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Human structural neuroimaging studies have supported the preferential effects of healthy aging on frontal cortex, but reductions in other
brain regions have also been observed. We investigated the regional network pattern of gray matter using magnetic resonance imaging
(MRI) in young adult and old rhesus macaques (RMs) to evaluate age effects throughout the brain in a nonhuman primate model of
healthy aging in which the full complement of Alzheimer’s disease (AD) pathology does not occur. Volumetric T1 MRI scans were spatially
normalized and segmented for gray matter using statistical parametric mapping (SPM2) voxel-based morphometry. Multivariate net-
work analysis using the scaled subprofile model identified a linear combination of two gray matter patterns that distinguished the young
from old RMs. The combined pattern included reductions in bilateral dorsolateral and ventrolateral prefrontal and orbitofrontal and
superior temporal sulcal regions with areas of relative preservation in vicinities of the cerebellum, globus pallidus, visual cortex, and
parietal cortex in old compared with young RMs. Higher expression of this age-related gray matter pattern was associated with poorer
performance in working memory. In the RM model of healthy aging, the major regionally distributed effects of advanced age on the brain
involve reductions in prefrontal regions and in the vicinity of the superior temporal sulcus. The age-related differences in gray matter
reflect the effects of healthy aging that cannot be attributed to AD pathology, providing support for the targeted effects of aging on the
integrity of frontal lobe regions and selective temporal lobe areas and their associated cognitive functions.
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Introduction
Studies in human and nonhuman primates have suggested that
frontal lobe-mediated cognitive processes, such as working
memory, are preferentially affected by aging (West, 1996; Albert,
1997; Rapp and Gallagher, 1997; Rypma et al., 2001; Buckner,
2004; Petten et al., 2004; Grady et al., 2006). Human structural
neuroimaging studies support the preferential effects of aging on
frontal cortex, but have also shown effects in temporal, parietal,
subcortical, and cerebellar regions (Raz et al., 1998; Good et al.,
2001; Jernigan et al., 2001; Tisserand et al., 2002; Alexander et al.,
2006). Such human studies, however, cannot exclude the possi-

bility of underlying disease pathology for which clinical symp-
toms have not yet emerged. Brain regions, including parietotem-
poral and frontal association areas, that show prominent cerebral
metabolic reductions in Alzheimer’s disease (AD) with func-
tional neuroimaging (Frackowiak et al., 1981; de Leon et al., 1983;
Duara et al., 1986; Silverman et al., 2001; Alexander et al., 2002)
also show decrements in individuals without clinical symptoms
but with increased genetic risk for AD (Reiman et al., 1996, 2005).

Studying age-related brain changes in nonhuman primates
provides a well established model of aging without the full com-
plement of specific pathological features observed in AD (Kimura
et al., 2003). Previous studies using structural magnetic reso-
nance imaging (MRI) with rhesus macaques observed reductions
in the caudate nucleus and putamen, but found no differences in
hippocampus with increasing age (Matochik et al., 2000; Zhang
et al., 2001; Shamy et al., 2006). These studies used manually
traced volumes and univariate analyses for a limited set of brain
structures. It is widely accepted that cognition depends on re-
gional brain networks (Goldman-Rakic, 1988). Age-related alter-
ations in brain networks may be especially important in deter-
mining the effects of aging on cognition (Burke and Barnes,
2006).
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Voxel-based morphometry (VBM) assesses structural differ-
ences throughout the brain with highly reliable methods (Ash-
burner et al., 2003). Multivariate network analyses, such as the
scaled subprofile model (SSM) (Moeller et al., 1987), test for
regional interactions that can reflect the distributed effects of
aging or disease and associated alterations in functional or ana-
tomical connectivity. The SSM has been applied in numerous
human functional neuroimaging studies (Alexander and
Moeller, 1994; Moeller and Eidelberg, 1997; Alexander et al.,
1999; Habeck et al., 2003; Smith et al., 2006). Previous studies of
healthy human aging using SSM analysis with structural MRI
VBM identified age-related gray matter patterns that included
reductions in dorsolateral prefrontal and temporal regions (Al-
exander et al., 2006; Brickman et al., 2007).

In the present study, we used SSM network analysis with MRI
VBM in young adult and aged rhesus macaques. Two primary
hypotheses were tested: (1) that brain regions known to be pref-
erentially affected in healthy human aging, including prefrontal
and temporal areas, would be reduced in older rhesus monkeys,
as part of a regionally distributed network of age-related effects
on gray matter volume; and (2) that individual differences in the
expression of the age-related pattern would be associated with
decrements in working memory performance, a cognitive ability
known to be associated with age-related decline in humans
(Grady and Craik, 2000).

Materials and Methods
Subjects. Nineteen rhesus macaques (Macaca mulatta) were included in
the study, consisting of seven young (mean age � SD, 10.0 � 1.8; range,
7.7–12.4 years; five males, two females) and 12 old (mean age � SD,
23.5 � 2.7; range, 19.8 –27.5 years; eight males, four females) adults. The
age groups differed in mean age (t(17) � 11.64; p � 0.0001), but did not
differ in distributions of gender (Fisher’s exact test, p � 0.62). The age of
each monkey can be multiplied by a factor of 3 to provide an approximate
comparison to human aging (Tigges et al., 1988). Most of the animals
were housed in pairs and were provided environmental enrichment, in-
cluding monitored socialization in a large pen, behavioral testing, and
regular fruits and vegetables.

Standard rations of laboratory primate chow were provided on a
twice-daily regimen without dietary restrictions. Water was provided in
the home cage on an ad libitum basis and the primate colony was kept on
an alternating 12 h light/dark cycle schedule. All experimental proce-
dures were performed in accordance with National Institutes of Health
guidelines and were approved by Institutional Animal Care and Use
Committees at the California National Primate Research Center and the
University of California, Davis.

Image acquisition. MRI scans were acquired with a 1.5 Tesla GE Signa
Horizon LX NV/i scanner (GE Medical Systems, Waukesha, WI) at the
University of California Davis Imaging Research Center (Sacramento,
CA). Each animal was first anesthetized with ketamine (20 mg/kg, i.m.)
and atropine (0.4 mg/kg, i.m.). Head position was maintained through-
out the scanning session using an MRI-compatible stereotaxic frame.
Volumetric T1-weighted MRI scans were acquired in the coronal plane
with 80 contiguous, 1-mm-thick slices using a radiofrequency-spoiled
gradient-recalled echo sequence [three-dimensional spoiled gradient-
recalled acquisition in a steady state, repetition time, 21 ms; echo time,
7.9 ms (full echo); flip angle, 30°; field of view, 16 cm � 16 cm; matrix,
256 � 256; number of excitations, 4 (with no phase wrap option), band-
width, 15.63 kHz].

Image processing. The MRI scans were initially processed using MRIcro
(Rorden and Brett, 2000) image-processing software to manually seg-
ment the total brain volume from the major surrounding nonbrain tis-
sue. This “skull stripping” procedure was performed for each scan by a
single individual (M.A.) with manual tracing of the total brain area on
each coronal section combined over all slices to create a total brain mask
for nonbrain tissue segmentation and to produce a measure of total brain

volume (TBV). High inter-rater (0.98) and intra-rater (0.96) reliabilities
for this total brain segmentation procedure were obtained using a subset
of the young and old rhesus monkey scans. The scans were then pro-
cessed using in-house developed software written with Matlab (Math-
Works, Natick, MA) combined with the statistical parametric mapping
(SPM2; Wellcome Department of Imaging Neuroscience, London, UK)
program to implement optimized VBM preprocessing procedures (Ash-
burner and Friston, 2000; Good et al., 2001) and SSM network analysis
for structural MRI on a voxel basis (Moeller et al., 1987; Alexander and
Moeller, 1994; Alexander et al., 2006) adapted for the rhesus macaque.

Briefly, we first developed an iterative process to create a customized
MRI template and its associated tissue priors using the 19 MRI scans to
subsequently segment gray matter images after spatial normalization to
the customized template. For the creation of the MRI template, we first
selected a single representative scan from an initial subsample of four
young and four old rhesus monkey MRI scans. The single scan served as
a target image so that the segmented tissue maps for each of the eight MRI
scans from the subsample could be spatially normalized to this single
scan. The tissue segmentation for each of the eight scans started with a
visual determination of the thresholds that distinguish the gray, white,
and CSF components based on the original T1 images to provide initial
tissue priors used to subsequently segment the images with the cluster
analysis procedure based on the modified mixture model as imple-
mented in SPM (Ashburner and Friston, 1997). The selection of tissue
intensity values for use as a starting point with automated segmentation
approaches has been used previously in MRI studies of the rhesus ma-
caque (Andersen et al., 1999). Once segmented, each of the segmented
tissue maps from the eight raw MRI scans were spatially normalized to
the corresponding tissue maps from the single target MRI and the result-
ing normalization parameters were applied to each of the eight raw MRI
scans.

The images from the eight spatially normalized scans were then aver-
aged to provide tissue priors for subsequent customized template con-
struction for the whole sample of 19 rhesus monkey MRI scans. In addi-
tion, the mean image from the eight spatially normalized images was
smoothed with an 8 mm Gaussian filter to create an initial rhesus monkey
spatial normalization template derived from representative young and
old adult MRI scans. The template generation steps described above were
then repeated to create a customized template for the full sample of 19
MRI scans using tissue segmentation priors derived from the eight scan
subsample tissue priors, spatially normalizing each of the 19 scans to the
eight scan subsample template, averaging the 19 spatially normalized
images, and smoothing the resulting mean image to 8 mm. Figure 1
shows the average whole-brain image from the full sample-specific cus-
tomized MRI template for the rhesus monkey scans.

Using the full sample-specific template, each rhesus monkey MRI scan
was processed following optimized VBM procedures, in which segmen-
tation priors from the full sample template were used for spatial normal-
ization and segmentation of the gray matter maps. Each gray matter map
was then multiplied by the Jacobian determinant, modulating the voxel
values to preserve volume information after spatial normalization. An 8
mm Gaussian kernel was then applied to the gray matter maps to provide
voxel-based maps of smoothed gray matter volume. Quality assurance
review was performed for the images produced at each step for template
generation, image postprocessing, and analysis.

Behavioral testing procedures. The behavioral apparatus and testing
procedures used in this study have been described in detail previously
(Rapp and Amaral, 1991; O’Donnell et al., 1999; Rapp et al., 2003).
Briefly, a modified Wisconsin General Test Apparatus (WGTA) (Harlow
and Bromer, 1938) was used for all behavioral testing. The WGTA was
composed of a chamber with vertical bars situated in front of a tray for
stimulus presentation. The tray included three equally spaced wells, one
of which was baited with a food reward during testing. Separate clear
Plexiglas and opaque screens, controlled by the experimenter, were used
to limit the animal’s physical access to the wells and to impose retention
interval delays during testing, respectively. A one-way mirrored screen
allowed the tester to remain undetected while observing the animal’s
performance. Five young and 11 old monkeys received behavioral testing
to assess aspects of recognition memory performance using delayed re-
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sponse (DR) and delayed nonmatching to sam-
ple (DNMS) tasks. The DR task assesses work-
ing memory performance over varying delay
intervals, thought to primarily depend on fron-
tal brain functions and rhesus monkeys have
previously shown age-related reductions in this
task (O’Donnell et al., 1999). The DNMS task
assesses aspects of recognition memory for
rule-based learning that has been associated
with reduced performance because of lesions
localized to the temporal lobe, as well as in re-
lation to aging effects (Moss et al., 1988; Rapp
and Amaral, 1989; Herndon et al., 1997; Buffalo
et al., 2000; Saksida et al., 2006).

In the DR task, training began with a no-
delay condition in which the subject observed
the tester bait one of the two lateral wells of the
stimulus tray with a food reward. Both wells
were then covered and the subject was given the
opportunity to respond after the clear Plexiglas
screen was raised. The subject was allowed to
retrieve the food reward after a correct re-
sponse. The test sessions included 30 trials per
day administered with a 20 s intertrial interval.
During each test session, a pseudorandom or-
der was used to assure that the left and right
wells were baited with the food reward with
equal frequency. After reaching the 90% correct
criterion with the no-delay training (i.e., nine
or fewer errors in nine consecutive 10-trial
blocks), a 1 s delay was imposed by lowering the
opaque screen of the WGTA between the bait-
ing and response portion of each trial and the
subjects were tested until they achieved the 90%
correct criterion. The memory demands of the
DR task were then increased by adding succes-
sively longer retention intervals of 5, 10, 15, 30,
and 60 s. Testing for each retention interval in-
cluded a total of 90 trials with 30 trials administered per day.

In the DNMS task, each trial began with a sample object placed over
the baited central well of the WGTA. After hiding the stimulus from view
for a specified time interval, the sample object was presented together
over the lateral wells with a novel stimulus that covered a food reward.
Pairs of objects were drawn from a collection of 400 stimuli so that each
trial consisted of unique stimulus pairs and rewarded items were pre-
sented over the left and right wells of the WGTA with equal frequency.
Monkeys were tested with 20 trials per day for 5 d per week with a 10 s
delay until performance reached a criterion of 90% correct over 100
trials. Once the nonmatching rule of the DNMS task was learned to
criterion, testing proceeded with progressively longer retention intervals,
including 15, 30, 60, and 120 s with 20 trials/d for 5 d for each interval,
and 600 s with 5 trials/d for 10 d.

Summary measures of task performance were computed as the average
percentage correct across delay intervals for the DR (5– 60 s) and DNMS
(15– 600 s) tasks (O’Donnell et al., 1999; Calhoun et al., 2004; Small et al.,
2004; Shamy et al., 2006) to test associations with the age-related MRI
SSM network pattern.

Statistical analysis of imaging and behavioral performance. SSM net-
work analysis was subsequently performed on a voxel-basis for the VBM
gray matter maps. The assumptions and procedures of the SSM have
been described in detail previously (Moeller et al., 1987; Alexander and
Moeller, 1994) and SSM has been previously applied to MRI VBM gray
matter maps in human studies of aging (Alexander et al., 2006; Brickman
et al., 2007). SSM analysis represents a modified form of principal com-
ponent analysis (PCA) that identifies spatial covariance patterns in neu-
roimaging data related to external variables, such as demographic char-
acteristics, cognitive performance, or biological and genetic factors.

In the SSM, mean voxel values across regions and subjects for the
natural log transformed gray matter volume maps, at each voxel for each

subject, are subtracted. These SSM transformations effectively normalize
each voxel for total gray matter and subject differences before the PCA to
extract the variance reflecting the region by subject interaction in the
MRI data. We performed the SSM on VBM gray matter maps to identify
patterns of gray matter associated with age in this sample of young and
old rhesus macaques. Multiple-regression analyses were used to identify
the best set of SSM component patterns predicting age group. Gender
and TBV were subsequently added as initial covariates to the age group
regression model to test for their potential influence on the SSM age
group pattern. Subject scores for the observed age-related pattern were
tested in relation to behavioral performance for the DR and DNMS tasks.
For this purpose, a summary score for each procedure was calculated as
the mean performance across all memory delays tested after initial task
acquisition (O’Donnell et al., 1999; Calhoun et al., 2004; Shamy et al.,
2006). These values were used to evaluate individual differences in pat-
tern expression for the age-related network of MRI gray matter in the old
rhesus monkeys and in both age groups combined. The behavioral spec-
ificity of correlates with age-related pattern expression was subsequently
tested for both the DR and DNMS summary measures, after first con-
trolling for task performance on DNMS and DR summary scores, respec-
tively. A significance threshold of p � 0.05 was used in the regression
models to test the hypothesized associations between the age-related gray
matter pattern and memory performance.

A bootstrap resampling procedure (Efron and Tibshirani, 1994) was
performed with 500 iterations to provide reliability estimates for the
observed SSM pattern weights associated with the age group difference in
this sample. In the implementation of the bootstrap procedure for the
SSM, the initial linearly combined pattern point estimate is divided by
the SD from the bootstrap procedure for each voxel to produce a spatial
covariance pattern with reliable estimates of the regional contributions to
the network pattern of interest (Habeck et al., 2005). Regional minima

Figure 1. MRI template for the rhesus macaque. A customized MRI template was created for the sample of 19 MRI scans using
SPM2 voxel-based morphometry and an iterative procedure using sample-specific segmentation priors adapted for the rhesus
macaque. The average whole-brain template is shown in sagittal, coronal, and axial views.
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and maxima voxels from the SSM bootstrapped image pattern weights
were selected with a Z estimate threshold value ��2.5� and were super-
imposed on the full sample MRI T1 customized template for localization
in relation to a standard neuroanatomical atlas of the rhesus monkey
(Paxinos et al., 2000). The anatomical locations for the major contribut-
ing regions in the age-related network pattern were initially identified by
a single individual (M.A.) and were subsequently confirmed by a second
individual (G.A.) for each of the major pattern locations on the template.

Analyses of behavioral performance were performed using repeated-
measures ANOVA and Huynh–Feldt adjustment with age group as the
between-subject factor and retention interval as the within-subject fac-
tor. Follow up pairwise group comparisons for the individual retention
intervals were performed with the nonparametric Mann–Whitney
(M–W) U test to address possible ceiling or floor effects when evaluating
age group differences for the smaller subgroups receiving behavioral
testing. Differences between the groups in age and gender for the total
sample were tested by an unpaired t test and Fisher’s exact test,
respectively.

Results
Behavioral characterization of the sample
The behavioral performances of the young (n � 5) and old (n �
11) adult monkey groups are shown in Figure 2. For the DR task,
there was a significant main effect for retention interval (F(3,47) �
40.15, p � 0.0001) indicating a decline in performance with in-
creasing retention interval in both groups. Despite an observable
numerical difference, the group (F(1,14) � 1.38, p � 0.26) and
group by retention interval interaction (F(3,47) � 0.46, p � 0.73)
effects were not statistically significant (Fig. 2). The groups also
did not differ in trials to criterion for the zero (mean � SD young
trials, 115.8 � 86.2; mean � SD old trials, 149.1 � 287.5; M–W,
z � �0.65, p � 0.52) and 1 s delays (mean � SD young trials,
70.0 � 121.2; mean � SD old trials, 135.5 � 161.4; M–W, z �
�1.01, p � 0.31). Performance in the aged group was comparable
with the impaired DR accuracy observed in larger numbers of
aged subjects from the same study population (O’Donnell et al.,
1999), consistent with findings from many other studies (Bartus
et al., 1978; Arnsten and Contant, 1992; Arnsten and Jentsch,
1997), and among the relatively small groups available for the
present analysis, the absence of a significant group effect was
primarily attributable to variance in the test scores for the young
adult group.

For the DNMS task, there were significant main effects of
group (F(1,14) � 16.81, p � 0.001) and retention interval (F(3,47)

� 31.44, p � 0.0001), as well as a significant group by retention
interval interaction (F(3,47) � 3.10, p � 0.03), confirming the
expected decline in performance with increasing retention that
was greater in the old than young group. Follow-up group com-
parisons showed that old monkeys performed more poorly than
the young subjects at the 15, 30, 120, and 600 s retention intervals
(0.002 � p values � 0.05) (Fig. 2). Although the subjects scored at
comparable criterion levels of accuracy before testing with in-
creasingly challenging memory delays, the old monkeys (mean �
SD trials, 895.5 � 361.9) required more trials than did the young
group (mean � SD trials, 221.8 � 144.8) to reach criterion per-
formance on the training condition with the 10 s retention inter-
val (M–W, z � �2.78, p � 0.006).

Age-group differences in MRI gray matter
The difference between the young and old rhesus monkey groups
in the SSM analysis of the VBM processed MRI data were initially
tested using a multiple regression model with SSM subject scores
for the first eight component patterns, which accounted for the
top 80% of the variance in the MRI data. This model, including all
eight patterns, significantly predicted age group (F(8,10) � 3.68,
p � 0.029). A linear combination of the second and third com-
ponent pattern subject scores was the best predictor of chrono-
logical age group, accounting for 52% of the variance (F(2,16) �
8.62, p � 0.003) (Fig. 3). Subject scores for the two contributing
component patterns each significantly predicted age group (pat-
tern 2, t(10) � �2.44, p � 0.035; pattern 3, t(10) � �3.80, p �
0.003) with no other SSM patterns accounting for significant
variance in the model. After entering TBV (F(1,17) � 1.01, p �
0.33) and gender (F(1,16) � 0.09, p � 0.77) into the model, neither
contributed significantly and the variance explained by the com-
bination of the two SSM component patterns in age group was
unchanged, accounting for 53.6% of the variance (F(1,15) � 19.98,
p � 0.0001). Bootstrap resampling of the linearly combined pat-
tern of the second and third SSM components was characterized
by gray matter volume reductions indicated by voxels with max-

Figure 2. Behavioral performance comparing the young (n � 5) and elderly (n � 11) adult
rhesus monkey groups on DR and DNMS tasks. Left, The comparison between age groups for the
DR task with multiple retention intervals. Right, The age-group comparisons for the DNMS task
for increasing retention intervals. The y-axes for both graphs show the percentage correct
performance, whereas the retention intervals administered for each task are shown on the
x-axes. Average performance with error bars indicating SEM is shown for each retention inter-
val. Significant group differences using the nonparametric Mann–Whitney U test are indicated
by *p � 0.05, **p � 0.02, and ***p � 0.002.

Figure 3. Multiple regression of SSM subject scores from the network analysis of MRI voxel-
based morphometry in young adult (n � 7) and elderly (n � 12) rhesus macaques. The scat-
terplot shows that the aged monkey group has a higher expression of the MRI age-related
network pattern than does the young monkey group. The age-related network subject scores
were derived from the linear combination of the second and third SSM component patterns.
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imal negative z scores mainly occurring in the vicinities of bilat-
eral dorsolateral prefrontal cortex (�3.73 � z � �2.74), bilateral
ventrolateral prefrontal and orbitofrontal sulcal areas (�3.71 �
z � �2.73), a small right visual cortex region (�2.84 � z �
�2.72), and regions in the vicinities of bilateral superior tempo-
ral sulci (�3.65 � z � �2.96) and lateral fissures (�3.12 � z �
�2.58). Areas with relative increases indicated by voxels with
maximal positive z scores were observed in vicinities of the bilat-
eral globus pallidus (2.73 � z � 2.83), a left visual cortex region
(2.94 � z � 3.32), an area in the left cerebellum (z � 2.74), and a
region in the left parietal area (z � 2.97) (Fig. 4).

Associations of age-related MRI gray matter network with
behavioral performance
In the total sample of rhesus macaques, poorer performance on
the DR task summary score was associated with higher expression
of the linearly combined SSM age-related pattern (r � �0.64,
F(1,14) � 9.48, p � 0.008) (Fig. 5). The association between per-
formance on the DNMS summary score and age-related pattern
expression was not significant (r � �0.41, F(1,14) � 2.87, p �
0.11), but a higher number of trials to criterion during the train-
ing phase of the DNMS task was associated with greater expres-
sion of the age-related SSM pattern (r � 0.52, F(1,14) � 5.29, p �
0.037). Trials to criterion during the zero and 1 s delay training
conditions for the DR task were not related to age-related SSM
pattern expression ( p values � 0.55).

After entering the DNMS summary measure into the regres-
sion model as an initial covariate, the association between the

age-related pattern expression and performance on the DR task
summary score remained significant (rpartial � �0.59, F(1,13) �
6.88, p � 0.021). After we controlled for performance on the DR
summary measure, the association between the age-related

Figure 4. MRI gray matter pattern reflecting the linear combination of two SSM components whose subject scores predicted age group in the rhesus macaques. Voxels with SSM pattern weights
are superimposed on axial slices from the SPM2 customized template for the rhesus macaque. The blue end of the color scale indicates brain regions showing lower gray matter volume with older
age, whereas the orange end of the scale shows areas of relative increased gray matter with increasing age. Thus, a subject with a high positive score for this age-related pattern has relatively greater
reductions in the blue areas and relatively greater covarying increases in the orange areas. Only voxels with z scores ��2.5� after bootstrap resampling to provide robust regional pattern weights are
shown. Notable regions of reduction (blue) with older age are observed (from top to bottom rows), mainly in the vicinities of the bilateral superior temporal sulcus, lateral fissure, and ventrolateral
and dorsolateral prefrontal regions, whereas relative increases (orange) are seen in the vicinities of left cerebellum, left visual cortex, bilateral globus pallidus, and a left parietal region. That the older
monkeys had a higher mean network age pattern score, with most of them having scores that were higher than the young and in the positive range, is consistent with a higher expression of the
hypothesized age-related regional pattern in that group, including greater reductions in the blue areas than in the young. L, Left; R, right.

Figure 5. Regression analyses showing the association between behavioral performance on
a DR task summary score with the subject scores from the age-related network SSM pattern. The
old rhesus macaques are shown by filled circles and the young macaques have open circles in the
scatterplot. A higher expression of the network age pattern is associated with poorer task
performance for both the young and old groups combined (r ��0.64, p � 0.008, n � 16), as
well as for the old macaque group alone (r � �0.63, p � 0.038, n � 11).
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pattern expression and performance on the DNMS task summary
score was not significant (rpartial � �0.30, F(1,13) � 1.28, p �
0.28).

In the old rhesus monkey group, higher expression of the
linearly combined age-related pattern was associated with poorer
performance on the DR summary score (r � �0.63, F(1,9) � 5.93,
p � 0.038) (Fig. 5). There was no association between the DNMS
summary measure and the SSM age-related pattern subjects
scores (r � 0.13, F(1,9) � 0.16, p � 0.70). After we controlled for
performance on the DNMS summary score, the association be-
tween the age-related pattern expression and performance on the
DR summary score in the old group remained significant (rpartial

� �0.64, F(1,8) � 5.41, p � 0.05). There was no significant asso-
ciation between DNMS and the SSM age-related pattern, after
performance on the DR summary score was entered as an initial
covariate (rpartial � 0.16, F(1,8) � 0.22, p � 0.65). There were also
no associations between trials to criterion during training on the
DR or DNMS tasks with pattern expression in the old monkey
group ( p values � 0.56).

Discussion
MRI assessed on a voxel basis in young and old adult rhesus
macaques using multivariate SSM network analysis revealed a
regionally distributed age-related pattern of gray matter volume
showing reductions, including in dorsolateral prefrontal regions,
ventrolateral prefrontal and orbitofrontal sulcal areas, and re-
gions in the vicinities of the superior temporal sulcus and lateral
fissure. This study represents the first application of network
analysis with structural MRI to a nonhuman primate model of
healthy aging to characterize the regional extent of aging effects
throughout gray matter. The findings are consistent with previ-
ous studies of healthy aging in humans that have used region of
interest and similar voxel-based univariate and multivariate
methods, showing preferential effects of aging on selective pre-
frontal and temporal brain regions (Sullivan et al., 1995; Raz et
al., 1998; Tisserand et al., 2002; Alexander et al., 2006; Brickman
et al., 2007). Neuronal loss and disorganization in regions of the
dorsolateral prefrontal cortex have been associated with age-
related cognitive effects in rhesus monkeys (Cruz et al., 2004;
Smith et al., 2004). That we did not observe reductions in medial
temporal lobe structures as part of the voxel-based age-related
pattern is consistent with previous findings showing no age-
related reductions in manually traced hippocampal volumes in
rhesus macaques (Shamy et al., 2006). These findings suggest that
the reports of hippocampal reductions with similar MRI methods
in healthy elderly humans may reflect very early effects of AD or
increased risk for AD (Buckner, 2004).

With SSM network analysis, we found areas with relative in-
creases in gray matter in vicinities of the cerebellum, globus pal-
lidus, a small area in visual cortex, and a parietal region with
increasing age. Previous studies of aging in the rhesus macaque
reported reduced volumes in basal ganglia structures using man-
ually defined regions, including in the caudate nucleus and puta-
men, but found no age-related reductions in globus pallidus
(Zhang et al., 2001). In contrast, voxel-based network analysis
did not identify reductions in the caudate or putamen as part of
the age-related pattern. Previous studies reporting volume reduc-
tions in subregions of the basal ganglia have observed age effects
when including adolescent monkeys (ages �7 years) in regres-
sion or group analyses for comparison with aged monkeys (ages
�20 years), whereas studies including young to middle aged
adults (ages 10 –18 years) showed less observable differences rel-
ative to the aged group (Matochik et al., 2000, 2004; Zhang et al.,

2001). Although some reductions in caudate nucleus and puta-
men may continue to progress throughout the aging process, our
findings comparing mature young adults with aged monkeys
suggest that reductions in these basal ganglia subregions may not
have a primary role in defining the major age-related regional
decline that occurs in the transition from young adulthood to
advanced aging in the rhesus monkey.

A previous study of healthy human aging using positron emis-
sion tomography (PET) with large regions of interest and the
same PCA-based multivariate analysis used in the current study
to measure regional cerebral glucose metabolism (rCMRglu)
showed age-related patterns that included reductions in prefron-
tal brain regions with relatively higher metabolism in cerebellum,
basal ganglia, and areas in occipital cortex (Moeller et al., 1996).
Zuendorf et al. (2003) observed regions of hypometabolism using
a voxel-based PCA analysis of PET rCMRglu in healthy human
aging that included reductions in prefrontal cortex and caudate
nucleus, but reported relative preservation in putamen, cerebel-
lum, occipital cortex, thalamus, and primary motor cortex. In a
nonhuman primate study of PET rCMRglu with selected frontal
and temporal regions of interest, reductions in orbitofrontal glu-
cose metabolism was associated with increasing age in a group of
old adult rhesus macaques (Eberling et al., 1997).

Together with our previous and current MRI gray matter
findings, these results suggest that reductions in frontal cortex
function and structure with increasing age are most consistently
observed in both human and nonhuman primates, whereas the
nature of age-related alterations in basal ganglia subregions ap-
pear more variable. The relative increases observed in our study
may reflect preservation of gray matter, but may also be related to
age-related changes in brain shape or segmentation. Future lon-
gitudinal studies of the change in MRI gray matter morphology
with age in the rhesus macaque may be helpful in clarifying the
physiological implications of the observed aging effects in cortical
and subcortical brain regions.

It is also noteworthy that findings from the current study
showed bilateral age-related gray matter reductions in regions
within the temporal poles, which were not observed in our pre-
vious MRI study in humans (Alexander et al., 2006). The tempo-
ral poles have been implicated in the recognition and processing
of semantic knowledge in humans and socially meaningful vocal-
izations in nonhuman primates (Poremba et al., 2004; Dehaene-
Lambertz et al., 2006; Zahn et al., 2007). Such cognitive processes
remain preserved in healthy human aging. Our findings suggest
the possibility that these and related abilities may be preferen-
tially altered by aging in the rhesus macaque. Additional studies
are needed to address this question.

We found prominent reductions in the dorsolateral prefrontal
regions, ventrolateral prefrontal and orbitofrontal sulcal areas,
and in vicinities of the superior temporal sulcus and lateral fissure
with advanced aging in the rhesus monkey. It is possible that
these frontal and temporal regions only begin to decline on MRI
with the transition from mature young adulthood to advanced
aging after alterations in other brain structures, like the caudate
and putamen, occur in the transition from adolescence to young
adulthood. Such a model of brain aging suggests a regionally
distributed progression of preferentially affected brain regions
that are diminished at differing rates during different stages of the
aging process in the rhesus macaque. Alternatively, the prefrontal
and superior temporal sulcal regions may decline monotonically
throughout the course of aging in the rhesus monkey. Additional
study is needed to evaluate how regional network patterns of gray
matter differ when adolescent monkeys (ages �7 years) are in-
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cluded to identify the regional effects of aging over the full spec-
trum from very young to advanced aging.

The observed differences in age effects between studies may
also be related to the methodological differences. Although VBM
provides a highly reliable and unbiased approach for evaluating
regional differences throughout the brain (Ashburner et al.,
2003), tissue segmentation for voxel-based methods can be dif-
ferentially sensitive to effects in some brain regions. It is possible
that the lack of age-related reductions in the caudate and puta-
men, as well as the observed relative preservation in the vicinity of
the globus pallidus may be related to differences in the quality of
tissue segmentation for such subcortical structures. Studies using
other tissue segmentation methods may further clarify this ques-
tion. The associations between the SSM age-related network sub-
ject scores and DR task performance in our sample supports the
hypothesis that the gray matter reductions in this study have
behavioral consequences. Furthermore, the regional reductions
in this study showed comparability with SSM VBM network anal-
ysis of age-related gray matter reductions in human studies, with
regionally distributed patterns including reductions in dorsolat-
eral prefrontal and perisylvian regions (Alexander et al., 2006,
Brickman et al., 2007).

We found that individual differences in the expression of the
MRI SSM pattern were associated with DR task performance, but
not with DNMS summary scores. Both the DR and DNMS tasks
involve memory functions that have been associated with age
effects in rhesus monkeys (Rapp and Amaral, 1989; Rapp and
Gallagher, 1997; Shamy et al., 2006). Whereas the DR task has
been mainly associated with frontal lobe mediated working
memory processing, the DNMS task involves aspects of recogni-
tion memory and has been shown to be specifically impaired with
selective lesions in the perirhinal cortex (Buffalo et al., 2000; Sak-
sida et al., 2006). Our findings suggest that individual differences
in the expression of the age-related gray matter pattern are
strongly related to differences in DR task performance. This find-
ing was observed for both the total sample and when analyses
were restricted to the aged monkey group, as well as after we
statistically controlled for DNMS summary score performance.
Although the age-related pattern was not significantly associated
with the DNMS summary measure that averages performance
across delays, more trials to reach criterion during training on
this task, in which a 10 s delay is used, was associated with a higher
expression of the age-related pattern in the total sample. This
latter finding suggests that age-related reductions in the observed
frontal and temporal brain regions may also have a role in dimin-
ishing the rate or efficiency of learning during acquisition of the
DNMS task in which a shorter delay interval is used.

The aging process may lead to cognitive decline by altering
vulnerable brain regions that affect the neural systems that sup-
port higher order cognitive abilities (Li et al., 2001; Tisserand and
Jolles, 2003; Burke and Barnes, 2006). Healthy aging may exert its
major effects on the brain and its associated cognitive functions
through direct alterations of preferentially affected brain regions,
brain areas which are not the primary site of aging effects but may
be part of a distributed network that are altered through connec-
tions with directly affected vulnerable areas, or the efficiency of
connections between such regions. It has been suggested that the
aging brain may have a reserve capacity that must be sufficiently
depleted for cognitive impairment to be observed (Stern et al.,
1992, 1995, 2005; Alexander et al., 1997). Unlike the profound
pathological effects of AD, the comparatively subtle changes in
cellular morphology, neurochemical function, microvascular
plasticity, and synaptic transmission found in healthy aging may

have major roles in the development of age-related cognitive de-
cline (Barnes, 2001; Morrison and Hof, 2003; Burke and Barnes,
2006).

In addition, a growing number of human neuroimaging stud-
ies have suggested the potential importance of white matter
changes in elucidating the effects of healthy aging on information
processing (Good et al., 2001; Sullivan et al., 2001; Bartzokis et al.,
2003; Sullivan and Pfefferbaum, 2006). Support for age-related
alterations in frontal white matter integrity in rhesus macaques
has been reported (Peters et al., 1996; Makris et al., 2007). Addi-
tional study is warranted to investigate the regional effects of
aging on MRI white matter in the rhesus macaque and to test the
potential association with the age-related gray matter pattern ob-
served in this study.

That the full complement of the hallmark features of AD pa-
thology is not observed in nonhuman primates provides the
unique opportunity to test the effects of aging on the brain dis-
tinct from the potential contribution of incipient AD-type de-
mentia. The similarity between the present findings and those
showing prefrontal reductions in aging humans suggests a com-
mon age-related alteration in brain structure across primates.
Furthermore, using the combination of MRI VBM with SSM
network analysis in this nonhuman animal model of aging pro-
vides a method to evaluate regionally distributed age-related ef-
fects and to test individual differences caused by aging through-
out the gray matter in relation to measures of behavior or other
variables of interest. With SSM, the observed network pattern can
be prospectively applied to independent samples and can be used
to evaluate how pattern expression is altered by experimental
manipulations in the same sample. Furthermore, the use of mul-
tivariate SSM network analysis provides a complement to univar-
iate region of interest and voxel-based analyses that may further
advance our understanding of the distributed neural systems af-
fected by aging, help in tracking the progression of age effects,
and may be potentially useful in evaluating interventions de-
signed to delay or diminish the effects of brain aging and associ-
ated cognitive processes.
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