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Abstract

Several primate species have been shown to exhibit age-related changes in cognition, brain, and
behavior. However, severe neurodegenerative illnesses, such as Alzheimer's disease (AD), were
once thought to be uniquely human. Recently, some chimpanzees naturally were documented

to develop both neurofibrillary tangles and amyloid plaques, the main characteristics of AD
pathology. In addition, like humans and other primates, chimpanzees show similar declines in
cognition and motor function with age. Here, we used voxel-based morphometry to examine the
relationships among gray matter volume, age, and cognition using magnetic resonance imaging
scans previously acquired from chimpanzees (N = 216). We first determined the relationship
between age and gray matter volume, identifying the regions that declined with age. With a subset
of our sample (V= 103), we also determined differences in gray matter volume between older
chimpanzees with higher cognition scores than expected for their age, and older chimpanzees
with lower than expected scores. Finally, we ran a conjunction analysis to determine any overlap
in brain regions between these two analyses. We found that as chimpanzees age, they lose gray
matter in regions associated with cognition. In addition, cognitively healthy older chimpanzees
(those performing better for their age) have greater gray matter volume in many brain regions
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compared with chimpanzees who underperform for their age. Finally, the conjunction analysis
revealed that regions of age-related decline overlap with the regions that differ between cognitively
healthy chimpanzees and those who underperform. This study provides further evidence that
chimpanzees are an important model for research on the neurobiology of aging. Future studies
should investigate the effects of cognitive stimulation on both cognitive performance and brain
structure in aging nonhuman primates.
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1| INTRODUCTION

Decades of research in humans and other primates have documented age-related changes

in cognition, brain and behavior. Some loss in cognitive functions and cortical organization
is considered a normal process of aging, but other decrements are attributable to specific
neurodegenerative processes in humans, such as Alzheimer's disease (AD), Parkinson's
disease, and Fronto-Temporal Dementia (FTD). Animal models, including nonhuman
primate models, have been developed as a means of understanding the mechanisms of
age-related changes in brain and cognition, as well as the development of therapeutic
interventions in treating AD and related dementias (Walker & Jucker, 2017). Chimpanzees
are often overlooked in studies on age-related changes in cognition and the brain, which

is unfortunate for several reasons. First, studies have documented the cooccurrence of both
neurofibrillary tangles (NFTs) and amyloid plaques (AB) in the postmortem brains of elderly
chimpanzees (Edler et al., 2017; Rosen et al., 2008). The presence of both AB plaques and
NFTs are two neuropathological features that are used to definitively confirm a diagnosis
of AD in humans; thus, based on the available data, chimpanzees appear to be one of the
few nonhuman species known to naturally develop the hallmarks of AD pathology (Arnsten
etal., 2019; Edler et al., 2017; Rosen et al., 2008). Therefore, additional studies in this
species could lead to important findings on the comparative biology of aging and may hold
the key to understanding our own aging (Edler et al., 2018; Munger et al., 2018; Rosen et
al., 2016). Moreover, given their greater genetic, neuroanatomical, behavioral, and cognitive
similarities to humans compared with more distantly related primate species, studies on

the neurobiology of aging in chimpanzees would likely produce results with increased
translational value to humans.

Understanding the neurobiology of aging in captive chimpanzees is also germane to their
short- and long-term management and welfare. Due to the 1998 National Institutes of Health
(NIH) breeding moratorium and the more recent decision to retire NIH-owned apes from
biomedical research, there remains at least 200 chimpanzees currently housed at the federal
sanctuary. The NIH-owned population of chimpanzees is decidedly skewed toward adult and
geriatric animals, as are the many other apes being retired to private sanctuaries. Therefore,
there may be health, management, and welfare challenges for aging chimpanzee populations
currently residing in sanctuaries that might benefit from a better understanding of the factors
that foster healthy aging. Indeed, consistent with findings in other nonhuman primate species
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(Darusman, Call, et al., 2014; Darusman, Pandelaki, et al., 2014; Herndon et al., 1997; Joly
etal., 2014; Lacreuse et al., 2014, 2020; Lai et al., 1995; Picq, 2007; Rapp & Amaral, 1989;
Workman et al., 2019), cross-sectional and longitudinal data indicate that aged chimpanzees
show a moderate loss in cognitive and motor functions compared with younger conspecifics
(Hopkins et al., 2015, 2019, 2020; Lacreuse et al., 2014, 2018). The extent to which
age-related changes in cognition observed in aged chimpanzees are attributable to “normal”
aging or to neuropathology remains unknown, but the cognitive data would certainly suggest
that neurobiological changes should be evident in aging chimpanzees.

To date, there have been relatively few neuroimaging studies on age-related changes in

the brain of nonhuman primates (e.g., Alexander et al., 2008; Hara et al., 2012; Koo et

al., 2012), and specifically chimpanzees. In rhesus macaques, Koo et al. (2012) found

that cortical thickness in the somatosensory and motor cortices decreases as monkeys

age. In addition, there are several studies documenting neuroanatomical changes associated
with cognitive decline in rhesus monkeys (see review in Hara et al., 2012). For example,
Alexander et al. (2008) used a source-based morphometry-like method to examine age-
related changes in gray matter covariation networks and reported that older monkeys
showed reductions in networks that included dorsal and ventral prefrontal cortex, superior
temporal sulcus, and Sylvian fissure. Moreover, the gray matter weighted scores for these
age-related components were associated with a decline in spatial, but not nonspatial,
memory performance (Alexander et al., 2008). In chimpanzees, previous studies have also
reported moderate age-related changes in overall brain volume, gyrification, gray and white
matter volume, and gray matter covariation (Autrey et al., 2014; Chen et al., 2013; Herndon
etal., 1999; Hopkins et al., 2018; Sherwood et al., 2011). More recently, using voxel-based
morphometry (VBM), Vickery et al. (2020) found age-related gray matter decline in regions
similar to those in humans. Altogether, these studies show that age-related loss in gray
matter appears to be region-specific, which may have consequences for the cognitive and
motor functions involved in these areas.

In this article, we present results on the relationship between gray matter volume and
cognition using voxel-based morphometry (VBM) in chimpanzees. This study builds on
our previous research. Specifically, Lacreuse et al. (2020) reported age-related loss in gray
matter volume using VBM in a sample of 216 chimpanzees (see Figure 1). For a subsample
of these chimpanzees, we have obtained a measure of general intelligence, “g,” using the
Primate Cognition Test Battery (PCTB), a 13-item test that assesses different dimensions

of social and physical cognition in nonhuman primates (Herrmann et al., 2007; Herrmann,
Hare, et al., 2010; Herrmann, Hernandez-Lloreda, et al., 2010; Hopkins et al., 2014; Russell
et al., 2011; Schmitt et al., 2011). In addition, Hopkins et al. (2020) recently showed

that the overall PCTB performance score, or “g,” showed a quadratic association with age
(Figure 2); thus, younger and elderly chimpanzees performed more poorly than middle-aged
individuals.

Building on these two separate findings, here, we tested whether the age-associated changes
in “g” were associated with changes in gray matter volume after accounting for subject age.
To address this question, we initially used VBM to test for the association between “g” and
gray matter variation in a sample of middle-aged and elderly chimpanzees, while statistically
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controlling for age, sex, and scanner magnet. This initial analysis established which brain
areas, if any, were associated with “g” in the older chimpanzee sample. We next performed
a conjunction analysis to identify those brain regions that were associated with “g” and
were also negatively associated with age. The conjunction analysis, therefore, allowed us to
identify those specific brain regions that decline with age and are implicated in age-related

changes in cognition.

2| METHODS
2.1| Subjects

We utilized archival in vivo magnetic resonance image (MRI) data collected from 216
captive chimpanzees (132 females and 84 males) from the National Center for Chimpanzee
Care (NCCC) at The University of Texas MD Anderson Cancer Center (1= 139) or the
Yerkes National Primate Research Center (YNPRC; n=77). The chimpanzees ranged in
age from 8 to 53 years (M= 26.37, SD = 10.59) at the time of scanning. All subjects were
socially housed in indoor/outdoor enclosures, with 24-h access to both areas, except during
cleaning. All enclosures included climbing structures, bedding, and daily environmental
enrichment. Care staff fed the chimpanzees a diet of commercial primate chow and fresh
produce and provided them with several daily for aging opportunities. All chimpanzees had
ad libitum access to water.

2.2 | Image acquisition and post-image processing

MRI scans were previously acquired during one of the chimpanzee's annual physical
examinations (between 2009 and 2015), following YNPRC and NCCC standard procedures
designed to minimize stress (for detailed acquisition information, see Hopkins & Avants,
2013; Hopkins, Latzman, et al., 2019; Mulholland et al., 2020). Seventy-seven chimpanzees
(at YNPRC) were scanned using a 3.0 Tesla scanner (Siemens Trio, Siemens Medical
Solutions USA, Inc.) and 139 chimpanzees (at NCCC) were scanned using a 1.5 Tesla G.E.
echo-speed Horizon LX MR scanner (GE Medical Systems). All procedures were approved
by the Institutional Animal Care and Use Committees at YNPRC and NCCC, followed

the guidelines of the Institute of Medicine on the use of chimpanzees in research and
complied with the American Society of Primatologists Principles for the Ethical Treatment
of Nonhuman Primates. The MRI data are available from the National Chimpanzee Brain
Resource at https://www.chimpanzeebrain.org.

Detailed information about post-image processing can be found in Hopkins et al. (2020).
Briefly, all processing was completed on a Macintosh computer running 3D Slicer 4
(www.3Dslicer.org), DWI Denoising Package for MATLAB (R2015b; Mathworks), FMRIB
Software Library tools (FSL), and ANALYZE 11.0 (AnalyzeDirect). All procedures were
completed twice, once for the MRI scans acquired on the 1.5 Tesla scanner and once for
those acquired on the 3.0 Tesla scanner. First, we converted the raw DICOM files into NifTl
format (Fedorov et al., 2012; Kikinis et al., 2014), then we subjected each image to brain
extraction/skull stripping (BET in FSL; Jenkinson et al., 2005; Smith, 2002), N4ITK bias
correction (Boyes et al., 2008; Tustison & Gee, 2009; Tustison, Avants, Cook, et al., 2010;
Tustison, Avants, Cook, Zheng, et al., 2010; Tustison et al., 2014), and optimized nonlocal
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means denoising (Coupé et al., 2008). The scans were then resampled at 0.625mm isotropic
voxels and aligned on the AC-PC axis before being registered to a chimpanzee template
brain (Hopkins & Avants, 2013) using a 12-parameter affine linear registration (FLIRT in
FSL; Jenkinson & Smith, 2001; Jenkinson et al., 2002).

Next, we ran these aligned and affine registered scans through the FSL-VBM pipeline
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). This process included (1) segmentation of
each scan into gray and white matter, (2) linear registration of each scan to a standard
chimpanzee template (Hopkins & Avants, 2013), (3) creation of a study-specific gray

matter template (Andersson et al., 2007; Douaud et al., 2007; Smith et al., 2004), (4)
nonlinear registration of each subject’s gray matter image to the study-specific template,

(5) modulation of the gray matter volume by use of a Jacobian warp to correct for local
expansion or contraction of gray matter within each voxel, and (6) smoothing with an
isotropic Gaussian kernel with a sigma of 2 mm. Finally, we ensured that the 1.5T and

3T scans had the same orientation and voxel dimensions by reregistering each smoothed,
modulated gray matter volume to the chimpanzee template brain using a six-parameter rigid
body linear registration in FSL (FLIRT; Hopkins & Avants, 2013; Jenkinson & Smith, 2001;
Jenkinson et al., 2002). The resulting gray matter volumes were used in subsequent analyses.

2.3 | Primate cognition test battery

PCTB data was previously collected from chimpanzees in both colonies. The PCTB
included nine physical cognition tasks and three social cognition tasks, and only subjects
that completed all tasks were included in the current study. Briefly, the tasks included

spatial memory, object permanence, rotation, transposition, relative numbers, causality
noise, and causality visual (all measuring physical cognition), and initiation of joint
attention, attentional state, and gaze following/response to joint attention (all measuring
social cognition). As reported in Hopkins et al. (2020), the outcome measures for each task
were converted to standardized z-scores (separately for each colony). The z-scores were then
averaged across the 12 measures for each subject to create a unit weighted average (UWA)
score that reflected their overall performance, or “g” (Woodley et al., 2015).

2.4 | Statistical analyses

2.4.1| Age—To test for reductions in gray matter volume per voxel as

chimpanzees age, we performed voxel-based morphometry (VBM) using SPM12
(https://www.fil.ion.ucl.ac.uk/spm/) (Penny et al., 2007) run in MATLAB. Voxel-based
morphometry is a whole-brain, voxel-wise comparison of gray matter volume. First, we
imported the smoothed gray matter volumes (generated from the FSL-VBM pipeline) for
each subject and ran a one-sample #test with the age of each chimpanzee at the time

of their scan, while controlling for sex, rearing history, and scanner magnet (1.5T or

3T). A subsequent contrast (with a minimum cluster threshold of 50 voxels) was used to
examine the negative correlation between age and gray matter volume per voxel (with the
significance threshold set at p< 0.001, uncorrected).

2.4.2| Cognition and gray matter volume—Here, we examined the UWA _g scores
of chimpanzees over the age of 25 when tested on the PCTB (M = 36.12, SD=8.20, N =
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126). To determine the relationship between the UWA_g scores and gray matter variation
while accounting for age, we regressed age at testing, sex, and colony on the UWA ¢

scores and saved the residual. The colony was included as a covariate due to differences

in PCTB performance between the two chimpanzee colonies. The residual reflected each
subject’s UWA _g score after statistically controlling for their sex, age at the time of PCTB
testing, and where they were housed when tested (NCCC or YNPRC). We then categorized
the chimpanzees into two groups based on these residuals: those who performed better
(positive residual, UWA_g+) or worse (negative residuals, UWA_g-) than predicted for their
sex, age, and colony. Therefore, the UWA_g+ group includes chimpanzees that represent
successful cognitive aging (middle aged or elderly chimpanzees who perform better than
predicted for their age). Out of these 126 subjects, we had MRI data for 103 chimpanzees
(73 females, 30 males; Age at scan M = 33.23, SD = 8.72). For 91 of the 103 chimpanzees,
PCTB testing occurred within 5 years of MRI acquisition, but for the remaining 12 subjects,
testing occurred between 6 and 16 years of MRI acquisition (overall M = -2.58, SD =
2.59). We accounted for this discrepancy in timing by statistically controlling for both the
age at the time of cognitive testing when calculating the residuals to determine the UWA
groups and age at the time of scan in our VBM analysis. We then performed a voxel-based
morphometry analysis using SPM 12 in MATLAB. We imported the smoothed, modulated
gray matter volumes for each of the 103 subjects and ran an independent samples £test with
performance group (UWA_g+ and UWA _g-) as the independent variable, while controlling
for sex, age at the time of scanning, rearing history, and scanner magnet (1.5T or 3T).
These variables were included as covariates because they are known to affect neuroanatomy
in chimpanzees; (see below along with Bard & Hopkins, 2018; Bennett et al., in press;
Hopkins, Latzman, et al., 2019). Please note, scanner magnet is confounded with colony
here (all NCCC subjects were scanned with a 1.5T scanner magnet, Yerkes with a 3T).
Subsequent contrasts (with a minimum cluster threshold of 50 voxels; p < 0.01) were used
to compare gray matter volume per voxel between the two groups. Differences between the
UWA g+ and UWA_g- groups reveal those brain regions associated with cognition within
this older chimpanzee sample.

2.4.3| Conjunction analysis—To determine those brain regions that were implicated
in both cognitive performance and aging, we performed a conjunction analysis. For the
conjunction analysis, we re-ran the VBM analyses described above (between both age

and cognitive performance with the whole-brain gray matter variation) but reduced the

level of significance to p < 0.05 (uncorrected). For each VBM analysis, we subsequently
binarized the gray matter output volume and added these two binary volumes together. We
then thresholded the volume at 2, which resulted in an image that reflected those regions
associated with both age and cognitive performance. The thresholded volume was fused with
the chimpanzee template brain (Hopkins & Avants, 2013) in Analyze 11.0 and we termined
which regions overlapped between the two VBM analyses.
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3| RESULTS

3.1] Age
As reported in Lacreuse et al. (2020), the VBM analysis revealed a significant negative
correlation between age and gray matter volume (p < 0.001). As age increased, gray
matter volume decreased in many regions, including (but not limited to): superior frontal
cortex (bilateral), supramarginal (right), rostral middle frontal (left), pars triangularis (left),
pars opercularis (bilateral), insula (bilateral), pars orbitalis (bilateral), superior and middle
temporal cortex (bilateral), and the entorhinal cortex (bilateral) (see Figure 1 and Table 1 for
all regions and corresponding volumes).

3.2| Cognition
The residual cognition scores saved from the UWA analysis revealed that, of the 103
chimpanzees with MRI data, 54 performed worse and 49 performed better than expected
for their age, sex, and colony membership. The VBM revealed significant differences in
gray matter between these two cognition groups. Specifically, UWA_g+ chimpanzees had
increased gray matter volume in many regions, including the prefrontal cortex, cerebellum,
superior and inferior parietal cortex, brainstem, isthmus cingulate, and lingual cortex
compared with the UWA_g- apes (p < 0.01 uncorrected; see Figure 3 and Table 1 for the
volumes of all regions). By contrast, UWA_g-chimpanzees had higher gray matter volume
in the superior frontal cortex, paracentral cortex, precuneus, inferior temporal cortex, and
supramarginal cortex compared with UWA_g+ subjects (p < 0.01 uncorrected; see Figure 3).

3.3 | Conjunction analysis

The conjunction analysis revealed that UWA_g+ chimpanzees had higher gray matter
volumes than UWA _g- apes in several regions that were found to decline with increasing
age. These regions included the rostral middle frontal, pars triangularis, pars opercularis,
superior parietal cortex, cerebellum, and superior frontal cortex, middle temporal cortex, and
temporal pole (see Figure 4). That is to say, UWA_g+ chimpanzees had significantly higher
gray matter volume compared with UWA _g apes in brain regions known

4| DISCUSSION

We found significant reductions in gray matter volume throughout the brain with increased
age. This included the prefrontal cortex and middle temporal cortex, as well as the
superior frontal cortex, insula, superior temporal cortex, and entorhinal cortex. The gray
matter regions showing marked decline with increasing age in the chimpanzees overlap
considerably with findings from both cross-sectional and longitudinal samples of healthy
human subjects (Bigler et al., 2002; Lemaitre et al., 2012; Raz, 1997; Raz et al., 2005;
Tisserand et al., 2004), as well as those with diseases or injuries that cause cognitive
impairments (Bigler et al., 1997, 2002; Dicks et al., 2019). It is possible that these reductions
in gray matter volume as chimpanzees age are the result of neuropathology; however,
additional studies comparing the in vivo imaging data to pathology of postmortem brain
tissue are needed.
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In addition, after adjustment for age and colony, we found that chimpanzees with positive
residual cognition scores (UWA _g+; or those with increased cognitive reserve; Stern et

al., 2020) showed significantly higher gray matter volume than chimpanzees with negative
residual scores (UWA_g-). In humans, successful cognitive aging has been consistently
associated with increased global white and gray matter volume, as well as increased volume
in the frontal cortex and hippocampus (Harrison et al., 2012; Kaup et al., 2011). The

brain regions implicated in better cognitive performance in the chimpanzees in the current
study included regions within the middle and inferior frontal gyri, supramarginal, and
angulargyrus, and the cerebellum. In humans, similar brain regions have been reported to
be associated with general intelligence or “g” (Haier et al., 2004, 2010; Hilger et al., 2020;
Hogan et al., 2011), suggesting some homology in brain regions implicated in general
cognitive functions between humans and chimpanzees. Similarly, the findings reported here
are consistent with a previous study in a subset of these chimpanzees that showed that
increasing cognitive performance as assessed by the PCTB was associated with larger brain
volumes and increased cortical thickness (Hopkins, Li, et al., 2019).

Finally, from the conjunction analysis, we found that UWA_g+ chimpanzees had increased
gray matter in regions normally associated with age-related decline compared to UWA _g-
apes. These overlapping regions include the prefrontal cortex, parietal cortex, temporal
cortex, and cerebellum. In a longitudinal study in humans, cognitive decline over 3 years
was associated with reductions in gray matter volume in some of the same regions reported
here for chimpanzees (e.g., prefrontal, temporal, and parietal cortices; Tisserand et al.,
2004). Furthermore, like our UWA_g+ chimpanzees, humans with cognitive scores above
average for their age seem to resist typical age-related changes in cortical volume (Harrison
etal., 2012). However, it is impossible to determine the causal direction of the relationships
reported here; it is possible that cognitively healthy chimpanzees (or those with higher
cognitive reserve; Stern et al., 2020) are protected from some age-related gray matter loss, or
that chimpanzees with less gray matter loss as they age (possibly an indication of increased
brain reserve or maintenance; Cabeza et al., 2018; Stern et al., 2020) perform better on
cognitive tasks. In humans, genetics (e.g., lack of the APOE &4 allele) and other biological
factors (e.g., lower IL-6, glucose, etc.), higher education, better overall health, physical
functioning, and emotional wellbeing, as well as increased social support have been shown
to predict successful cognitive aging among older adults (Albert et al., 1995; Barnes et

al., 2007; Goveas et al., 2016; Wang et al., 2014; Yaffe et al., 2009). In addition, studies

in humans show that increased cognitive stimulation, such as word games, discussion of
events or people, puzzles, or other activities involving thinking and memory, may improve
cognition and increase quality of life for people with dementia (Spector et al., 2003, 2010;
Woods et al., 2006, 2012). However, there are some conflicting reports of the effectiveness
of such stimulation on reducing cognitive decline (Kim et al., 2017); therefore, further
controlled studies are needed.

It is possible that similar factors could be related to successful cognitive aging in
chimpanzees. In fact, the chimpanzees included in the current study had access to regular
cognitive enrichment and additional cognitive stimulation through each facility's respective
enrichment and research programs. Over the years, the chimpanzees in the current study
voluntarily participated in other studies of cognition, motor skill, economic games, and
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social learning (see Neal Webb et al., 2019, for example from NCCC). It is possible that
such participation could have skewed the cognitive data reported here, and that even more
differences (in both cognitive performance and gray matter decline with age) may occur

in chimpanzees who do not have such cognitively enriched lives. Furthermore, Walker

and Jucker (2017) suggest that environmental enrichment may be one of many protective
factors that prevent nonhuman primates from the development of AD-like dementia, despite
the development of amyloid and tau pathology (and neurofibrillary tangles, in the case

of chimpanzees). Future research should examine the relationship between these potential
protective factors (genetics, cognitive enrichment and stimulation, overall health, physical
activity and functioning, and strength of social networks) and cognitive performance in
aging chimpanzees. In addition, carefully controlled studies with other nonhuman primates
could elucidate the effects of cognitive stimulation on successful aging and determine if
there is a protective effect against age-related gray matter loss, as well as AD-like pathology.

There are some limitations to the current study. Here we examined age- and cognition-
related gray matter decline using cross-sectional data with incongruent timing of data
collection with respect to the PCTB and MRI scan collection. That is to say, the sequence
and duration of time between the collection of the PCTB data and MRI scans was

not consistent across subjects. However, PCTB testing occurred within 5 years of MRI
acquisition for 88% of the chimpanzees in the current study, and we also accounted for

this discrepancy in timing by statistically controlling for both the age at the time of scan
and age at the time of cognitive testing in our analyses. Ideally, future studies would align
this data collection in time to more directly illuminate the relationship between chimpanzee
cognitive performance and gray matter volume, in the context of aging. However, despite
incongruence in the timing of cognitive testing and MRI collection in the current study,
this is the best and only opportunity to examine such questions given the current policies
prohibiting in vivo MRI collection in chimpanzees for research purposes. In addition, to
determine the rate of cognitive and gray matter decline with age without additional repeated
in vivo imaging data, researchers could examine changes between archival MRI data and
postmortem MRI data, or carryout these studies in other nonhuman primates.

In summary, we determined that certain gray matter structures display volume declines

as chimpanzees age, particularly in regions associated with overall cognition. In addition,
chimpanzees with preserved cognition with age have increased gray matter volume in many
regions compared with their poorly aging counterparts. Furthermore, these regions overlap
considerably with those that normally decline with age, indicating that chimpanzees who
perform better on cognitive tasks for their age may retain gray matter volume in these
regions. Altogether, the current findings, along with those on cognitive and motor decline,
and AD pathology, further confirm that chimpanzees are an important model species for
comparative studies of aging. Furthermore, as the captive chimpanzee population is skewed
toward adult and geriatric animals, it is important to further understand the effects of aging
on cognition and neurobiology, see how these age-related effects may impact the long-term
care of this aged population, and determine how facilities housing chimpanzees can foster
healthy aging.
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FIGURE 1.
Three-dimensional surface renderings of the regions negatively associated with age (p <

0.001), indicating regions of gray matter volume loss as chimpanzees age
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FIGURE 2.

Scatter plot showing the quadratic association between age and UWA _g scores, 7/(222) =
0.246, p=0.001
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FIGURE 3.
Three-dimensional surface renderings of the regions of gray matter volume that differ

between those that perform better (UWA_g+; green) or worse (UWA_g—; orange) on the
PCTB for their age and sex (p < 0.01). PCTB, Primate Cognition Test Battery; UWA, unit
weighted average
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FIGURE 4.
Three-dimensional surface renderings of the regions that overlap between the two voxel-

based morphometry analyses; blue indicates regions of increased gray matter volume in
UWA g+ chimpanzees that typically decline with age
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Regions and corresponding volumes (>20 mm3) for each significant region from the three analyses.

Table 1.

Region
Age

Pars triangularis, pars opercularis, and pars orbitalis

Superior frontal cortex

Superior and middle temporal cortex

Entorhinal cortex

Supramarginal cortex

Precentral cortex

Cerebellum

Putamen

Rostral middle frontal cortex

Isthmus cingulate

Precuneus

Insula

Paracentral cortex

Frontal pole

Caudate

Superior parietal cortex
Cognition (UWA_g+ > UWA _g-)

Cerebellum

Rostral middle frontal and pars triangularis

Superior and inferior parietal

Brainstem

Precentral cortex

Pars opercularis

Isthmus cingulate

Lingual gyrus

Pars orbitalis

Lateral occipital

Superior frontal

Supramarginal

Conjunction

Pars opercularis, pars triangularis, rostral middle frontal

Superior parietal
Cerebellum

Superior frontal
Brainstem

Temporal pole

Middle temporal cortex

Isthmus cingulate

Total Volume

2433.11
2389.89
1599.60
722.17
646.97
316.89
171.14
154.30
69.34
56.64
39.80
35.65
33.45
31.98
30.76
29.05

768.80
513.18
482.43
232.91
152.59
14551
103.52
102.54
77.88
40.53
39.55
23.68

1334.48
1122.07
534.42
180.17
151.85
119.14
113.77
96.92

L/R Volume

1807.13/625.98
1197.75/1192.14
1131.34/468.26
373.54/348.63
0/646.97
0/316.89
122.07/49.07
65.43/88.87
0/69.34
35.40/21.24
0/39.80
16.85/18.8
0/33.45

0/31.98

0/30.76

29.05/0

353.02/415.78
513.18/0
458.99/23.44
175.05/57.86
12.45/140.14
0/145.51
72.51/31.01
57.13/45.41
77.88/0
40.53/0
39.55/0
0/23.68

518.31/816.17
996.34/125.73
365.96/168.46
80.32/99.85
106.69/45.16
46.14/73.00
113.77/0
47.85/49.07

Am J Primatol. Author manuscript; available in PMC 2022 November 01.

Page 20



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mulholland et al.

Page 21

Region
Supramarginal
Putamen

Postcentral cortex

Total Volume L/R Volume

58.59 0/58.59
45.90 45.90/0
34.42 34.42/0
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