the use of SPM5 for VBM
studies in these species (McLaren et al., 2009; Sawiak et al., 2009).

In the rhesus macaque, Alexander and colleagues (Alexander et al., 2008) reported age-related
declines in the grey matter of the bilateral dorsolateral and ventrolateral prefrontal cortex,
orbitofrontal cortex, lateral fissure, and superior temporal sulcal region. Increased grey-matter
volume was found in the cerebellum, left visual cortex, bilateral globus pallidus, and left
parietal region. Interestingly, they did not reproduce the early findings of Matochik showing
changes in the caudate or putamen (Alexander et al., 2008; Matochik et al., 2000). They
attributed the conflicting results to the quality of segmentation of subcortical structures and
suggested that future work should investigate the impact of tissue segmentation methods
(Alexander et al., 2008).

More recently, Colman and colleagues used VBM to investigate the effects of caloric restriction
on aging in the rhesus macaque brain (Colman et al., 2009). Briefly, they found aged related
decreases in regions including the arcuate sulcus, lateral sulcus, and superior temporal sulcus.
With respect to diet, control monkeys had significant reduced grey matter volume in the
putamen and caudate bilaterally. They also reported that caloric restriction eliminated the age-
related decreases of grey matter volume in the right cingulate.

With VBM studies in non-human primates emerging, it is important that widely available
analytic methods be used to enable replication and standardization(Alexander et al., 2008).
Thus, the focus of the present study was to investigate method-related sources of variance in
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VBM studies as applied to a nonhuman primate model. The present study evaluated regional
brain volume in middle-aged and elderly rhesus macaques with multiple VBM methods.
Specifically, we tested the effect of the segmentation algorithm, the normalization routine, and
the degree of smoothing. Additionally, we consider the issues of sample size and corrections
for multiple comparisons.

2. Methodological Description
2.1 Animals

A total of 17 rhesus macaques (Macaca mulatta; 9 males, 8 females, mean age = 23.57 years,
± 2.81 years) underwent magnetic resonance imaging (MRI) at the University of Wisconsin –
Madison. All monkeys belonged to the existing primate colony at the Wisconsin National
Primate Research Center at the University of Wisconsin, Madison (WNPRC/UW), Madison,
WI, USA; accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care. Additionally, the research protocol was approved the Research Animal
Resources Center at the University of Wisconsin.

2.2 Anesthesia
During the scanning procedure, the monkeys were anesthetized with ketamine (up to 15 mg/
kg [100 mg/ml], IM) or alternative anesthesia in consultation with a WNPRC veterinarian and
xylazine (up to 0.6 mg/kg [20 mg/ml], IM). Occasionally, animals were re-sedated during the
scan with additional ketamine HCl (7–15 mg/kg [100 mg/ml], IM or IV) with or without
xylazine (0.2–0.6 mg/kg [20 mg/ml], IM or IV).

2.3 Magnetic Resonance Imaging (MRI)
Images were acquired on a General Electric 3.0 T Signa MR unit (GE Medical Systems,
Milwaukee, WI, USA) using a quadrature Tx/Rx volume coil with an 18cm diameter at the
Waisman Center for Brain Imaging in Madison, WI, USA. Three-dimensional coronal T1-
weighted inversion recovery-prepped spoiled gradient echo (IR-prepped SPGR) images were
acquired with the following parameters: repetition time = 8.772 ms; echo time = 1.876 ms;
inversion time = 600 ms; flip angle = 10°; number of excitations = 2; acquisition matrix =
256×256; field of view = 160mm. 124 coronal slices with a thickness of 0.7 mm were acquired
resulting in 0.625 × 0.625 × 0.7 mm voxels.

2.4 MRI Image Processing
All images were manually de-skulled and rotated and translated to match the left, posterior,
inferior orientation of the 112RM-SL brain (McLaren et al., 2009; Saleem and Logothetis,
2006) before entering the segmentation procedures. After segmentation and spatial
normalization, grey matter segments were smoothed with a 2mm, 4mm or 8mm FWHM
Gaussian filter. Spatial normalization refers to estimating and applying an affine and/or non-
linear warp to an image to bring it into a target space. In the present paper, images are spatially
normalized to the 112RM-SL space (McLaren et al., 2009).

2.5.1 Segmentation using FSL—Images were segmented using the FAST algorithm in
FSL3.3 (Zhang et al., 2001) which provides probability maps for grey matter, white matter,
and cerebral spinal fluid. With the exception of reducing the bias correction field smoothing
iterations to 75 from the default of 100, no other parameters were modified. The FAST
algorithm employs an expectation-maximization algorithm that uses a mixture of Gaussians
plus information from hidden markov random fields and neighbors to compute the tissue
probabilities at each voxel. Notably, the FAST algorithm does not require a priori knowledge
about tissue class locations. Following segmentation, the grey matter segments were spatially
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normalized in SPM5 to grey matter priors (http://brainmap.wisc.edu/monkey.html, see --
McLaren et al., 2009); using an affine transformation with non-linear components (Ashburner
and Friston, 1999). The spatially normalized probability maps were then modulated (to correct
for local expansion or contraction) by multiplying by the Jacobian determinant of the spatial
normalization step (Good et al., 2001).

2.5.2 Segmentation using SPM—We implemented the “unified segmentation” routine in
the SPM5 framework (Ashburner and Friston, 2005). The manually de-skulled images were
segmented with the “segment” function. The unified segmentation process in SPM5 uses an
objective cost function that integrates: (i) the prior probabilities; (ii) a mixture of Gaussians;
and (iii) a registration term (Ashburner and Friston, 2005). The rotation and translation (see
section 2.4) of the images prior to the “segment” routine is necessary because of the registration
term in the cost function and the use of prior probabilities. Compared to the default settings,
the following parameters were changed: human tissue priors were replaced by macaque tissue
priors; affine regularization was changed to “average sized template”; and sampling distance
was reduced to 2. This process results in a segmented and spatially normalized image, which
is subsequently modulated (to correct for local expansion or contraction) by multiplying voxel
values in the segmented images by the Jacobian determinants derived from the spatial
normalization (Good et al., 2001).

2.5.3 DARTEL—DARTEL stands for “Diffeomorphic Anatomical Registration using
Exponentiated Lie Algebra” (Ashburner, 2007). The goal of DARTEL is to preserve the
topology of the brain via constant velocity flow fields. Briefly, rigidly aligned grey and white
matter segments are averaged to create an initial template for each tissue class. Rigid
transformation of the FSL segments was performed by applying the rigid-body component of
the spatial normalization transform to the grey matter probability maps. Rigid transformation
of the SPM segments was performed by applying the rigid-body component of the
normalization transform to the T1-weighted images and then segmenting the images using the
segmentation parameters (e.g. mixture of Gaussians) obtained during the “unified
segmentation” process. Changes from the default settings included: setting to bounding box to
be −40 to 40, −61 to 35, and −20 to 45; and changing the voxel size to 0.5mm. Rigid
transformations are necessary as DARTEL uses a constant velocity framework, which is
sensitive to translational shifts (Ashburner, 2007). Using the initial template, flow fields are
created for each individual to match their segments to the template segments, which is done
simultaneously for grey and white matter. The resulting deformation is averaged to create a
second template. The sequence of computing flow fields and averaging the images to create a
template is repeated six times. We chose the linear bend energy as the cost function. After
warping the images to the final template, the images are modulated by multiplying by the
Jacobian determinant of the warp field (Ashburner, 2007; Good et al., 2001). Next, we applied
an affine transformation, computed by spatially normalizing the final grey matter template to
the a priori grey matter probability map (McLaren et al., 2009), to each modulated and warped
image to align it 112RM-SL atlas (http://brainmap.wisc.edu/monkey.html, see -- McLaren et
al., 2009).

2.6 Spatial Normalization
To determine the best spatial normalization routine, we evaluated the differences in the
normalized mutual information (NMI). For both FSL and SPM segmentations, the NMI
between the a priori grey matter probability map and unmodulated warped grey matter
segments from each individual were computed. For DARTEL, the normalized mutual
information between the final grey matter templates from DARTEL smoothed with a 1mm
FWHM Gaussian filter and unmodulated warped segments from each individual were
computed. The DARTEL templates were smoothed to the same extent as the a priori probability
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maps (McLaren et al., 2009) to avoid biasing the results based on the smoothness of the
templates. Wilcoxon matched pairs signed-rank tests were computed for the following
combinations: FSL and SPM; FSL using DARTEL and SPM using DARTEL; and FSL and
SPM using DARTEL compared to FSL and SPM, respectively.

2.7 Smoothing
To determine the degree of smoothing that is comparable to humans, we computed the ratio
of the full-width half maximum (FWHM) of the images with and without smoothing. The
FWHM of the images represents the spatial smoothness across the voxels in the image. As the
spatial smoothness increases, the voxel values are more similar to each other. In the present
study, the FWHM was estimated using 3dFWHMx in Analysis of Functional NeuroImaging
(AFNI, Cox, 1996; Forman et al., 1995) with the input as the square root of the mean squared
error of the regression models (see below). This image was used to avoid biasing the estimate
with the underlying structural anatomy. We also computed the degree of smoothing in
seventeen human participants (46–65 years old) processed with and without DARTEL, as
above, using the square root of mean error of regression models with age, gender, and total
brain volume as regressors. For humans, images were either not smoothed or smoothed with
4mm, 8mm, and 12mm FWHM Gaussian kernels.

2.8 Statistical Analyses
The relationship between grey matter volume and age was evaluated using the products of FSL
segmentation and SPM segmentation routines, smoothed with each Gaussian kernel.
Additionally, the relationship between age and grey matter volume was assessed using SPM5
and FSL segmentations spatially normalized with and without DARTEL and using all three
smoothing kernels. Sex and total brain volume (grey matter plus white matter volume from the
segmentation routines) were included as covariates in all of the regression models.
Additionally, whole brain volume was regressed against age and gender.

We computed T-statistics for each model evaluating cross-sectional increases and decreases
in regional brain volume with age. The T-statistic maps were displayed at an uncorrected p <
0.005 (T-statistic > 3.0123, 13 degrees of freedom) in at least 20 edge-connected voxels. An
uncorrected threshold was chosen to allow more voxels to be detected. Additionally, results
were limited to areas with a grey matter prior probability greater than 0.2 (678,850 voxels for
SPM with DARTEL). To determine the optimal VBM method, we used three criteria:
significance of the statistic, number of significant voxels, and biological plausibility of the
finding (e.g. is the area implicated in aging? is it a registration artifact near a tissue boundary?).
All coordinates are in the space of the Saleem-Logothetis atlas (Saleem and Logothetis,
2006). We report the local maxima in each cluster separated by a distance of 8mm.

2.9 Multiple Comparison Correction and Power Analyses
Multiple comparison corrections for SPM with DARTEL smoothed with a 2mm or 4mm
FWHM Gaussian kernel were computed using the false discovery rate method (Genovese et
al., 2002), and using AlphaSim in AFNI (Cox, 1996; Forman et al., 1995). Additionally, we
computed the sample size needed to detect the same voxels in uncorrected map when
controlling for the false discovery rate.

3. Results
3.1 Registration Accuracy as Measured with Normalized Mutual Information

Less than optimal registration confounds the statistical results as differences might be due to
misregistration as opposed to true morphological differences (Bookstein, 2001). We found that
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registration accuracy was higher with SPM compared to FSL and higher with DARTEL than
without DARTEL. The mean of the normalized mutual information (NMI) of the template grey
matter image (a priori grey matter probability map or DARTEL grey matter template) and the
normalized and segmented images are (mean±SD): 1.221±.008, 1.179±.013, 1.246±.006,
1.244±.011 for “unified segmentation” in SPM, segmentation using FSL, “unified
segmentation” in SPM normalization with DARTEL, and segmentation using FSL and
normalization with DARTEL, respectively. The NMI was significantly higher for SPM without
DARTEL compared to FSL without DARTEL (p=1.53×10−5) using a Wilcoxon matched pairs
signed-rank test. This might be explained by the use of priors, which would increase the mutual
information of the images and the template. However, one should still consider that the lower
NMI might indicate that the results might be more likely due to registration difficulties with
FSL segments as compared to SPM segments. For example, figure 1 (cyan arrows) illustrates
several regions that were not well segmented by FSL, which would both hinder the registration
and decrease the NMI.

The NMI for SPM with DARTEL and FSL with DARTEL was significantly greater than the
NMI for SPM without DARTEL (P=1.53×10−5) and FSL without DARTEL (P=1.53×10−5),
respectively, as assessed using Wilcoxon matched- pairs signed-rank tests. NMI of SPM
segmentation and normalization with DARTEL was not significantly different from the FSL
segmentation and normalization with DARTEL (p=0.279) using the Wilcoxon matched pairs
signed-rank test. While the NMI indicates that both FSL and SPM inputs result in a similar
alignment; inspecting the images revealed a few differences. Figure 1 illustrates the results of
a monkey processed with FSL and SPM. FSL segmentations tended to be more rigid in the
segmentation results evidenced by a sharper transition between grey and white matter.
Additionally, in areas where there is less contrast in the T1-weighted scan, FSL has lower
probabilities (cyan arrows). As seen in figure 1, processing the images with DARTEL did not
ameliorate these differences.

Interestingly, the NMI from FSL segments for both the low dimensional non-linear
normalization and DARTEL were negatively correlated with age after controlling for gender
(p=0.0399 and p=0.0258, respectively).

3.2 Smoothing
The effect of smoothing is illustrated in figure 1. When the segments are smoothed with an
8mm FWHM Gaussian filter, there is a substantial loss in anatomical information. From the
least to most smooth, the FWHM increases by a factor of 1.92, 4.01, and 6.9 for 2mm, 4mm,
and 8mm filters, respectively with SPM. When DARTEL is used with the SPM segments,
FWHM increases by factors of 1.66, 2.44, and 4.25. With FSL alone and FSL with DARTEL
the FWHM increases by factors of 1.98, 4.10, and 7.40 and 1.56, 2.40, and 4.18, respectively.

In humans, the increase in FWHM with and without using DARTEL for normalization did not
exceed 1.81 even when smoothed with a 12mm FWHM Gaussian kernel. Thus, in order to
achieve comparable smoothness to that in humans, 2mm to 4mm kernels should be used to
smooth data.

3.3 Effect of Age (Global Analyses)
We found no relationship between global brain volume and age for any method.

3.4 Effect of Age (VBM Analyses)
3.4.1 FSL—FSL segments normalized without DARTEL had a smoothness of 1.39mm
FWHM. For segments smoothed with a 2mm, 4mm, and 8mm FWHM Gaussian kernel, the
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smoothness of the smoothed segments was 2.75mm FWHM, 5.71mm FWHM, and 10.30mm
FWHM, respectively.

Smoothed using a 2mm FWHM Gaussian kernel: Grey matter volume decreases were
observed in eighty-two clusters (ranging in size from 2.50mm3 to 69.625mm3) with a maximum
t-statistic of 7.55 (Figure 2 top row, Table S1). Clusters were located in regions including:
primary visual cortex, secondary visual cortex, higher visual areas (e.g. V3v, V4, 7a), the
superior temporal sulcus, agranular frontal areas, the caudate, hippocampus and entorhinal
cortex, somatosensory cortices, the cerebellum and white matter within several gyri. A total
volume of 783.75mm3 showed age-related decreases.

Increases in grey matter volume with age were found in 7 clusters (ranging in size from in
2.875mm3 to 12.625mm3): primary visual cortex, secondary visual cortex, area 7m, the lunate
sulcus, temporal pole, cerebellum, and optic tract (Figure 2 top row, Table S1). The total
volume for these clusters is 33.00mm3.

Smoothed using a 4mm FWHM Gaussian kernel: Grey matter volume decreases were
observed in forty-three clusters (ranging in size from 2.75mm3 to 454.37mm3) with a maximum
t-statistics of 5.84. A total grey matter volume of 1892.50mm3 showed age-related decreases
and included regions such as: primary visual cortex, secondary visual cortex, higher visual
areas (e.g. V3d and V4), agranular frontal areas, the caudate, somatosensory cortices, the
cerebellum, arcuate sulcus and posterior cingulate cortex (Figure 2 middle row, Table S2).
There were no voxels that passed the threshold for age-related volume increases.

Smoothed using an 8mm FWHM Gaussian kernel: Grey matter volume decreases were
observed in ten clusters (ranging in size from 3.625 mm3 to 3470.25 mm3) with a maximum
t-statistic of 5.80 (Figure 2 bottom row, Table S3). The peak coordinates from these clusters
were located in regions that included: primary visual cortex, occipital cortex (V4) through the
posterior cingulate cortex to primary somatosensory cortex, the caudate, secondary
somatosensory cortex and the cerebellum. A total volume of 3780.63mm3 showed age-related
decreases. There were no voxels that passed the threshold for age-related increases in brain
volume.

3.4.2 SPM—SPM segments normalized without DARTEL had a smoothness of 1.23mm
FWHM. For segments smoothed with a 2mm, 4mm, and 8mm FWHM Gaussian kernel, the
smoothness of the smoothed segments was 2.37mm FWHM, 4.95mm FWHM, and 8.54mm
FWHM, respectively.

Smoothed using an 2mm FWHM Gaussian kernel: Age associated grey matter volume
decreases were found in sixty-one clusters (ranging in size from 2.5mm3 to 61.25mm3) with
a peak T-statistic of 9.65. A total of 771.875mm3 of grey matter showed age-related decreases.
Clusters were found in regions that included: Clusters were located in regions including:
primary visual cortex, secondary visual cortex, higher visual areas (e.g. V3A, V4, 7a), the
superior temporal sulcus, agranular frontal areas, the caudate, hippocampus, somatosensory
cortices, the cerebellum, posterior cingulate cortex and the superior temporal gyrus (Figure 3
top row, Table S4).

Eleven clusters showed age associated grey matter increases (ranging in size from in
3.375mm3 to 14.625mm3) including: primary visual cortex, area 7m area TEO, prefrontal
cortex (area 46d), the putamen and cerebellum (Figure 3 top row, Table S4). A total volume
of 100.50mm3 showed age-related increases.
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Smoothed using an 4mm FWHM Gaussian kernel: Age associated grey matter volume
decreases were found in twenty-seven clusters (ranging in size from 3.5mm3 to
116.125mm3) with a peak T-statistic of 5.5. A total of 637.125mm3 of grey matter showed age
associated decreases. Clusters were located in regions including: primary visual cortex,
secondary visual cortex, the superior temporal sulcus, caudate, entorhinal cortex,
somatosensory cortices, the cerebellum and superior temporal gyrus (Figure 3 middle row,
Table S5).

One cluster (6mm3 in size) in primary visual cortex showed an age associated increase in grey
matter volume (Figure 3 middle row, Table S5).

Smoothed using an 8mm FWHM Gaussian kernel: Age associated grey matter volume
decreases were found in two regions. One cluster (67mm3) with a peak T-statistic of 3.69 was
in the superior temporal gyrus and another cluster (3.25mm3) was found in the posterior
cingulate cortex (Figure 3 bottom row, Table S6). No voxels showing age associated increases
in grey matter volume passed the threshold.

3.4.3 DARTEL and FSL—FSL segments normalized with DARTEL had a smoothness of
2.15mm FWHM. For segments smoothed with a 2mm, 4mm, and 8mm FWHM Gaussian
kernel, the smoothness of the smoothed segments was 3.36mm FWHM, 5.15mm FWHM, and
8.97mm FWHM, respectively.

Smoothed using a 2mm FWHM Gaussian kernel: Grey matter decreases with age were
found in fifty-one clusters (ranging in size from 2.75mm3 to 231.875mm3) with a peak T-
statistic of 7.79. A total of 1534.75mm3 of grey matter volume showed age associated
decreases. Clusters were located in regions including: primary visual cortex, secondary visual
cortex, higher visual areas (e.g. V3A and V4), the superior temporal sulcus, agranular frontal
areas, the caudate, hippocampus, posterior cingulate cortex, somatosensory cortices, the
cerebellum and arcuate sulcus (Figure 4 top row, Table S7).

Seven clusters showed increases in grey matter volume with age (ranging in size from
3.25mm3 to 30.25mm3). Clusters were found in secondary visual cortex, the corpus callosum,
lateral sulcus, area TFO, the cerebellum and somatosensory area 5 (Figure 4 top row, Table
S7). A total volume of 77.00mm3 showed age-related increases.

Smoothed using a 4mm FWHM Gaussian kernel: Grey matter volume decreases with age
were found in twenty-one clusters (ranging in size from 2.625mm3 to 352.125mm3) with a
peak T-statistic of 6.72. A total of 2238.625mm3 of grey matter showed age associated
decreases. The clusters were found in regions that included: primary visual cortex, secondary
visual cortex, agranular frontal area F1, the caudate, posterior cingulate cortex, somatosensory
cortices and the arucate sulcus (Figure 4 middle row, Table S8).

Age associated increases in grey matter volume with age were found in one cluster
(11.875mm3) located in the cerebellum (Figure 4 middle row, Table S8).

Smoothed using an 8mm FWHM Gaussian kernel: Eight clusters showed decreases in grey
matter volume with age. The clusters ranged in size from 52.875mm3 to 1281.375mm3 and
were found in regions that included: primary visual cortex, secondary visual cortex, the caudate,
retrosplenial and posterior cingulate cortex, primary somatosensory cortex and the arcuate
sulcus (Figure 4 bottom row, Table S9). A total of 4035.25mm3 of grey matter showed age
associated decreases. No age associated increases in grey matter volume passed threshold.
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3.4.4 DARTEL and SPM—SPM segments normalized with DARTEL had a smoothness of
1.82mm FWHM. For segments smoothed with a 2mm, 4mm, and 8mm FWHM Gaussian
kernel, the smoothness of the smoothed segments was 3.02mm FWHM, 4.43mm FWHM, and
7.71mm FWHM, respectively.

Smoothed using a 2mm FWHM Gaussian kernel: Grey matter volume decreases with age
were found in twenty-two clusters (ranging in size from 2.75mm3 to 44.25mm3) with a peak
T-statistic of 5.74. Clusters were found in regions that included: the occipital lobe (V2 and
V4), superior temporal sulcus, caudate, hippocampus, retrosplenial and posterior cingulate
cortex, somatosensory cortex, the cerebellum, arcuate sulcus and insula (Figure 5 top row,
Table S10). A total of 282.25mm3 of grey matter showed age associated decreases.

Eleven clusters (ranging in size from 2.5mm3 to 31.75mm3) showed age associated increases
in grey matter volume. Clusters were found in regions that included: primary visual cortex, the
cerebellum, posterior cingulate cortex, somatosensory area 5, agranular frontal area F2 and
retrosplenial cortex (Figure 5 top row, Table S10). A total volume of 113.38mm3 showed age-
related increases.

Smoothed using a 4mm FWHM Gaussian kernel: Age associated decreases in grey matter
volume were found in six clusters (ranging in size from 7.375mm3 to 106.13mm3) with a peak
T-statistic of 4.62. Clusters were located in secondary visual cortex, the caudate, retrosplenial
and posterior cingulate cortex and the arcuate sulcus (Figure 5 middle row, Table S11). A total
260.25mm3 of grey matter showed age associated decreases in volume.

Increases in grey matter volume with age were found in the posterior cingulate cortex
(3.38mm3)and cerebellum (30.38mm3, Figure 5 middle row, Table S11).

Smoothed using an 8mm FWHM Gaussian kernel: Decreases in grey matter volume with
age were found bilaterally in retroplenial and posterior cingulated cortex (Figure 5 bottom row,
Table S12). No age associated increases passed the threshold.

3.5 Multiple Comparison Corrections and Power Analysis
When the statistical map from SPM with DARTEL smoothed with a 2mm FWHM Gaussian
kernel for age-related decreases in regional grey matter volume was corrected for multiple
comparisons controlling for the false discovery rate (FDR) of 0.05 there were no significant
voxels. In order for any voxels to survive, the most significant T-statistic would need to have
been greater than 10.1736. We computed the necessary sample size to achieve the same map
with FDR correction applied. At 80% and 90% power, respectively, the sample size would
need to be 37 and 45 animals to detect the same voxels controlling for the FDR at 0.05 based
on the current effect sizes. If the FDR is not controlled, but voxels with an effect size of .6980
(Cohen’s f2), which corresponds to our liberal threshold of p<0.005, are to be detected at an
alpha=0.0001, the sample size needs to be 39 and 47 animals for 80% and 90% power,
respectively.

When the statistical map of age-related declines produced using SPM and DARTEL (smoothed
at 4mm) was corrected for multiple comparisons using FDR of 0.05, no voxels passed the
threshold. In order for any voxels to survive, the most significant T-statistic would need to
have been greater than 10.1736. Using a mask created by thresholding the prior probability at
0.2 (678,850 voxels), we computed the necessary sample size to achieve the same map
controlling for the FDR at a level of 0.05. The results were the same as above.

We also tried to correct for multiple comparisons using an extent threshold determined from
AlphaSim (Cox, 1996; Forman et al., 1995). Neither the SPM with DARTEL smoothed with
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a 2mm or 4mm kernel had clusters that exceeded the threshold. The minimum cluster sizes for
a voxel threshold of p<0.005 were 471 voxels (58.875 mm3) and 1159 voxels (144.875
mm3) for data smoothed with a 2mm and 4mm kernel, respectively. If the voxel threshold is
reduced to p<0.0001, then the extent thresholds would drop to 78 voxels (9.75 mm3) and 171
voxels (21.375 mm3). As noted above, all voxels in the uncorrected maps could be detected at
this voxel threshold with 90% power with a sample size of 47 individuals. Additionally, with
the smaller cluster extent, several clusters would be significant with the correction for multiple
comparisons.

4. Discussion
Several studies support age-related volume change in both humans and non-humans. While
some studies show age-related changes in primary cortices (Peters et al., 2001; Peters et al.,
1996; Salat et al., 2004), the majority of studies show preferential effects of aging in association
areas (Alexander et al., 2008; Colman et al., 2009; Good et al., 2001; Matochik et al., 2000;
Raz et al., 1997; Raz et al., 2005; Sowell et al., 2004b; Tapp et al., 2006; Tapp et al., 2004).
Importantly, Andersen and colleagues have shown that changes in rhesus macaques are similar
to those in humans (Andersen et al., 1999), thus allowing us to use both species to interpret
which methods produced plausible results in the present analysis.

4.1. Effect of Using DARTEL
While it could be argued that affine registration techniques should be sufficient for small
animals and perhaps some non-human primates that have smoother cortices than humans
(Black et al., 2001a; Black et al., 2001b; McLaren, 2008); any suboptimal registration
influences our interpretation of the results since statistical effects may be driven by poor
registration instead of morphological differences (Bookstein, 2001). Consequently, DARTEL
may be a better alternative for VBM studies in animals as well as humans given its superior
normalization ability across individuals.

In addition to the current results that show an increase in the normalized mutual information
when using DARTEL to coregister scans in macaques, DARTEL has also been shown to
increase the registration accuracy between human participants (Ashburner, 2007; Klein et al.,
2009). Surface-based analyses, when compared to affine or low non-linear normalization
procedures, show improved coregistration (Fischl et al., 2007; Van Essen, 2005); this benefit
potentially allowed Salat et al. to reveal thinning in primary cortices (Salat et al., 2004). If
DARTEL can approach the surface-based methods, then changes in primary cortices as well
as association areas would not be unexpected.

In using DARTEL, we can be more confident that the effects are morphological rather than
errors in registering participants to a target (Bookstein, 2001). The smoothing kernel with
DARTEL should be smaller than with other normalization algorithms as one goal of smoothing
with a larger kernel is to reduce variability between individuals

4.2 Effect of the Smoothing Kernel
The effects of smoothing were predictable. As the kernel increased in size, the detection of
larger clusters was increased at the expense of smoothing smaller clusters under the noise floor.
Human morphometry studies typically use smoothing kernels ranging in size from 6 to 12
millimeters. The only VBM study in a non-human species of similar size to the rhesus macaques
was in a canine study of aging (Tapp et al., 2006). In that study, the smoothing kernel was 2mm
FWHM. In the present study, 2mm, 4mm, and 8mm kernels were evaluated. Based on the
number of clusters, biological plausibility of the results, and relative increase in smoothness
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of the data compared to humans, we concluded that 4mm FWHM should be the upper limit of
the smoothing kernel in rhesus macaques.

4.3 FSL versus SPM
Voxel-based morphometry studies rely on the assumption that the segmentation is accurate.
Neither smoothing nor using DARTEL ameliorates the effects of poor segmentation. Thus, the
comparison between FSL and SPM is a comparison of the segmentation procedures.

When using DARTEL, and a smaller smoothing kernel, both the FSL and SPM analyses
produced similar and anatomically plausible brains such as the caudate (Matochik et al.,
2000) and agranular frontal area F2 (Alexander et al., 2008; Colman et al., 2009). However,
several differences between FSL and SPM segmentation were also found. Normalization
accuracy was higher with SPM and was not negatively correlated with age. Both decreased
accuracy and age correlations when using segments from FSL may increase the number and
size of clusters. Thus, the inferences might be the result of these problems and not due to volume
changes (Bookstein, 2001). For example, widening between hemispheres can be seen on both
the FSL and SPM segments in the medial occipital lobe; however, only the analyses using the
FSL produced segments showing correlations between medial occipital brain volume and age.
It is possible that this difference is the result of misregistration and not a change in brain
morphometry. One possibility for the misregistration is that the constant velocity framework
of DARTEL might be problematic for the rigid segmentations (sharper edges of grey matter)
produced by FSL, especially in regions where there is less identifiable grey matter (21). Further
investigation into using a constant velocity framework with varying image quality and types
(e.g. segmentation routines) is necessary to fully elucidate the source of the registration
difficulty. Furthermore, FSL without DARTEL detected numerous clusters that were isolated
to white matter (e.g. white matter in the premotor cortex). While FSL segmentation produced
larger clusters with more robust t-statistics suggesting, concerns over their biological
plausibility of some clusters due to issues of segmentation quality and the accuracy of
registration lead to recommending using SPM for non-human primates over FSL.

4.4 Multiple Comparison Corrections
Multiple-comparison correction procedures that correct inferences at the voxel level penalize
studies that have higher number of voxels. As the number of voxels increase, the number of
individuals in the study needs to increase to detect the same area. While there are several
possible solutions, all of them have their drawbacks.

Decreasing the resolution of the image will result in fewer voxels and, assuming the statistics
are the same, potentially reveal more regions that are truly significant. However, the cortical
ribbon in rhesus macaques is approximately 1.7 to 2.5mm thick (Hinds et al., 2008; Juchem et
al., 2007; Mountcastle, 1998), whereas in humans it is usually 3–6mm thick (Sowell et al.,
2004a; Sowell et al., 2004b). As the voxel size increases, the ability to detect subtle changes
in the macaque will be decreased.

With large sample sizes, one is more likely to detect significant effects even with voxel-wise
corrections. To achieve 90% power for FDR correction that would detect the same voxels as
the present study, the sample size would need to be 45 individuals. This number is likely
conservative as the voxels considered had to be in clusters of at least 20 voxels. Future studies
with larger samples should investigate proposed methods of correcting for the false discovery
rate at the cluster level as this implies that there are voxels that also meet the false discovery
rate correction (Benjamini and Heller, 2007; Chen et al., 2008; Chumbley and Friston, 2009).
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Using a liberal threshold (p<0.005) with an extent threshold of 1159 voxels (144.875 mm3),
as determined using AlphaSim as the extent necessary to correct for multiple comparisons, for
data smoothed with a 4mm FWHM Gaussian kernel is problematic as the median region
volume of major cortical and subcortical regions identified from the digital Paxinos Atlas
(Bezgin et al., 2009; Paxinos et al., 2008) is 120.12 mm3 (Moirano, J. and Converse, A.K.,
personal communication). Given that regional brain volume changes are likely to occur in only
parts of any region, the cluster size must be significantly smaller than the region. Thus, future
studies will need more robust results to reduce the cluster extent threshold.

An alternative to voxel-wise procedures is multivariate tests. Alexander et al. recently
demonstrated the feasibility of multivariate testing in rhesus macaques and required a much
smaller sample (Alexander et al., 2008). There are several caveats for interpreting the
differences between their study and ours: (i) their age range was coded into young and old
animals rather than as a continuous variable; (ii) the difference between their old and young
animals was larger than the age range studied in the present sample; and (iii) small regions that
have morphometry changes not consistent with the main patterns might not be detected. While
some results between the two studies are consistent, for example the results in agranular frontal
area F2; while other results were not, such as our findings of decrease in the caudate -- which
is consistent with other studies (Matochik et al., 2000; Wisco et al., 2007). Nevertheless, the
multivariate approach presents a very promising alternative to voxel-based morphometry that
provides complementary and unique information on brain aging (Alexander et al., 2008).

4.5 Limitations
The major limitation to this approach is that there is no ground truth to which the segmentation
methods can be compared. Thus, conclusions regarding the relative superiority of any approach
are tentative and may be affected greatly by modifying the parameters of each approach. The
results of the present study are limited to the specific parameters used. In order to use SPM,
one must first rotate and set the origin of each brain to match that of the template. Incomplete
or less than optimal segmentation may result without performing this step since the cost
function of the algorithm has a penalty term for translations and rotations. Furthermore,
optimization of segmentation in FSL by changing the algorithm or parameters may change the
results. The chosen parameters for the segmentation and normalization routines are the default
parameters of each software package, SPM and FSL, which have been optimized for human
studies. Although a major implication of the present findings is that VBM can be adapted for
NHP models, the general methodology of VBM was developed for application to the human
brain, and other parameters, beyond those we tested, may be necessary to investigate to obtain
an optimized approach to NHP VBM (see section 4.6 for an example).

As has been the case in previous studies, it is possible that age can interact with the segmentation
routine, due to imaging artifacts caused by iron and calcium deposition in addition to larger
sulci and fissures (Davatzikos and Resnick, 2002; Ogg and Steen, 1998). Although these
artifacts can complicate the interpretations of the physiological basis of the results, they do not
preclude the conclusions that can be draw with regard to age-related differences. For example,
we observed an effect of age on volume in the visual cortex. Regardless of whether this is a
true effect of age on grey matter volume or an effect of age on iron deposition, our technique
still identified a relationship between age and the properties of the tissue. Thus, results on
volume change may need to be interpreted with caution as they may be due to changes in the
tissue properties and related changes to T1 signal with age (Ogg and Steen, 1998). Either way,
significant results, at least with DARTEL, are more likely to reflect changes in the brain as
opposed to misregistration.

The present study did not explicitly test the difference in regression lines between studies for
several reasons. First, the goal of the study is to identify which method is optimal for detecting
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aging effects. Second, since all four processing streams use different normalization parameters,
voxels from the original image are shifted to different locations with each processing stream.
This precludes directly comparing the slopes between models.

Due to the small sample size, results were reported with a liberal threshold. Future studies will
be needed that include a larger age range to better map the complete course of age-related
change in macaque morphology. In a mixed sample of calorie restricted rhesus macaques and
rhesus macaques fed ad libitum, the age-related findings in the agranular frontal areas and
arcuate sulcus are replicated (Colman et al., 2009).

4.6 Alternatives
Future VBM studies in animals might want to consider several alternative approaches that were
not evaluated in this study. First, in human imaging there are still questions regarding whether
or not VBM studies should use modulated or unmodulated images in their statistical analyses
(Eckert et al., 2006). Secondly, the use of hidden markov random fields (HMRF) in the FSL
segmentation, but not SPM raises the question: whether the lack of priors or the use of HMRF
mediated the results? Gaser and colleagues provide a toolbox (VBM5.1,
http://dbm.neuro.uni-jena.de/vbm/) for SPM that allows the use of priors and HMRF. Future
studies should investigate whether or not the use of priors and HMRF improves the
segmentation in SPM for animals.

Salat and colleagues have used surface-based approaches to measure cortical thickness and
align participants based on the curvature pattern in the brain (Fischl and Dale, 2000; Fischl et
al., 1999; Salat et al., 2004). Similar studies in non-humans would yield valuable results and
should be the aim of future studies. Surface-based analyses may be done in CARET, which
already contains surface templates for the rhesus macaque and the cynomolgus monkey (Van
Essen, 2004; Van Essen and Dierker, 2007; Van Essen et al., 2001a; Van Essen et al., 2001b;
Vincent et al., 2007). In addition to non-human primate atlases, CARET also has several human
atlases that facilitate comparisons between primate species (Van Essen, 2005; Van Essen and
Dierker, 2007).

5. Concluding Remarks
The results of the present study suggest that methods of data analysis can affect the final results
of VBM studies in rhesus macaque. Guidelines for data analysis have been provided for human
VBM studies (Ridgway et al., 2008), but similar guidelines are currently lacking for the analysis
of non-human primate brains. As demonstrated here, segmentation, smoothing and
normalization routines have a definite impact on the data and the statistical results.

It is important to recognize the limitations of any technique (Bookstein, 2001; Ogg and Steen,
1998; Ridgway et al., 2008). Specifically, researchers should carefully consider what a decrease
or increase in local grey matter represents based on the methods employed. Our results would
suggest that, at least in our sample of rhesus macaques and with the specific parameters used
here, using the SPM segmentation algorithm with DARTEL produces the most robust and
plausible results. Additionally, our results suggest that the optimal smoothing kernel is
probably between 2mm to 4mm. Finally, despite the limitations of any method, our results and
those of others clearly demonstrate that software and methods developed for human imaging
studies can be implemented in animal studies (Alexander et al., 2008; Colman et al., 2009;
Oakes et al., 2007; Tapp et al., 2006).
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Figure 1.
Segmentation results for one individual processed with all four methods and smoothed with a
2mm, 4mm, and 8mm FWHM Gaussian kernel. Cyan arrows indicate regions that were
segmented poorly with FSL compared to SPM.
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Figure 2.
Significant age-related grey matter volume changes revealed using segments from FSL at
p<0.005 (uncorrected) in at least 20 edge-connected voxels overlaid on axial slices. Volume
increases are shown in red, while decreases are shown in green. Slice positions refer to the
112RM-SL atlas space. Top row: normalized grey matter segments were smoothed with a 2mm
FWHM Gaussian kernel. Middle row: normalized grey matter segments were smoothed with
a 4mm FWHM Gaussian kernel. Bottom row: normalized grey matter segments were smoothed
with an 8mm FWHM Gaussian kernel.
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Figure 3.
Significant age-related grey matter changes revealed using unified segmentation in SPM at
p<0.005 (uncorrected) at least 20 edge-connected voxels overlaid on axial slices. Volume
increases are shown in red, while decreases are shown in green. Slice positions refer to the
112RM-SL atlas space. Top row: normalized grey matter segments were smoothed with a 2mm
FWHM Gaussian kernel. Middle row: normalized grey matter segments were smoothed with
a 4mm FWHM Gaussian kernel. Bottom row: normalized grey matter segments were smoothed
with an 8mm FWHM Gaussian kernel.
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Figure 4.
Significant age-related grey matter changes revealed using DARTEL with segments from FSL
at p<0.005 (uncorrected) at least 20 edge-connected voxels overlaid on axial slices. Volume
increases are shown in red, while decreases are shown in green. Slice positions refer to the
112RM-SL atlas space. Top row: normalized grey matter segments were smoothed with a 2mm
FWHM Gaussian kernel. Middle row: normalized grey matter segments were smoothed with
a 4mm FWHM Gaussian kernel. Bottom row: normalized grey matter segments were smoothed
with an 8mm FWHM Gaussian kernel.
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Figure 5.
Significant age-related grey matter changes revealed using DARTEL with output of unified
segmentation in SPM at p<0.005 (uncorrected) at least 20 edge-connected voxels overlaid on
axial slices. Volume increases are shown in red, while decreases are shown in green. Slice
positions refer to the 112RM-SL atlas space. Top row: normalized grey matter segments were
smoothed with a 2mm FWHM Gaussian kernel. Middle row: normalized grey matter segments
were smoothed with a 4mm FWHM Gaussian kernel. Bottom row: normalized grey matter
segments were smoothed with an 8mm FWHM Gaussian kernel.
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