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a b s t r a c t
Magnetic resonance imaging (MRI) studies of non-human primates are becoming increasingly common;
however, the well-developed voxel-based methodologies used in human studies are not readily applied to
non-human primates. In the present study, we create a population-average MRI-based atlas collection for the
rhesus macaque (Macaca mulatta) that can be used with common brain mapping packages such as SPM or
FSL. In addition to creating a publicly available T1-weighted atlas (http://www.brainmap.wisc.edu/monkey.
html), probabilistic tissue classiﬁcation maps and T2-weighted atlases were also created. Theses atlases are
aligned to the MRI volume from the Saleem, K.S. and Logothetis, N.K. (2006) atlas providing an explicit link to
histological sections. Additionally, we have created a transform to integrate these atlases with the F99
surface-based atlas in CARET. It is anticipated that these tools will help facilitate voxel-based imaging
methodologies in non-human primate species, which in turn may increase our understanding of brain
function, development, and evolution.
Published by Elsevier Inc.

Introduction
Functional and structural neuroimaging research studies in
humans have beneﬁted greatly from rapidly maturing computational
neuroanatomical methods that enable multi-subject voxel-wise
approaches (Ashburner and Friston, 2000; Friston et al., 1999a;
1999b; Woods, 1996). The ﬁrst major advance in multi-subject
analyses was the advent of objective normalization procedures for
PET imaging (Fox et al., 1985). Fox et al. developed a stereotaxic
transform for individual subjects to a common reference space,
which was the ﬁrst objective approach used to normalize subjects (Fox
et al., 1985). Importantly, this method enabled the use of a common
atlas space and improved power by allowing the analyses across
subjects. Another critical advance was the development of imaging
atlases in a standard coordinate space (e.g. MNI152) created from
many individuals (Evans et al., 1993; Evans et al., 1994; Mazziotta et al.,
2001; Mazziotta et al., 1995). The standardized atlas serves as a target
space to which any individual brain can be spatially normalized, and
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provides a standard coordinate system to report results and thereby
enhance comparisons and generalizability across labs. Such
approaches are now the standard in human brain mapping methodologies including functional imaging with fMRI and PET using
voxel-based (Ashburner et al., 1998; Woods et al., 1999; Woods et al.,
1998a; Woods et al., 1998b; Zefﬁro et al., 1997) and surface-based
(Fischl et al., 1999; Van Essen, 2005) methods (though different
standard atlas spaces exist—see Devlin and Poldrack, 2007).
Accessible population-average atlases in a standard coordinate space
for non-human primate (NHP) species, such as rhesus macaque (Macaca
mulatta), are less common. Although atlases exist for the rhesus
macaque, they are based on post-mortem slices (Martin and Bowden,
1996; Mikula et al., 2007; Paxinos et al., 2000) and thus do not provide
an accessible MRI target to which individual animals can be spatially
normalized. Furthermore, atlases are typically based on a single subject
and are thus less likely to be representative of the population.
There are currently a handful of NHP atlases available to the
imaging community. Most of these atlases are based on a single
animal (Cannestra et al., 1997; Saleem and Logothetis, 2006; Van
Essen, 2002, 2004); while others are based on small samples of 6–12
animals (Black et al., 2001a; Black et al., 2001b; Greer et al., 2002;
Vincent et al., 2007). NHP atlases that are based on multiple animals
capture more of the variability in the species from which they were
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drawn, and for this reason may be preferable to single-subject atlases.
However, due to inter-species variability, NHP atlases should be
species-speciﬁc. Examples of species-speciﬁc non-human primate
multi-subject, population-average atlases include Macaca nemestrina
(Black et al., 2001a; see—http://www.nil.wustl.edu/labs/kevin/ni/n2k/
and http://www.loni.ucla.edu/Atlases/Atlas_Detail.jsp?atlas_id=2;
2004), Macaca fascicularis (Vincent et al., 2007; also see—http://
www.nil.wustl.edu/labs/kevin/ni/cyno/cyno.html), Papio anubis
(Black et al., 2001b; see—http://www.nil.wustl.edu/labs/kevin/ni/
b2k/; Greer et al., 2002). Black et al. studied nine P. anubis to create
the ﬁrst probabilistic NHP atlas. Brieﬂy, their method aligned their
baboons to the Davis and Huffman atlas (Davis and Huffman, 1968),
averaged them together to create an initial average, aligned the
average to the atlas, and then aligned their baboons to the initial
average, averaged the individuals again, and aligned the average to
the Davis and Huffman atlas with 20 iterations (Black et al., 1997;
Black et al., 2001b).
The rhesus macaque is a very commonly studied NHP species for
which a population-average atlas does not exist; the development for
such an atlas is the focus of this report. This atlas is based on the
coordinate space of the single-subject atlas of Saleem-Logothetis
(D99-SL) which includes MRI sections coregistered to histological
slices (nissl, parvalbumin, SMI-32, calbindin and calretinin) and
cytoarchitectonic areas (Saleem and Logothetis, 2006). We created a
T1-weighted population-average template in the space of D99-SL. In
addition, we present probabilistic tissue classiﬁcation maps, prior
probability maps, that can improve tissue segmentation in NHP MR
images and illustrate their application. We also created T2-weighted
atlas to complement the T1-weighted volume atlas. Finally, we created
a transform to the F99 surface-based atlas to facilitate comparisons
with other primate species (e.g. humans and fascicularis macaques,
see—Van Essen and Dierker, 2007).
Materials and methods
Eighty-two male and thirty female rhesus macaques (M. mulatta)
underwent MR imaging at one of three imaging sites. Rhesus macaque
demographics are detailed in Table 1. All monkeys belonged to
existing primate colonies at one of three sites: the National Institutes
of Health Animal Center (NIHAC) in Poolesville, MD, USA; the Oregon
National Primate Research Center at the Oregon Health and Science
University (ONPRC/OHSU) in Beaverton, OR, USA; the Wisconsin
National Primate Research Center at the University of Wisconsin –
Madison (WNPRC/UW), Madison, WI, USA. All facilities are fully
accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care. Additionally, the research protocols were
approved by the Institutional Animal Care and Use Committee of the
Gerontology Research Center, NIA; the Institutional Animal Care and
Use Committee at ONPRC, OHSU; and the Research Animal Resources
Center at the University of Wisconsin, UW; respectively.
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volume coil with an 18 cm diameter at the Waisman Center for Brain
Imaging and Behavior on the medical campus of the University of
Wisconsin, Madison, WI, USA. 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 WNPRC
veterinarian and xylazine (up to 0.6 mg/kg [20 mg/ml], IM).
Occasionally, animals were resedated 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). A three-dimensional
coronal T1-weighted inversion recovery-prepped spoiled gradient
echo (IR-prepped SPGR) with the following parameters: TR, 8.772 ms;
TE, 1.876 ms; TI, 600 ms; FA, 10°; NEX, 2; acquisition matrix, 256 × 256;
FOV, 160 mm. 124 coronal slices with a thickness of 0.7 mm were
acquired. These parameters resulted in 0.6 × 0.6 × 0.7 mm voxels. A T2weighted extended echo train acquisition (XETA) (Busse et al., 2006;
Gold et al., 2007) scan was acquired in nine of these monkeys with the
following parameters: TR, 2300 ms; TE, 81.56 ms; FA, 55°; NEX, 0.547;
acquisition matrix, 256 × 256 (resampled to 512x512); FOV, 140 mm;
248 sagittal overlapping 0.8 mm thick slices; resulting voxel size,
0.27 × 0.27 × 0.4 mm.
OHSU image acquisition
Images were acquired on a Siemens 3.0 T Trio MR unit (Erlagen,
Germany) using a Siemens circularly-polarized knee “extremity” (EX)
coil for RF transmission and reception at the Advanced Imaging
Research Center, located on the main campus of OHSU in Portland, OR,
USA. Animals were transported to the MRI unit in transfer cages and
were anesthetized with ketamine HCl (10 mg/kg body weight, im),
intubated, then maintained on 1% isoﬂurane vaporized in oxygen for
the duration of the scan. A three-dimensional coronal T1-weighted
magnetization prepared rapid gradient echo (MPRAGE) with the
following parameters: TR, 2500 ms; TE, 4.38 ms; inversion time [TI],
1100 ms; FA, 12°; NEX, 1; acquisition matrix, 256 × 256; FOV, 120 mm.
88 coronal slices with a thickness of 1 mm were acquired. These
parameters resulted in 0.46875 × 0.46875 × 1.0 mm voxels.
NIA image acquisition
Images were acquired on a General Electric 1.5 T Signa MR unit (GE
Medical Systems, Milwaukee, WI, USA) using a surface coil at the NIH
MRI Research Facility in Bethesda, MD, USA. During the scanning
procedure, the monkeys were anesthetized with 6 mg/kg i.m. of
telazol (Aveco, Fort Dodge, IA, USA) and 0.05–0.1 mg/kg i.m. of
acepromazine (Ayerst, New York, NY, USA). A three-dimensional
transaxial T1-weighted spoiled gradient echo (SPGR) with the
following parameters: repetition time [TR], 15.2 ms; echo time [TE],
6.1 ms; ﬂip angle [FA], 30°; number of excitations [NEX], 2; acquisition
matrix, 256 × 256; ﬁeld of view [FOV], 100 mm. 124 transaxial slices
with a thickness of 1 mm were acquired and resampled to 0.39 mm.
These parameters resulted in 0.39 × 0.39 × 0.39 mm voxels.

UW image acquisition
T1-weighted volume atlas creation
Images were acquired on a General Electric 3.0 T Signa MR unit (GE
Medical Systems, Milwaukee, WI, USA) using a quadrature Tx/Rx
Table 1
Rhesus macaque (Macaca mulatta) atlas demographics
Age in months
N
Gender (m/f)
Minimum
Mean
Maximum
SD

Cohort
NIA

UW

OHSU

60
60/0
39
214
432
97

37
19/18
132
280
346
54

15
3/12
52
222
344
98

Volume atlas creation used the following semi-automated
approach (Fig. 1) similar to that used by Black et al. in other nonhuman primate species (Black et al., 1997; Black et al., 2001a, 2004;
Black et al., 2001b). First, raw scanner images are reconstructed to
form 3D volumes for each individual monkey. Next, 3D object maps
were manually drawn by trained individuals to delineate brain
from non-brain tissues using ANALYZE (Mayo Clinic, Rochester, MN;
see—Robb, 2001). The object maps excluded the optic tract anterior to
the optic chiasm and brainstem inferior to the pons. Binary mask
volumes derived from the object maps were used to extract corresponding voxels from the original MRI volumes to create deskulled
brain volumes. The deskulled and original volumes were manually
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segmentation maps (Zhang et al., 2001); and (ii) intensity normalization by scaling the mean white matter intensity (mean voxel value
within white matter segment created in the prior step) to 300.
Following these two processing steps, atlas creation was achieved
through the following iterative process: (i) registered to the target
volume using a 12 parameter afﬁne transformation (Jenkinson and
Smith, 2001); (ii) averaged the registered brain volumes together; and
(iii) registered the averaged volume to the D99-SL volume to ensure
accurate coregistration between the average and the published atlas.
The ﬁrst iteration used D99-SL volume (Saleem and Logothetis, 2006)
as the target to create an initial template. In the second iteration, the
process was repeated using the initial template as the target. The
stereotaxic space and orientation (left, posterior, inferior) of the D99SL atlas are retained (Saleem and Logothetis, 2006). Thus, the 112RMSL atlas (Fig. 2) has the same origin as the D99-SL atlas which was set
to “Ear Bar Zero” — the rostrocaudal reference is the vertical plane
passing through the interaural line, the dorsoventral reference is the
horizontal plane passing through the interaural line, the left–right
reference is the vertical plane passing through the midline (Saleem
and Logothetis, 2006).
T2-weighted volume atlas creation

Fig. 1. Atlas creation pipeline. Image processing stream for non-human primate
probabilistic atlases. The iterative procedure utilizes four registration steps to improve
alignment between the individuals contributing to the atlas. (1) In the ﬁrst registration
step, the target volume is the D99-SL atlas; (2) the average of the registered individuals
is registered to the D99-SL atlas; (3) in the second iteration, the target volume is average
template from step (2); (4) the individuals are then averaged a second time and that
average is registered to the D99-SL atlas. This ensures that the probabilistic atlas is in
register with the published D99-SL atlas.

rotated to match the left, posterior, inferior orientation of the D99-SL
volume (Saleem and Logothetis, 2006). Subsequently, each deskulled
volume entered the following supervised, but automated procedure:
(i) bias corrected for ﬁeld inhomogeneity using “fast” algorithm in FSL
(FMRIB Analysis Group, University of Oxford, UK) which also provides

Nine rhesus macaques were used to create a T2-weighted atlas
using the following steps: (i) selected one T2-weighted scan and
registered it to the T1-weighted atlas using a 12 parameter afﬁne
transformation; (ii) all images then entered into the processing stream
described in the T1-weighted atlas creation except the registered T2weighted image replaced the D99-SL target in the ﬁrst iteration; (iii)
after the second iteration the T2-weighted atlas was registered to the
T1-weighted atlas using a 12 parameter afﬁne transformation to
ensure the two atlases are aligned (Fig. 2).
Prior probability maps
Probabilistic tissue classiﬁcation maps, prior probability maps,
with 0.5 mm isotropic voxels were created using existing methods
(Evans et al., 1993; Evans et al., 1994; Kamber et al., 1992). Due to
contrast differences between cohorts (Fig. S1), only animals from the
OHSU and UW cohorts were used for the probability maps. First, the
aforementioned deskulled volumes were registered to the combinedSL atlas using a 12 parameter afﬁne transformation (Jenkinson and
Smith, 2001). Next, the registered volumes were segmented using
“fast” in FSL, which performs an integrated bias correction and

Fig. 2. Multi-modal rhesus macaque atlases. Axial slices from Z = 0 mm to Z = 40 mm in 5 mm increments. Top: D99-SL atlas; middle: 112RM-SL T1-weighted atlas; and bottom: T2weighted atlas.
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segmentation procedure (Zhang et al., 2001). The outputs of “fast”
were binary coded segmentation images for each tissue class (gray
matter, white matter, and cerebral spinal ﬂuid). Then, we averaged the
resulting binary segmentation maps for gray matter, white matter, and
cerebral spinal ﬂuid to create tissue probability maps. Finally, the
tissue probability maps, which represent the probability that a voxel
belongs to a class, were smoothed with a 1 mm FWHM Gaussian
smoothing kernel to form the prior probability maps (Fig. 3; Evans
et al., 1993; Evans et al., 1994).
Atlas validation
Our atlases were validated by comparing landmark location and
distance measures (Black et al., 2001a; Black et al., 2001b). First, each
monkey was normalized to the 112RM-SL atlas. Next, the middle of the
anterior commissure, the middle of the posterior commissure, the
anterior extent of the left and right caudate, and the lateral and medial
inﬂection points on the central sulcus were identiﬁed in each monkey
(Fig. S2). Table 2 reports the mean landmarks for the D99-SL atlas and
the 112RM-SL atlas. Next, we computed the distance of each monkey's
landmark to that of the 112RM-SL atlases (Table 3).
To address the question about possible artifacts or bias arising from
a multi-center with different scanner strengths, anesthesia protocols,
receiver coils, image resolutions, or pulse sequences; we investigated
the image properties after normalization. The ﬁrst step was to
qualitatively investigate the histograms of each cohort to identify
any potentially shifts in the data. Next, we statistically compared the
number of voxels for each tissue type and their mean intensities
using pair-wise T-tests within six spherical regions with an 8 mm
radius to look at the images on a regional basis. The regions were
centered at (−11, 30.5, 21), (10.5, 30.5, 21), (−16, 44.5, 2.5), (15.5,
44.5, 2.5), (−11.5, 76, 21.5), and (10.5, 76, 21.5). To identify differences
on either in the global or region comparison, we used a liberal
threshold of p b 0.05 corrected for 3 tests since we were not
concerned about type 1 errors.
Applications — segmentation
We segmented all the individual rhesus macaques from the UW
cohort using several standardized segmentation algorithms that
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Table 2
Atlas landmark locations
Landmark

AC
PC
L. ant. caudate
R. ant. caudate
L. lat. Cs
R. lat. Cs
L. med. Cs
R. med. Cs

112RM-SL T1-weighted
Atlas

D99-SL Atlas

x

y

z

x

y

z

0.00
0.00
−6.50
6.00
− 24.50
23.50
− 18.00
18.00

21.00
7.50
33.00
33.00
16.50
17.00
15.00
16.50

12.00
14.00
17.50
17.50
20.50
20.50
25.50
25.00

− 0.50
0.00
− 6.50
5.50
−24.00
23.50
− 17.00
17.00

20.00
6.50
32.50
32.50
16.50
17.50
15.50
16.50

13.00
14.50
18.00
18.00
20.50
19.50
25.50
25.00

All values are in millimeters; AC, anterior commissure; PC, posterior commissure; ant.
caudate, anterior extent of the caudate nucleus; lateral Cs, lateral inﬂection point of the
central sulcus; medial Cs, medial inﬂection point of the central sulcus.

produce images of the probability of a voxel belonging to a given
tissue class (e.g. gray matter) to demonstrate the application of the
atlas and priors in segmentation (Fig. 4). First, we used the “segment”
tool in SPM5 to perform a uniﬁed segmentation using the prior
probability maps (Ashburner and Friston, 2000, 2005). Next, we
performed the segmentation without our prior probability maps using
the “fast” tool in FSL (Zhang et al., 2001, also http://fmrib.ox.ac.uk/
analysis/techreport/#TR01YZ1). The gray matter segments were used
to estimate the transformation matrix to the 112RM-SL atlas space
using the gray matter prior as a reference. The FSL segmentation maps
were then normalized using the transformation matrix and 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).
Applications — multimodal imaging
We show that normalizing a T1-weighted scan to the T1-weighted
112RM-SL atlas and a T2-weighted scan from the same monkey to
the T2-weighted atlas results in good alignment between modalities
(Fig. 5).
Applications — cortical surfaces
While the goal of this project is to develop a population-averaged
volume atlas, we have also recognized the growing importance of
surface-based analyses. Van Essen et al. have already created surfacedbased atlases for several primate species (Van Essen, 2002, 2005; Van
Essen et al., 2001b; Vincent et al., 2007). Their rhesus macaque surface
(F99) is not aligned to either the D99-SL or 112RM-SL atlas. To
facilitate integration of the surface- and volume-based atlases, we
created a 12-parameter afﬁne transformation to match our atlas to the
F99 space. Notably, this integration will allow interspecies comparison

Table 3
Landmark variation (distance between atlas and individuals)

Fig. 3. Tissue probability maps. Axial slices from Z = 2.5 mm to Z = 32.5 mm in 10 mm
increments showing the tissue probabilities for gray matter, white matter, and cerebral
spinal ﬂuid (CSF). These prior probability maps were formed from averaging binary
coded segmentation images from the OHSU and UW animals and smoothing the
averages with a 1 mm FWHM Gaussian ﬁlter.

Landmark

Mean

Max

AC
PC
L. ant. caudate
R. ant. caudate
L. lCs
R. lCs
L. mCs
R. mCs

0.8
0.8
1.12
1.13
1.74
1.83
1.78
2.07

1.87
2.24
2.29
2.96
6.1
5.68
6
6.2

All values are in millimeters; AC, anterior commissure; PC, posterior commissure; ant.
caudate, anterior extent of the caudate nucleus; lCs, lateral inﬂection point of the central
sulcus; mCs, medial inﬂection point of the central sulcus.
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by using surface-registration approaches which align different shaped
cortices more accurately (Van Essen, 2005; Van Essen and Dierker,
2007).
Results
Atlases
Using the processing stream outlined in Fig. 1, we formed a T1weighted atlas, 112RM-SL, (Fig. 2 middle, http://sumsdb.wustl.edu/
sums/directory.do?id=6716882&dir_name=MCLAREN_EtAl_2009 and
http://www.brainmap.wisc.edu/monkey.html), which is in register

Fig. 5. Multimodal application. Orthogonal slices through the origin. From top to
bottom: 112RM-SL T1-weighted atlas; T1-weighted scan; T2-weighted scan; T2weighted atlas. Note how the structures line up between modalities and the atlas.
Images can be downloaded from: http://www.brainmap.wisc.edu/monkey.html.

with the single-subject D99-SL atlas (Fig. 2 top) and thus are explicitly
associated with published histology (Saleem and Logothetis, 2006).
Fig. 2 (bottom) illustrates the T2-weighted atlas, which is also in
register with the single subject D99-SL atlas.
Prior probability maps
We formed probabilistic tissue classiﬁcation maps from the OHSU
and UW cohorts (Fig. 3). These prior probability maps are the average
of the binary segmentations of the individuals' contributing to each
atlas.
Validation and cohort effects

Fig. 4. Segmentation of an individual rhesus macaque. Top: A horizontal slice of an
individual rhesus macaque T1-weighted MRI scan in atlas space at Z = 20 mm. Bottom
sets: gray and white matter probability maps for three different segmentation methods.
Note that FSL provides a crisper separation between tissue classes due to the inclusion
of nearest neighbors in the algorithm, but not necessarily better. Additionally, note that
the registration of the SPM and FSL maps are different due normalization methods
(non-linear uniﬁed integrated with segmentation versus non-linear after segmentation
using SPM and FSL, respectively). The scale bar is applicable to the SPM unmodulated as
the probability of a voxel belonging to a speciﬁc tissue class with the maximum being
100%. The SPM modulated and FSL images are on the same scale, but should be
interpreted as the volume of tissue at a given voxel as a percentage of the probability of
the voxel belonging to a tissue, which can exceed 100.

The landmarks in the 112RM-SL atlas are almost identical to those
in the D99-SL atlas (Table 2). The high correspondence allows the use
of the published histology accompanying the D99-SL atlas (Saleem
and Logothetis, 2006). Additionally, we tested the monkey-to-atlas
process for each of the monkeys used to create the atlas (Table 3).
Variability, deﬁned as the absolute value between the atlas landmark
and the same landmark in an individual monkey, was consistent
with previously published data (Black et al., 2001a; Black et al.,
2001b). The mean intra-class correlation coefﬁcient (ICC) withinrater was 0.96 (Fleiss, 1999). Between raters, the mean ICC was 0.93;
thus the landmarks were reliably detected and consistent between
observers.
Fig. S1 shows the whole brain histograms for all voxels and
separated by tissue type. Notably, the OHSU and UW cohorts showed
very similar histograms, while the NIA cohort's histogram was shifted
to the right for the gray matter and cerebral spinal ﬂuid. These
histograms led to quantifying the image properties in six spherical
regions of interest. In summary, the NIA cohort had more voxels
classiﬁed as white matter and the mean intensities in the gray matter
were consistently higher than either the OHSU or UW cohorts
(Supplement 1). Additionally, there were no signiﬁcant differences
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(p N 0.0167) in the number of voxels classiﬁed as CSF between any of
the cohorts; however, the mean signal in the CSF from the NIA was
substantially higher. While there were some differences between the
OHSU and UW cohorts, they were minor compared to the aforementioned differences. Both the OHSU and UW data were acquired with
volume coils at 3.0 T, compared to a surface-coil at 1.5 T for the NIA
cohort. We conclude that scanner strength and/or receiver coil has the
largest impact on the image properties. As a result, the poor contrast
and potential misclassiﬁcation tissue from animals in the NIA cohort,
we chose to exclude them from the tissue probability maps. However,
their inclusion in the general atlas increases its generalizability across
scanner strengths and receiver coils. Their inclusion is also supported
by the fact that the amount of brain tissue (gray plus white) was
similar across all cohorts.
Applications — segmentation
We successfully segmented all the individual rhesus macaques
from the validation group using the “segment” tool in SPM5
(Ashburner and Friston, 2000, 2005; Vincent et al., 2007) and the
“fast” tool in FSL with and without the use of the prior probability
maps (Zhang et al., 2001, also http://fmrib.ox.ac.uk/analysis/techreport/#TR01YZ1). The results of using the “segment” tool in SPM5 and
the “fast” tool from a single individual are illustrated in Fig. 4. SPM5
produces modulated images with voxel values representing the
volume of tissue as a percentage of voxel volume in addition to
unmodulated images that represent the posterior probability of each
tissue type at that voxel. Qualitative comparisons of the values in the
modulated images revealed subtle differences that are likely attributable to the when the spatial normalization is done (uniﬁed versus
after segmentation for SPM and FSL, respectively), the use of priors,
and segmentation algorithms (mixture of Gaussians versus mixture of
Gaussian plus neighboring voxel and hidden Markov random ﬁelds for
SPM and FSL, respectively). The optimal segmentation and normalization methods and parameters for NHP should be investigated
further, but are outside of the scope of this paper.
Recently, Alexander et al. completed a voxel-based morphometric
(VBM) study of age in nineteen rhesus macaques (Alexander et al.,
2008) using SPM5 with priors generated from their animals.
Importantly, that study demonstrated that VBM can be applied to
studies of aging in NHP to provide evidence of structural changes with
age. However, an accessible standard rhesus macaque atlas space did
not exist when they reported their results, precluding the reporting of
ﬁndings in coordinate space, and potentially affecting the generalizability of their ﬁndings.
Applications — multimodal registration
We demonstrate excellent registration of T1- and T2-weighted
images in Fig. 5 and Fig. S3. The normalized images and atlases are
provided at http://www.brainmap.wisc.edu/monkey.html.
Applications—cortical surfaces
Van Essen et al. previously created a cortical surface from a single
rhesus macaque (Van Essen, 2002; Van Essen and Dierker, 2007; Van
Essen et al., 2001a). Instead of creating another surface atlas, we
created transformation matrices to convert the surface atlas space to
the 112RM-SL atlas space and vice versa (http://brainmap.wisc.edu/
112RM-SL _to_F99_sn.mat a nd http://bra inmap.wi sc.edu/
F99_to_112RM-SL_sn.mat). The transformations are described below:
112RM-SL to F99:
X1 = 1:0294X + 0:0094Y−0:023TZ + 0:754
Y1 = −0:031TX + 1:046TY−0:129TZ−21:177
Z1 = 0:0124X + 0:1674Y + 1:0074Z−15:422
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F99 to 112RM-SL:
X1 = 0:9704X−0:011TY + 0:021TZ−0:650
Y1 = 0:0274X + 0:9354Y + 0:1204Z + 21:651 :
Z1 = −0:0164X−0:1554Y + 0:971TZ + 11:734
These transformations allow the integration of the populationaverage volume atlases with the existing surface atlas.
Discussion
Species-speciﬁc atlases
The dramatic variation in global brain volume within the Macaca
genus (fascicularis [left hemisphere — 29.37 cm3] b mulatta [80 cm3]
b nemestrina [97.7 cm3]) suggests the need to have separate atlases for
different species (Dorph-Petersen et al., 2005; Franklin et al., 2000;
Malkova et al., 2006). Bowden and Dubach suggest that the size
differences may be correctable by global scaling; however, they
acknowledge that their analysis was limited to the brainstem region
and not the entire cortex (Bowden and Dubach, 2000). More recently,
reports have been published documenting variations in endocranial
volume (Kirk, 2006) and sulcal patterns (Van Der Gucht et al., 2006)
that necessitate species-speciﬁc atlases as these cannot be corrected
for using afﬁne-transformations. Additionally, there are differences in
the shape of the inferior frontal cortex between fascicularis and rhesus
macaques (Fig. S4). With the addition of this atlas collection, there are
now three Macaca species that have population-average MRI-based
atlases: N2K atlas for M. nemestrina (Black et al., 2001a, 2004), F6 atlas
for M. fascicularis (Vincent et al., 2007), and the SL atlas collection,
reported here, for M. mulatta. Most importantly, the populationaverage MRI-based SL atlases provide a standardized coordinate space
to report M. mulatta species imaging ﬁndings in addition to an
accompanying T2-weighted and surface-based templates.
Atlas attributes
It has been proposed that a brain atlas should optimize nine
attributes: it should have high spatial resolution, identify cortical
areas, be probabilistic, provide a standard coordinate space, link to
existing atlases, be readily accessible, easily visualized (both volumes
and surfaces), be extensible, and link to a database for experimental
data (Frackowiak et al., 1997; Van Essen and Dierker, 2007).
The D99-SL atlas is a combined histology and high-resolution MRI
atlas of the rhesus macaque (Saleem and Logothetis, 2006). Each
0.5 mm MRI slice has an accompanying set of histological sections and
drawing of the cytoarchitecture. By using D99-SL atlas, we can link
existing knowledge of histology or cortical areas to the probabilistic
atlases. While the histology is from a single monkey, future studies
may be able to utilize the population-average atlases to create
probabilistic maps of the cytoarchitecture in rhesus macaques similar
to what has been created in humans in recent years (Amunts et al.,
2007; Caspers et al., 2006; Eickhoff et al., 2006a; 2006b; Fischl et al.,
2008).
The atlases described here maintain the stereotaxic coordinate
space of D99-SL leading to several beneﬁts. First, by maintaining a
common standardized space, researchers from different laboratories
and/or institutions can report their ﬁndings in the same coordinate
system, analogous to the use of a standardized space such as MNI
(Mazziotta et al., 2001; Mazziotta et al., 1995) for human studies.
Secondly, the creation of a population-average atlas does not bias the
registration procedure towards the shape of any one monkey resulting
in a better alignment across many individuals (Woods et al., 1999;
Woods et al., 1998a; Woods et al., 1998b). These atlases can be used to
align many individual monkeys together to carry out voxel-based
analyses (Ashburner et al., 1998; Friston et al., 1999a; 1999b; Woods,
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1996; Zefﬁro et al., 1997) and such analyses could potentially be
conducted with existing tools such as FSL and SPM (Alexander et al.,
2008; Ashburner, 2007; Ashburner and Friston, 2000; Good et al.,
2001).
These atlases and group-wise probability maps are publicly available
through several sources including SumsDB (http://sumsdb.wustl.edu/
sums/directory.do?id=6716882&dir_name=MCLAREN_EtAl_2009), the
University of Wisconsin (http://www.brainmap.wisc.edu/monkey.
html) the SPM website (http://www.ﬁl.ion.ucl.ac.uk/spm/ext/). The
images are stored in NIFTI format (http://nifti.nimh.nih.gov/nifti-1/) to
preserve the stereotaxic origin and space and can be viewed in many
standard imaging software packages that support NIFTI (e.g. SPM
(University College London, London, UK), FSL (Analysis Group, FMRIB,
Oxford, UK; see—Smith et al., 2004), CARET (Washington University, St.
Louis, MO; see—Van Essen et al., 2001a), and ANALYZE 8.1 (Mayo Clinic,
Rochester, MN; see—Robb, 2001)). Future studies should develop
population-averaged cortical surfaces of these atlas volumes to allow
researchers the ability to conduct studies of the cortical surface in nonhuman primates (Van Essen, 2005). Additionally, methods already
established by Van Essen et al. would allow population-average,
landmark-based surfaces of the rhesus macaque to be used to compare
them to humans via cortical surface mapping (Van Essen and Dierker,
2007; Van Essen et al., 2001a; 2001b).
The methods described here could be adapted to allow the current
atlases to be expanded or create new atlases that would encompass a
larger or narrower age range (e.g. juveniles), yet be directly
comparable to the existing atlases and the D99-SL histology (Saleem
and Logothetis, 2006). In humans, it has been suggested that agespeciﬁc atlases should be developed and used in the analysis of agerelated changes (Van Essen and Dierker, 2007; Wilke et al., 2008).
While we feel that the Template-O-Matic (http://dbm.neuro.uni-jena.
de/software/tom/) is an excellent tool for creating age-speciﬁc atlas;
only 112 monkeys contributed to this atlas, compared to over 400
children that contributed the development of the software package,
which may limit its utility. Alternatively, researchers can use the
priors and the DARTEL toolbox in SPM to create study-speciﬁc atlases
that would still be aligned to the 112RM-SL atlas space (Ashburner,
2007).
We also created a T2-weighted atlas and demonstrated its ability to
be used to normalize T2-weighted scans; however, it would be more
advantageous to have atlases for additional modalities (e.g. diffusionweighted and positron emission tomography), and this will also be the
focus of future work. The inclusion of multi-modal atlases increases
the utility of that the D99-SL stereotaxic space for reporting results,
thereby enabling a more comprehensive and integrated view of the
macaque brain anatomy and function (Toga et al., 2006). Finally,
electrophysiological data could be mapped to the probabilistic atlases
using MR-guided electrophysiology or identifying the electrode
positions on an MRI after the experiment has been completed (Frey
et al., 2004; Kalwani et al., in press; Scherberger et al., 2003; Sultan et
al., 2007; Tolias et al., 2005); thus adding to our understanding of
different brain regions.
We envision that experimental data collected and aligned to these
atlases will be made available through SumsDB and/or another image
databases encouraging meta-analyses of rhesus macaque studies.
Furthermore, there is more than 35 years of electrophysiology and
histology work that is unparalleled in humans that can be potentially
incorporated into these atlases (Crick and Jones, 1993; Kalwani et al.,
in press).
Limitations and concerns
These atlases are only applicable to studies of the rhesus macaque
(M. mulatta); atlases for a handful of other species already exist as
described above. Additionally, our atlases only contain adult monkeys
and may not be generalizable to juvenile rhesus macaques. Although

the ratio of males to females in this atlas is not optimal, it is
approximately equal to that used in human atlases (Evans et al., 1993;
Evans et al., 1994; Mazziotta et al., 2001; Mazziotta et al., 1995). The
largest cohort effects found in the present study were between the
cohorts scanned at high ﬁeld versus the cohort scanned at low ﬁeld.
The effect likely represents a difference due to scanner strength (3.0 T
versus 1.5 T) or receiver coil. While this is a clear limitation, we
included all available subjects in the atlas space to enhance its
generalizability across different data acquisition scenarios. Our prior
gray and white matter maps used only the 3.0 T scans for more valid
tissue segmentation.
Conclusion
Brain imaging in non-human primates is becoming increasingly
common for many experimental applications. Here we present a brain
atlas collection for the adult rhesus macaque (M. mulatta) and review
methods for creating multi-modal atlases using an infrastructure that
will allow voxel- and surface-based approaches that are common in
human brain mapping studies to be readily applied to non-human
primate studies. More importantly, these atlases provide a standardized space that will allow researchers from different institutions to
report coordinate results in a standard space and directly compare
their results.
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