
Systems/Circuits

Network Patterns Associated with Navigation Behaviors Are
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The ability to navigate through space involves complex interactions between multiple brain systems. Although it is clear that spatial
navigation is impaired during aging, the networks responsible for these altered behaviors are not well understood. Here, we used a
within-subject design and [ 18F]FDG-microPET to capture whole-brain activation patterns in four distinct spatial behaviors from young
and aged rhesus macaques: constrained space (CAGE), head-restrained passive locomotion (CHAIR), constrained locomotion in space
(TREADMILL), and unconstrained locomotion (WALK). The results reveal consistent networks activated by these behavior conditions
that were similar across age. For the young animals, however, the coactivity patterns were distinct between conditions, whereas older
animals tended to engage the same networks in each condition. The combined observations of less differentiated networks between
distinct behaviors and alterations in functional connections between targeted regions in aging suggest changes in network dynamics as
one source of age-related deficits in spatial cognition.
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Introduction
The ability to navigate environments effectively involves orches-
trated interactions among many brain regions. Despite the widely

varying ages at which an animal is considered to be “old,” re-
duced spatial navigation accuracy has been reported in all aged
mammals studied (Barnes, 1979; Rapp et al., 1997; Moffat et al.,
2001; Samson and Barnes, 2013). Therefore, developing an un-
derstanding of how advanced age affects neural circuits that sup-
port spatial navigation is imperative for promoting positive
health outcomes in older populations. Electrophysiological and
MRI methods used to examine this question in humans and ro-
dents each have distinct strengths and drawbacks with respect to
identifying which networks are responsible for altered spatial
cognition with age (Barnes et al., 1997; Moffat and Resnick, 2002;
Wilson et al., 2005; Wiener et al., 2013). For example, high-
density ensemble recording methods applied in rodents can be
conducted during unrestrained behavioral states and have out-
standing temporal resolution (Wilson and McNaughton, 1993;
Rosenzweig et al., 2003), but the number of brain regions that can
be recorded simultaneously is limited compared with the broader
brain surveys possible with noninvasive MRI methods (Poser et
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Significance Statement

We report how whole-brain networks are involved in spatial navigation behaviors and how normal aging alters these network
patterns in nonhuman primates. This is the first study to examine whole-brain network activity in young or old nonhuman
primates while they actively or passively traversed an environment. The strength of this study resides in our ability to identify and
differentiate whole-brain networks associated with specific navigational behaviors within the same nonhuman primate and to
compare how these networks change with age. The use of high-resolution PET (microPET) to capture brain activity of real-world
behaviors adds significantly to our understanding of how active circuits critical for navigation are affected by aging.
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al., 2010; Goense et al., 2010). Virtual navigation paradigms that
can be administered in the scanner in humans, however, do not
allow free locomotion.

Both high-density rodent recording studies and virtual navi-
gation paradigms in humans have implicated the hippocampus
and other temporal lobe regions as contributors to spatial mem-
ory and navigation impairments in aging (Barnes et al., 1997;
Moffat et al., 2001; Moffat and Resnick, 2002; Wilson et al., 2005;
Konishi and Bohbot, 2013; Wiener et al., 2013). Studies in hu-
mans have also identified a number of other cortical and subcor-
tical regions, in addition to the hippocampus, that are active
during virtual navigation paradigms (Aguirre et al., 1996; Magu-
ire et al., 2000; Hartley et al., 2003; Bohbot et al., 2007; Ekstrom et
al., 2009). Although the possibility exists that participants can
implement different behavioral strategies to solve a given prob-
lem (Head and Isom, 2010), older adults have been found to show
reduced functional activation in fMRI studies during virtual en-
vironment navigation (Moffat et al., 2006). The present study was
designed explicitly to examine brain activity after different forms
of locomotion through space, including completely free move-
ment, in a nonhuman primate model of normal aging.

FDG-microPET was used to examine metabolic activity in-
duced by unrestrained and controlled locomotion behaviors

emitted immediately before scanning. For the purposes of the
present experiment, we refer to “navigation” as the state in which
the monkey is free to forage for food reward with no restraint in
locomotion other than the boundaries of the enclosure with full
optic flow and vestibular components engaged. Whole-brain ac-
tivation patterns evoked by this type of navigation behavior and
three control behaviors are examined within the same individual
young and old monkeys as follows: unconstrained locomotion
(WALK), head-restrained passive locomotion (CHAIR), con-
strained locomotion in space (TREADMILL), and constrained
space (CAGE) (Fig. 1). This allowed us to address two fundamen-
tal hypotheses: (1) that distinct networks will be engaged and
activated differentially during different forms of locomotion and
(2) that age will alter the composition of these networks across the
different behavioral conditions.

Materials and Methods
Subjects. Three young and three aged (Table 1) rhesus macaques (Macaca
mulatta) participated in our real-world freely moving conditions and
restrained and constrained locomotion conditions (equivalent human
age range �24 – 84 years). The behavioral conditions were followed by
microPET scans to determine differential activation of specific areas of
the brain under different types of movement protocols, as described in

Figure 1. Photographs illustrating the four experimental treatments in our constrained, restrained, and unconstrained locomotion behaviors. These included constrained space (a; CAGE),passive
locomotion through the 6 m enclosure in a nonhuman primate restraint chair, with head restraint (b; CHAIR), constrained locomotion in space (c; TREADMILL), and unconstrained locomotion in the
6 m enclosure (d; WALK).

Table 1. Demographics and behavioral performance characteristics in WALK condition

Animal Age Sex No. of laps Time into run (min:sec) Time at last lap Time out of run Mean GM*

35481 8 y 11 mo M 54 4:03 20:14 20:51 111.04
35765 8 y 1 mo M 34 2:02 19:57 20:12 119.58
31299 12 y 8 mo M 21 2:38 20:11 20:17 118.38
23938 25 y 5 mo M 27 3:00 20:42 21:10 118.21
22119 27 y M 27 2:33 20:31 20:31 108.54
21899 27 y 9 mo F 18 2:29 20:09 20:11 114.75

*Mean GM � global mean metabolism of gray matter from each monkey during the WALK condition.
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detail below. Five of the monkeys were male. Four monkeys (two young
and two aged) were surgically implanted with a recording chamber and a
head post (Crist Instruments) in preparation for future electrophysiolog-
ical studies (for details, see Skaggs et al., 2007) and two monkeys were
fitted with a thermoplastic mask (Civco) to restrain head movement in
the primate chair, passive movement condition. Each monkey was
opposite-sex paired housed in an environmentally controlled room and
maintained on a 12 h light/dark cycle at the California National Primate
Research Center (CNPRC) at the University of California–Davis. Each
monkey received daily monkey chow (Lab Diet #5047; PMI Nutrition
International); ad libitum water, supplemental fruit, nuts, and vegetables;
and weekly enrichment that varied from puzzle ball feeders to hour-long
visits to a large exercise arena. All experimental procedures were per-
formed in accordance with the National Institutes of Health guidelines
and were approved by the Institutional Animal Care and Use Committee
at the University of California–Davis.

Behavioral apparati and behavioral tasks. There were four behavioral
conditions (Fig. 1): (1) a standard 0.864 m � 0.838 m � 0.711 m primate
cage to constrain space (CAGE); (2) a nonhuman primate restraint chair
in which the animal could be head restrained and moved passively
(CHAIR); (3) a 0.457 m � 0.965 m � 0.838 m modified treadmill to
constrain locomotion in space (TREADMILL); and (4) a 6.096 m �
0.9144 m � 1.829 m enclosure for larger-scale unconstrained locomo-
tion (WALK). The primate cage did not eliminate locomotion, but con-
strained it within a more limited space than the 6 m enclosure. The
timing and numbers of rewards were matched to the other conditions
and delivered at the front of the cage. The treadmill was modified so that
the deck was enclosed with clear polycarbonate. Feeding ports were po-
sitioned on the front of the treadmill enclosure for reward administration
so that a similar number of rewards could be delivered as in the WALK,
CHAIR, and CAGE conditions. The primate restraint chair was made of
polycarbonate and was used to move the monkey passively through the
long enclosure environment to engage optic flow and to match the num-
ber of laps traversed and rewards delivered while eliminating locomo-
tion. The long enclosure was made of painted steel and was lined with
12.7 mm grid wire. It had two doors, one at each end, which served as
entry points into the long enclosure, and formed the primary uncon-
strained locomotion condition with normal optic flow, locomotion, and
reward delivery (two rewards per lap, one at each end) to compare with
the other, more constrained or restrained conditions.

Before testing, each monkey was trained until it participated consis-
tently for at least 20 min without any coaxing (other than food rewards)
and did not display any apparent sign of distress. The first treatment that
each monkey participated in was the freely moving condition in the 6 m
enclosure (WALK). The amount of time allotted per testing session was
20 min. The total time, lap number, number of rewards, reward accep-
tance (i.e., whether taken directly by mouth or by which hand or if the
reward was refused), and any notable behaviors were manually recorded
during this testing session to serve as reference data to be matched across
treatment conditions for any given animal. The experiment was designed
this way to keep as many factors constant across the three active condi-
tions to best capture the major variables of interest. Following behavior
in the long enclosure, the remaining three treatment conditions (CAGE,
CHAIR, and TREADMILL) were conducted in a pseudorandom order.
In addition, before testing, each monkey was trained to present their arm
and acclimated to intravenous injection to adapt them to accept radio-
tracer administration. This occurred across multiple sessions during the
light cycle to decrease the amount of agitation each monkey experienced
during radiotracer administration (Holschneider and Maarek, 2008).

MRI scanning. T1-weighted structural MRI scans were acquired with a
1.5 T Genesis Signa Model scanner (General Electric) at the University of
California–Davis Imaging Research Center for each monkey before par-
ticipation in the current microPET study (for details, see Alexander et al.,
2008). Under isoflurane gas anesthesia, �80 1.0-mm-thick images were
acquired using a T1-weighted spoiled gradient (SPGR) pulse sequence
(repetition time � 22 ms; echo time � 7.9 ms; number of excitations �
3; FOV � 16 cm; matrix � 256 � 256).

microPET scanning. A transmission scan was collected while animals
underwent WALK behavioral training to serve as a positional reference

and for the 3D reprojection attenuation correction algorithm for the
emission scans that were acquired after behavioral testing. This scan was
obtained before any of the emission scans were obtained and during the
period that the animals were being trained to walk continuously on the
6 m track and on the treadmill. Alignment of the transmission and emis-
sion scans was automated and inspected visually for quality assurance.
Four emission scans were collected from each animal following the in-
travenous infusion of [ 18F]FDG (PETNET Radiopharmaceuticals). The
following protocol was used, which only differed by which treatment
condition was administered, before each emission scan. On the day of the
emission scan, the monkey was transported to our testing room, placed
into a holding cage, and presented its arm to be shaved, cleaned, and
catheterized, at which time a blood sample was drawn to measure
blood glucose level. Time 0 for each treatment condition began with the
intravenous injection of the [ 18F]FDG radiotracer (0.5 mCi/kg), fol-
lowed by a sterile saline flush. The monkey then participated in one of the
four treatment conditions. For the CAGE condition, the monkey re-
mained in the holding cage for 20 min. For the other three conditions, the
monkey was returned to the holding cage after a 20 min behavior session
and anesthetized with an intramuscular injection of ketamine (10 mg/
kg). Upon sedation, each monkey was immediately transferred to the
microPET imaging facility at the CNPRC and placed in a supine position
on the microPET scanner bed (Model P4; Siemens) and immediately
intubated with an endotracheal cannula. Anesthesia level was maintained
by isoflurane gas (1.5–3%), whereas heart rate, respiratory rate, blood
oxygenation, and CO2 levels were monitored by the veterinary staff.
When vital signs were stable, the animal was then secured to the scanner
bed with either a custom PVC head holder that secured a Crist Instru-
ment titanium head post (two young and two old monkeys) or by an
individualized thermoplastic device to position and orient the monkey’s
head across emission scans (one young and one old monkey). The P4
scanner has a 22 cm animal port, a 19 cm transaxial FOV and a 7.8 cm
axial FOV. After laser guided head centering, each monkey was moved
into the microPET scanner and a 1 min scan was used to ensure that the
entire brain was within the field of view and to check for position and
orientation alignment to the baseline transmission scan. A 60 min static
emission scan was started on average 60.3 min (range 60 – 63) after injec-
tion to measure [ 18F]FDG metabolism throughout the brain. After each
emission scan, each monkey recovered in a designated room with its
normal pair-housed cage mate and was returned to its home cage within
24 h after clearance of the radiotracer. The emission scan interval be-
tween scanning conditions was set to a minimum of 7 d (range 7– 41).

Image preprocessing. The methods applied to the MRI and microPET
images are adaptations of voxel-based methods from previous work in non-
human primates and humans to perform partial least-squares (PLS) analysis
(Wisco et al., 2008; e.g., Alexander et al., 2008). Image processing was
performed by 3D slicer (Slicer 4.3.2, www.slicer.org/slicer4), and MRI and
microPET datasets were imported as DICOM files. Each monkey’s
T1-weighted SPGR MRI was preprocessed following voxel-based morpho-
metric methods to create a within study template (for details, see Alexander
et al., 2008). The index number before each processing step below corre-
sponds to those illustrated in Figure 2. Each MRI was processed as follows:
(1) manually transformed along the anterior commissure–posterior com-
missure line and zeroed on the posterior commissure; (2) inhomogeneity
corrected; (3) manually skull stripped; and (4) one monkey was selected to
serve as the initial template for future registrations. From here, each skull-
stripped MRI was processed as follows: (5) histogram equalized to match the
template MRI; (6) resampled to 0.5 mm3 voxel size; (7) segmented into gray
matter and white matter probability maps by the EM segmenter module
(Pohl et al., 2007; Fedorov et al., 2011); and (8) registered to the template
MRI linear and nonlinear B-spline transformation. The registered probabil-
ity maps were then: (9) averaged together to create the within study template.
After the creation of the within-study MRI template: (10) each resampled
native scan was then registered to the within study template. Each microPET
scan was then: (11) isotropically cropped and resampled at 0.5 mm3 voxels;
(12) spatially coregistered to their respective SPGR MRI by a linear transfor-
mation; and (13) skull stripped. Each skull-stripped microPET scan was then
intensity normalized by: (14) the extracted average intensity of the white
matter of each microPET scan by applying each monkey’s MRI segmented
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white matter probability map as an ROI; (15) ratio normalized relative to the
white matter to account for differences in injected activity across conditions
within and between animals (Borghammer et al., 2008) and then multiplied
by 100 to scale as a percentage, which was performed through the python
extension of Slicer; (16) spatially normalized to the within-study template by
applying the same transformations that were created during the MRI-to-
template phase of the pipeline; and, finally, 917) spatially smoothed with a
Gaussian filter (FWHM � 6 mm; Alexander et al., 2008). Quality assurance
was performed at each phase of the pipeline. Each scan was then converted
and saved in Analyze floating point format and subsequently exported into
Matlab for PLS analysis. For independent MRI analysis, cortical gray matter
and cerebellum segmentation label maps were used to extract ratio normal-
ized gray matter and cerebellum values for independent MRI data analysis.
This was performed in 3D slicer label statistics module and exported for
statistical analysis in SPSS version 20.

Statistical analysis. PLS correlation analysis (McIntosh et al., 1996; for
computations, see Krishnan et al., 2011) was used to identify patterns of
FDG metabolism that were related to the CAGE, CHAIR, TREADMILL,
and WALK treatment conditions and to determine the functional con-
nectivity of select regions that contribute to the different locomotion
behaviors. PLS correlation was performed with the freely available PLS-
gui (https://www.rotman-baycrest.on.ca/) that is run in Matlab R2012b
(The MathWorks). PLS correlation is designed to maximize the covari-
ance between two data matrices in single-subject and group neuroimag-
ing designs (McIntosh and Lobaugh, 2004) and has been used previously
on fMRI and PET modalities to differentiate patterns of brain activity
that are associated with different treatment conditions (task-PLS) or to
determine the functional connectivity (seed-PLS) of an ROI (McIntosh
et al., 1996, 1999; Cabeza et al., 1997; Grady et al., 2012). In the context of
the present study, one data matrix reflected brain activity in young and
aged monkeys (two submatrices, focusing on the age variable). The sec-
ond data matrix, however, depended on the type of PLS analysis per-
formed. For task-PLS, the second matrix represented voxel activity from
the PET data from corresponding treatment conditions (four submatri-
ces). For behavior-PLS, the second data matrix represented quantified
behavioral data such as number of laps and rewards for behavior-PLS.
For seed-PLS, the matrix reflected activity from a selected set of voxels (5
mm seed).

Depending on the type of PLS analysis conducted, the next step is to
derive voxelwise condition means. Voxelwise grand means are then cal-
culated across the different treatment conditions for task PLS or a corre-
lation matrix is derived for the seed-PLS. The original data matrices are
then combined and a mean-centered data matrix is created by subtract-
ing either the condition means or the grand mean depending on whether
the question pertains to treatment condition or age group differences.

The mean-centered data matrix or correlation matrix then undergoes
singular value decomposition to form latent variables, which reveal the
covariance between brain activity and the treatment conditions (i.e.,
positive latent variable scores indicate a positive linear relationship,
whereas negative latent variable scores indicate an inverse linear relation-
ship). The total number of possible latent variables is limited by the
number of groups and treatments—in this case, two age groups of ani-
mals and four treatment conditions yielded eight possible latent vari-
ables—whereas the number of significant latent variables is determined
by the rank of the data matrix. The proportion of variance accounted for
by each latent variable is identified and the statistical significance ( p �
0.05) of each is determined by using a permutation test without sampling
replacement (N � 500 iterations). To illustrate and summarize the pat-
tern of activity found in each age group and across the four treatment
conditions, mean brain score plots were created by summing the latent
brain variable scores in each monkey across the different treatment con-
ditions for every significant latent variable.

To determine significant differences in brain activity across the treat-
ment conditions in the young and aged monkey groups, a bootstrap
resampling procedure (n � 6 resamples) was used to create 95% confi-
dence intervals. Non-overlapping confidence intervals between age
groups and treatment conditions are used to indicate statistical differ-
ences. To identify brain activity associated with each latent variable, all
voxels in which the bootstrap ratio (salience/SE) was greater than �3
( p � 0.005) were considered to be a statistically significant contributor to
the mean brain score for each latent variable. A minimum cluster size of
200 contiguous voxels with a minimum peak-to-peak distance of 5 mm
was used to identify stable clusters. Latent variable image data are illus-
trated as horizontal slice by slice and lateral 3D cortical-surface maps as
bootstrap ratio scores that met the above criteria. Differences in activity
between groups were further examined by using the identified network
patterns as ROIs. This was accomplished by exporting the network pat-
tern ROIs as label maps into 3D slicer. The mean FDG metabolism values
over these ROIs were extracted from each PET image. A two-group
ANOVA [(young vs older) � two network (positive or negative salience
group scores) � four condition (CAGE, CHAIR, TREADMILL, and
WALK)] was performed to detect differences ( p � 0.05) in FDG metab-
olism between groups as a function of network and condition in SPSS
version 20.

Results
Patterns of activity across treatment conditions
Variants of PLS analysis were used to identify whole-brain pat-
terns of FDG metabolism associated with the four treatment con-

Figure 2. Highlighted steps of the image-processing pipeline for the MRI and microPET scans. These steps included: (1– 6) MRI images were cropped, zeroed along the anterior/posterior
commissure line, and manually skull stripped; (7– 8) segmented into gray and white matter probability maps; and then (9 –10) averaged together to create a within study template. PET images:
(11–13) followed similar preprocessing steps before registration to each animals respective MRI; (14 –15) intensity normalized relative to the white matter; (16) spatially normalized to the within
study template; and then (17) spatially smoothed with a 6 mm Gaussian filter.
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ditions (Fig. 1) in young and old monkeys. First, we used task-
PLS to identify covarying patterns of activity across the four
treatment conditions in both age groups. This revealed two sig-
nificant latent variables (LVs) or coactivation patterns of FDG
metabolism (LV1 and LV2) that accounted for 35% and 30.9% of
the variance in the data (p � 0.05), respectively.

The first pattern (LV1; Fig. 3, Table 2) distinguished areas of
coactivation generated by active and passive locomotion through
large-scale space (CHAIR and WALK) from movement in con-
strained space (CAGE and TREADMILL). Although regions co-
activated in these conditions were similar, the differentiation
between these behaviors was weaker in the older monkeys (Fig.
3a). Notable regions that showed greater coactivity during the
CHAIR and WALK condition included the occipital lobes, supe-
rior temporal gyrus (STG), orbitofrontal cortex, posterior cingu-
late cortex, retrosplenium, right posterior hippocampus, right

entorhinal cortex, left posterior perirhinal cortex, parahip-
pocampal cortex, temporal area E (TE), left amygdala, body of
the caudate nucleus, anterior thalamus, and the hypothalamus.
The CAGE and TREADMILL conditions were associated with
greater FDG coactivity patterns in a different set of regions, in-
cluding posterior areas of the frontal and lateral areas of the pa-
rietal lobes, right anterior perirhinal cortex, ventral cerebellum,
head of caudate nucleus, and the putamen.

To explore the observation that between-condition FDG co-
activity patterns appeared more distinct in the young monkeys
(Fig. 3a), we used task-PLS weighted for a group interaction
(mean centering type 1 method) to determine whether the spatial
patterns were different between age groups. There was no signif-
icant difference in brain areas activated between age groups (p �
0.10), suggesting that the age difference is in the degree to which
the old monkeys engage the same areas that were found to be
active in the young monkeys. We then used a variant of PLS
(behavior-PLS) to determine whether FDG metabolism was in-
fluenced by performance variables (i.e., the number of laps in the
linear track). There was no significant group difference (p �
0.10), suggesting that these performance variables cannot explain
the age difference. To support this observation, we also extracted
the global mean metabolism of the gray matter from each mon-
key during the WALK condition and compared these values with

Figure 3. Task-PLS results for LV 1 as a function of the different treatment conditions and
age. Mean-centered brain score plots reveal a pattern of FDG metabolism that differentiated the
CHAIR and WALK conditions from the CAGE and TREADMILL conditions (a). Error bars represent
95% confidence intervals for the calculated patterns using a bootstrap procedure. Nonoverlap-
ping confidence intervals indicate differences between the conditions and groups of monkeys.
Patterns of whole-brain FDG metabolism on horizontal slice by slice 2D sections are shown (b)
superimposed on top of the within-study template and reconstructed 3D metabolism maps (c)
illustrate the areas associated with this pattern. Colors represent values for positive (magenta)
and negative (cyan) bootstrap ratio (BSR) values that are ��3 ( p � 0.005), reflecting the
distinct networks associated with these specific behaviors.

Table 2. Brain regions and clusters associated with latent variable 1 (LV 1)

Region Hemisphere X Y Z BSR

V1 Right 11 1 �30.5 133.323
Cerebellum Left �14 �11 0.25 15.1739
V3 Right 15.5 11 �22 100.1645
V3A Left �19 10 �18.5 105.1515
Medial parietal Left �4.5 9.5 �11.5 17.2297
TEO Left �22.5 �5.5 �9.5 4.461
STG Left �24 �5.5 �0.5 5.682
Pulvinar Right 6 7 �2 28.3884
Post. Hippocampus Right 14 �5.5 3 7.316
Parahippocampal Left �18.5 �10.5 0.5 145.5612
Entorhinal Right 7.0 �12 11 5.731
Retrosplenium Left �1.5 8.5 �8 6.781
Globus pallidus Left �9 �5 11.5 89.3022
Caudate Right 1 5.5 12 25.3225
Amygdala Right 7.5 �11.5 12.5 9.8296
TAa Right 23.5 �10.5 17.5 27.3766
Orb. frontal gyrus Left �8 6.5 31.5 79.1194
47 Right 8 8 39 31.6171
32 Left 0 8.5 40.5 21.6735
Posterior cingulate Left �2.0 9.5 �7 13.837
Hypothalamus Left �2.0 �5.5 8 5.247
Caudate Left �6.5 6.0 13.5 16.311
Cerebellum Left �1.5 1 �21 �6.2437
Cerebellum Right 8.5 �17 �15.5 �189.435
Medial parietal Left �4.5 16.5 12 �36.5773
V1 Right 8 2.5 8 �23.9021
PECg Left �6 15 �3.5 �31.4272
S2 Right 16.5 7.5 �2.5 �139.946
Area 2 Left �18.5 15.5 3 �90.3917
Perirhinal Right 16.5 �17.5 8.5 �16.5628
Globus pallidus Left �12.5 �4 10 �39.6587
Cingulate Right 5.5 14.5 11 �164.28
Parainsular Right 20.5 �6 12 �30.1334
Putamen Right 12.5 1 16.5 �121.156
Caudate Right 5 5 22 �66.2413
Area 32 Right 4 9.5 33 �46.4201

X, Y, Z, Spatial coordinates in relation to the posterior commissure; BSR, bootstrap ratio values greater than our
criterion (BSR � 3, p � 0.005).
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the number of laps that each monkey ran (Table 1). There was no
significant correlation between laps completed and overall met-
abolic activity (p � 0.05). Therefore, the first pattern distin-
guished a network coactive in passive or active locomotion
through large-scale space from a network coactive in movement
in constrained space, neither of which was as well differentiated
in old monkeys.

The second pattern (LV2; Fig. 4, Table 3) distinguished areas
of coactivation generated by active locomotion (TREADMILL
and WALK) from those generated during passive or limited
movement (CAGE and CHAIR). Again, the regions coactivated
in these conditions were similar, but the differentiation between
these behaviors was weaker in the older monkeys (Fig. 4a). Re-
gions that showed coactive FDG metabolism during the
TREADMILL and WALK conditions included large clusters in
the occipital lobe, MT, medial superior temporal area (MST),
retrosplenium, posterior cingulate cortex, dorsal cerebellum,
central sulcus, right posterior hippocampus, right colliculi, left
pulvinar, thalamus, and widespread regions throughout the tem-

poral lobe. The CAGE and CHAIR conditions were associated
with coactivation patterns in a different set of regions including
the ventral cerebellum, STG, TE, perirhinal cortex, temporal
pole, intraparietal sulcus, anterior thalamus, hypothalamus, left
middle and anterior hippocampus, amygdala, and medial orbito-
frontal areas. Therefore, the second pattern distinguished a net-
work coactive during free locomotion from a network coactive in
locomotor-constrained behaviors, which was not as well differ-
entiated in old monkeys.

Functional connectivity analysis
Four regions were identified as being significantly coactive in our
tasks using contrast-task PLS analyses when the monkeys moved
through space (CHAIR and WALK conditions): right posterior
hippocampus, left caudate nucleus, left orbitofrontal gyrus, and
the left posterior cingulate cortex (see Table 4 for coordinates).
Movement in large-scale space resulted in a statistically signifi-
cant pattern (p � 0.05) in functional connectivity pattern from
seed-PLS analysis in right posterior hippocampus, left caudate,
and the left orbitofrontal gyrus seeds in young monkeys and in
the left orbitofrontal gyrus in old monkeys. The left posterior
cingulate seed was not statistically significant for either group
(p � 0.10). Although it should be pointed out that the strength of
the statistically significant relationships may be somewhat in-

Figure 4. Task-PLS results for LV2 as a function of the different treatment conditions and
age. Mean-centered brain score plots reveal a pattern of FDG metabolism that differentiated the
TREADMILL and WALK conditions from the CAGE and CHAIR conditions (a). Patterns of whole-
brain FDG metabolism on horizontal slice by slice 2D sections (b) superimposed on top of the
within study template and reconstructed 3D metabolism maps (c) illustrate the areas associated
with this pattern. Conventions are the same as in Figure 3.

Table 3. Brain regions and clusters associated with latent variable 2 (LV 2)

Region Hemisphere X Y Z BSR

Cerebellum Right 6 �2 �14.5 85.3967
Medial parietal Right 4.5 10 �14 36.2815
MT Left �19.5 4.5 �10.5 15.9005
Area 3a/3b Left �13 16 0 20.3331
Pulvinar Left �6 5.5 0 4.8636
Hippocampus Right 13.5 �4.0 �4.5 10.217
Retrosplenium Left �2.0 6.5 �10.0 5.567
A1/A2 Left �29 4.5 2 5.2371
Area 4 Left �4.5 21.5 4 16.7316
Area 6 Right 24.5 13.5 6 8.5105
Area 6 Right 12.5 19.5 6.5 11.9055
Thalamus Left �9.5 �0.5 7.5 6.8145
Area 8av Left �19.5 13.5 17.5 5.4529
Cerebellum Right 11.5 �11.5 �21 �12.8537
Cerebellum Left �13.5 �16.5 �20.5 �36.4799
Parietal area PG Right 15.5 20.5 11.5 �4.8155
POa Left �19 14.5 �5.5 �6.5274
Brainstem Right 1 �20.5 �3.5 �12.9475
Pulvinar Left �3 �4.5 �1.5 �460.358
TE Right 19 �13.5 12 �22.3974
Thalamus Left �2.5 3.5 9 �7.623
Hippocampus Left �14 �11.5 6.5 �4.395
Perirhinal Left �11 �17.5 6.5 �7.069
Caudate Left �3.5 3.5 13 �41.2466
TAa Left �21 �8.5 16 �51.6932
47 Right 20 6 28 �5.4324
10 Right 2.5 4.5 44.5 �14.8553

X, Y, Z, Spatial coordinates in relation to the posterior commissure; BSR, bootstrap ratio values greater than our
criterion (BSR � 3, p � 0.005).

Table 4. X, Y, Z coordinates for seed locations relative to the posterior commissure

Area Hemisphere X Y Z

Posterior hippocampus Right 14.0 �5.5 �3.0
Caudate Left �6.5 6 13.5
Orbitofrontal Left �7.5 7 32.5
Posterior cingulate Left �2.0 9.5 �7

X, Y, Z, Spatial coordinates in relation to the posterior commissure.
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flated due to effects of collinearity, evaluation of the significant
seed indicates statistical reliability.

In young monkeys, the right posterior hippocampus seed (Fig.
5) accounted for 54.8% of the covariance (p � 0.001), including
significant connectivity with bilateral portions of hippocampus,
parahippocampal gyrus, pulvinar, cerebellum, right MST, cau-
date nucleus, putamen, inferior frontal sulcus, and left cingulate
gyrus. In old monkeys, the right posterior hippocampal seed did
not show statistically significant (p � 0.05) connectivity with
other regions (Fig. 5a). For the young monkey caudate nucleus
seed (Fig. 6), 56.5% of the covariance was accounted for (p �
0.01) and included bilateral regions of the hippocampus, anterior
cingulate, and several extrahippocampal regions in the temporal
lobe. In old monkeys, the caudate nucleus seed did not show
significant connectivity with other regions (p � 0.05; Fig. 6a).
For the left orbitofrontal cortex, a significant functional connec-
tivity pattern was found, which accounted for 51.69% of the co-

variance (p � 0.001; Fig. 7) in young and old monkeys. In young
monkeys, this region was positively correlated with bilateral pos-
terior hippocampus, caudate nucleus, cerebellum, temporal lobe
regions, orbitofrontal regions, and anterior cingulate. The older
monkeys showed connectivity with a different set of regions (Fig.
7a), including sensory and motor regions such as the occipital
lobe and regions around the central sulcus.

A conjoint, whole-brain connectivity map was created to
highlight regions that were coactive across the three signifi-
cant seed locations in the young monkeys (Fig. 8), which in-
cluded the right and left posterior hippocampus, left middle
hippocampus, regions in the temporal lobe, orbitofrontal, and
supplementary sensory areas. During movement in large-scale
space, the younger monkeys showed strong connections with
many regions across the brain from these seeded regions and
much more extensive posterior hippocampal involvement in
these behaviors than did the older animals.

Figure 5. Seed-PLS results for the right posterior hippocampal seed that illustrate regions of
the brain that also showed elevated activity during the CHAIR and WALK conditions. Seed-
related correlation plots reveal a significant pattern in young monkeys, but not in aged mon-
keys, that was associated with the right posterior hippocampus (a). The coactivity pattern from
the hippocampal seed found in young monkeys is reflected in the magenta regions. No signif-
icant pattern was found in older monkeys from this seed. Patterns of FDG metabolism in hori-
zontal slice by slice 2D sections (b) and reconstructed 3D metabolism maps (c) that illustrate the
functional connectivity of the posterior hippocampus seed for the young animals. Colors repre-
sent values for positive (magenta) and negative (cyan) correlation values ( p � 0.005).

Figure 6. Seed-PLS results for the left caudate nucleus seed that illustrate regions of the
brain that also showed elevated activity during the CHAIR and WALK conditions. The coactivity
pattern from the caudate seed found in young monkeys is reflected in the magenta regions. No
significant pattern was found in older monkeys from this seed. Seed-related correlation plots
reveal a significant pattern in young monkeys, but not in aged monkeys (a). Patterns of FDG
metabolism in horizontal slice by slice 2D sections (b) and reconstructed 3D metabolism maps
(c) that illustrate the functional connectivity of the caudate seed in the young animals.
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Potential sources of variance in older monkeys
Task-PLS and seed-PLS analyses consistently found a change in
metabolism within the identified networks between young and
old monkeys. To explain these differences, we extracted mean
metabolism values of the gray matter, cerebellum, and networks
identified by LV1 and LV2 for the task PLS. When mean gray
matter and cerebellum metabolism values were analyzed by two-
way ANOVA, old monkeys had significantly lower mean gray
matter metabolism values (F(1,24) � 5.042, p � 0.05; old x �
112.96, SD � 4.48; young x � 117.12, SD � 3.36). No other main
effects or interactions were found (p � 0.05). To rule out the
possibility that gray matter atrophy was responsible for the mea-
sures we used to determine hypometabolism in the older animals,
network patterns found in LV1 and LV2 were used to create ROIs
from the MRIs (see Materials and Methods) and VBM volumet-
ric analysis was performed. Consistent with other studies com-
paring young and aged nonhuman primates (Alexander et al.,
2008), no significant age difference in gray matter volume was

detected in these specific regions (corrected, p � 0.05). Mean
metabolism values were also extracted from these regions and
three-way ANOVA found significant main effects for age-related
hypometabolism in the networks identified by LV1 (F(1,48) �
6.81, p � 0.05) and LV2 (F(1,48) � 311.99, p � 0.05), confirming
the PLS results above. No other main effects or interactions were
found (p � 0.05).

Discussion
Using [ 18F]FDG-microPET and PLS correlation analysis, we
found, within individual young and old rhesus macaques, dis-
tinct patterns of brain metabolic activity in response to four levels
of engagement in navigation behaviors. Two primary novel find-
ings emerge from this experiment. First we identify whole-brain
activity patterns in the nonhuman primate that are specifically
associated with constrained (CAGE and TREADMILL), re-
strained (CHAIR), and unconstrained (WALK) locomotion. Sec-
ond, we demonstrate that aging alters the metabolic participation
of networks activated by these behaviors and, in some cases, their
composition.

It is well known that locomotion through space modulates
hippocampal principal cell activity powerfully in rats (O’Keefe
and Dostrovsky, 1971) and that the stability of hippocampal cog-
nitive map representations is altered in aging (Barnes et al., 1997;
Wilson et al., 2005). In fact, the expression of normal place-cell-
receptive fields are altered dramatically in rat hippocampus when
movement is restrained (Foster et al., 1989), although the ability
to locomote on a ball can mitigate these changes despite head
restraint (Chen et al., 2013). In addition, when rats are moved
passively through space on robots (Gavrilov et al., 1998) within
the confines of a cart (Winter et al., 2015b) or are trained to
“drive” a car on a track (Terrazas et al., 2005), hippocampal and
entorhinal cell firing patterns are clearly degraded. Optic flow
(Gavrilov et al., 1998; Terrazas et al., 2005) and vestibular (Stack-
man et al., 2002) signals are also known to contribute to the
temporal lobe networks involved in locomotion through space.
As discussed below, the present data suggest that there may be an
impact on activity levels of recruited neural circuits or altered
participation of networks when locomotion or other sensory sig-
nals are restricted. This may have implications for neural activity
measured in scanner environments for humans or under head-
fixed restraint conditions during electrophysiological recording
in nonhuman primates.

Although there have been a number of studies examining
brain activity in relation to gait, there have only been two func-
tional imaging studies that have examined locomotion through
space in an unconstrained manner similar to the present study.
For example, one PET study examined brain activity after run-
ning (Tashiro et al., 2001) and found increased activity levels in
the occipital lobe, posterior parietal lobe, precentral gyrus, post-
central gyrus, and the cerebellum; however, only selected brain
regions were measured and the design did not use a nonrunning
control condition. The other study used PET to scan participants
after brief periods of walking and fMRI to scan during imagined
locomotion (la Fougère et al., 2010). Both real and imagined
locomotion engaged regions of frontal and occipital cortex, para-
hippocampal gyri, and the cerebellum, but were distinct in that
real locomotion was associated with increased activity in primary
motor and sensory areas, whereas imagined locomotion was as-
sociated with increased activity in supplemental motor areas and
regions of the basal ganglia. The unconstrained locomotion con-
dition in the present study activated regions consistent with these
human studies with the addition of MT, MST, retrosplenial cor-

Figure 7. Seed-PLS results for the left orbitofrontal gyrus seed that illustrate regions of the
brain that also showed elevated activity during the CHAIR and WALK conditions. Seed-related
correlation plots reveal a significant pattern in young monkeys and aged monkeys that was
associated the orbitofrontal seed (a). The coactivity pattern from the orbitofrontal seed in
young monkeys is reflected in the magenta regions, whereas the coactivity pattern found in
older monkeys is reflected in cyan regions. Patterns of FDG metabolism in horizontal slice by
slice 2D sections (b) and reconstructed 3D metabolism maps (c) that illustrate the differential
functional connectivity of the orbitofrontal seed in young and older animals.
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tex, posterior cingulate cortex, right posterior hippocampus,
right colliculi, left pulvinar, and the thalamus. Detection of these
additional areas is attributable to our experimental design and
the use of PLS correlation analysis to detect coactivity relation-
ships across the brain. We also intensity normalized our data
relative to white matter FDG uptake rather than with respect to
global mean uptake, which facilitates detection of small changes
in FDG metabolism (Borghammer et al., 2008).

One strength of the present study was the ability to compare
unconstrained locomotion in space (WALK) with both con-
strained locomotion (CAGE, TREADMILL) and restrained pas-
sive locomotion through space (CHAIR). Activity patterns
generated by these distinct movement conditions involved, to
differing degrees, regions of the hippocampus, striatum, cerebel-
lum, and occipital, parietal, temporal, and frontal lobes. We
know that, in humans, mental imagery of walking and running
can activate bilateral hippocampus and that the right parahip-
pocampal and fusiform gyri are involved in visually guided loco-
motion (Jahn et al., 2008, 2009). We also know that the
parahippocampus is required for spatially guided behaviors and
spatial learning in humans (Aguirre et al., 1996; Bohbot and Cor-
kin, 2007) and that selective inactivation of components of nav-
igation networks in rats disrupt grid cell activity in the
parahippocampus (Winter et al., 2015a). In the present study, we
found that the parahippocampus was active in those conditions
that involved movement through space (i.e., WALK and
CHAIR), but was not active during the conditions that involved
locomotion (i.e., WALK and TREADMILL). These data support
observations that the parahippocampus is involved in visually
guided movement through space and suggest that it is not in-
volved in motor-driven locomotion.

Although the brain regions coactivated
during the four behavioral conditions were
similar across age, the network activity pat-
terns in older macaques did not dissociate
robustly between these distinct behaviors.
That is, under the present behavioral condi-
tions, the age difference observed was not
related to more brain regions being re-
cruited to facilitate behavior, but rather to a
decrease in the differentiation between ac-
tivity in each network that was associated
with the different movement conditions.
The present data suggesting less specialized
networks for spatial navigation are reminis-
cent of observations made using MRI meth-
ods in object recognition pathways of older
adults (Park et al., 2004; Ryan et al., 2012).
The present data are also consistent with
human aging studies suggesting that that
networks can become effectively “dediffer-
entiated” by losing their activation spe-
cificity for select behaviors or cognitive
processes (Goh, 2011) and with fMRI stud-
ies showing reduced activity across similar
regions during virtual navigation in aged
humans (Moffat et al., 2006; Antonova et al.,
2009). Although the right posterior hip-
pocampus was engaged in large-scale spatial
movement in both age groups, this structure
was more weakly active in the older ma-
caques. The activity observed in the hip-
pocampus in both age groups in the present

study is anatomically consistent with human lesion (Abrahams et al.,
1997; Bohbot et al., 1998) and electrophysiological and MRI data
collected during virtual navigation (Burgess et al., 2002; Jacobs et al.,
2010; Kaplan et al., 2012).

The present experiment identified circuits that were distinctly
coactive in the CHAIR or WALK conditions, which separated a
network that was optic flow specific (i.e., CHAIR condition) from
a network that was self-motion specific (i.e., WALK condition).
Four of the areas coactivated in the WALK and CHAIR condi-
tions were targeted for functional connectivity analysis. The pos-
terior cingulate cortex was of interest because of its association
with the default mode network (DMN) system (Greicius et al.,
2003; Fox et al., 2005; Buckner and Vincent, 2007; Vincent et al.,
2007), which shows reduced connectivity in aged adults (Tomasi
and Volkow, 2012; Ferreira and Busatto, 2013; Vidal-Piñeiro et
al., 2014). The locomotion behaviors examined in the present
study, however, did not reveal significant connections across the
brain from this seed in either age group. Disconnection during
locomotion may be analogous to temporal lobe structures be-
coming decoupled from the DMN during episodic encoding
(Buckner et al., 2008).

There were significant connections revealed from the orbito-
frontal seed in both age groups. Although the younger animals
showed connections with limbic areas from the orbitofrontal
seed, the correlated patterns of activity were with sensory and
supplemental sensory areas in the aged macaques. Whether the
different functional connections in the old compared with young
monkeys in the orbitofrontal seed analysis reflect recruitment of
additional circuits to ensure adaptive behavioral outcomes or
dysfunctional recruitment of circuits not optimal for perfor-
mance remains an open question. The posterior shift found in the

Figure 8. Reconstructed conjoint activity maps illustrate connectivity between the significant hippocampal, caudate, and
orbitofrontal seeds in young monkeys. Areas in red highlight the areas that overlapped between the seeds. Conventional coronal
sections illustrate specific areas that overlapped between the seeds (a). Reconstructed 3D conjoint maps illustrate the whole-brain
connectivity between the seeds (b). White vertical lines indicate the location of the coronal sections found in a.
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orbitofrontal seed, however, is at least consistent with the idea
that the older macaques may use sensory-based strategies to
guide their behavior during movement in space (Davis et al.,
2008).

When the right posterior hippocampus was the targeted seed,
only the young monkeys showed significant functional connections
to widespread areas of the temporal lobe and ventral regions of the
occipital and frontal lobes. For the young monkeys, the left caudate
nucleus and the left orbitofrontal gyrus displayed similar patterns of
functional connections. Therefore, a conjoint connectivity map was
constructed across these regions for the young animals (Fig. 8) and
shows a core network including right and left posterior hippocam-
pus, left middle hippocampus, large regions in the temporal lobe,
orbitofrontal, and several supplementary sensory areas. It is possible
that the small sample size within groups generated collinearity effects
and inflated the functional connectivity patterns for the three signif-
icant seeds in the younger macaques and the one significant seed in
the older macaques. Future studies with larger within-group samples
are necessary to confirm the observed functional connectivity pat-
terns and to determine whether additional connected areas can be
detected.

Overall, the lack of well differentiated behavioral networks, re-
duced metabolic values in the active areas, and corresponding
changes in functional connectivity may contribute to the reported
age-related deficits in spatial cognition. Future studies with larger
group sizes and that manipulate network activity and functional
connections directly are needed to confirm this conclusion.
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