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Abstract

Among primates, humans exhibit the most profound degree of age-related brain volumetric

decline in particular regions, such as the hippocampus and the frontal lobe. Recent studies have

shown that our closest living relatives, the chimpanzees, experience little to no volumetric decline

in gray and white matter over the adult lifespan. However, these previous studies were limited

with a small sample of chimpanzees of the most advanced ages. In the present study, we sought to

further test for potential age-related decline in cortical organization in chimpanzees by expanding

the sample size of aged chimpanzees. We used the BrainVisa software to measure total brain

volume, gray and white matter volumes, gray matter thickness, and gyrification index in a cross-

sectional sample of 219 captive chimpanzees (8-53 years old), with 38 subjects being 40 or more

years of age. Mean depth and cortical fold opening of 11 major sulci of the chimpanzee brains

were also measured. We found that chimpanzees showed increased gyrification with age and a

cubic relationship between age and white matter volume. For the association between age and

sulci depth and width, the results were mostly non-significant with the exception of one negative

correlation between age and the fronto-orbital sulcus. In short, results showed that chimpanzees
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exhibit few age-related changes in global cortical organization, sulci folding and sulci width.

These findings support previous studies and the theory that the age-related changes in the human

brain is due to an extended lifespan.
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Normal aging in humans is a complex process that brings about many structural changes in

the brain. Research shows that normal brain aging in humans is characterized by particularly

severe volume loss in regions involved in memory and executive functions, such as the

hippocampus and frontal lobe (Abe et al., 2008; Peters, 2006; Raz et al., 1997; Rosen et al.,

2002; Tisserand et al., 2004). The volumetric decline is associated with shrinkage of gray

matter (GM) and white matter (WM) volumes and enlargement of the cerebrospinal fluid

(CSF) spaces, resulting in an increase of the opening of cortical sulci (Ge et al., 2002;

Lemaitre et al., 2012; Matsumae et al., 1996; Pfefferbaum et al., 1994; Sherwood et al.,

2011; Sullivan et al., 1995). Evidence suggests that cerebral gray matter volume decreases at

a linear rate with age in adulthood, whereas hippocampal volume is relatively stable until

middle age, after which there is an accelerated rate of shrinkage (Ge et al., 2002; Good et al.,

2001; Raz et al., 2005; Sherwood et al., 2011; Taki et al., 2011; Walhovd et al., 2005).

White matter volume shows a quadratic change over the lifespan, in which it increases until

the middle age period and then decreases with increasing age (Ge et al., 2002; Giorgio et al.,

2010; Sowell et al., 2003; Walhovd et al., 2005; Westlye et al., 2010).

From a comparative perspective, previous studies have examined age-related changes in the

brains of other mammals, and specifically primates. Nonhuman primates are of particular

interest for studying the neurobiological correlates of aging because of their close

phylogenetic relationship with humans (Finch and Austad, 2012). Nonhuman primates are

often used as models to understand the effects of aging independent of the cellular changes

that cause age-related neurodegenerative disorders commonly seen in humans such as

Alzheimer's disease (Gearing et al., 1996; Kimura et al., 2003; Koo et al., 2012; Lemaitre et

al., 2012; Sherwood et al., 2011; Squire et al., 1988). Characteristics of neurodegenerative

diseases, such as diffuse plaques and vascular lesions, have been observed in the

hippocampus and frontal lobes of aged macaque monkeys, chimpanzees, gorillas and

orangutans (Gearing et al., 1997; Kimura, 2001; Poduri et al., 1994). At the present time

there are only two reports of the existence of neurofibrillary tangles in great apes including

one in a 41 year old chimpanzee (Rosen et al., 2008), and more recently in a sample of

lowland gorillas (Perez et al., 2013). Finally, there is also evidence that apes and monkeys

show age-related volumetric decline in the striatum and modest reductions in total brain

volume (Alexander et al., 2008; Herndon et al., 1999; Matochik et al., 2000; Rapp and

Amaral, 1992).

In terms of behavior and cognition, age-related decline in motor and cognitive functions

have been described extensively in monkeys (Herndon et al., 1997; Lacreuse et al., 2005;

Moss et al., 1988; Rapp and Amaral, 1989). In humans, the age-related volumetric
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reductions of the frontal lobe and the hippocampus are associated with decline in cognitive

processes, including fluid reasoning, mental processing speed, episodic memory, and spatial

ability (Park et al., 2001; Salthouse, 1996; Verhaeghen and Salthouse, 1997; Whalley et al.,

2004). In aged nonhuman primates, there are impairments in delayed response tasks, delayed

matching-to-sample tasks, delayed recognition span tasks, reversal learning tasks, and

conceptual set-shifting task (Bartus et al., 1978; Hara et al., 2012; Moss et al., 1988). Far

fewer data are available from great apes, including chimpanzees; however, a recent study by

Lacreuse et al. (2014) reported a moderate but statistically significant decline in spatial

memory in a sample of 4 chimpanzees over the age of 50 years old.

It has been hypothesized that a possible factor explaining the more pronounced pathological

and cognitive changes found in humans compared to nonhuman primates is increased

longevity (Hawkes, 2003; Herndon, 2009). Compared to other primates, humans have

evolved an extended lifespan, particularly post reproductively, which has been proposed to

increase the risk for the development of cognitive impairments and associated brain changes

in later life (Herndon, 2009). The “grandmother hypothesis” suggests that human longevity

resulted from selection for longer post-menopausal survival in women, who could contribute

to the cooperative care of dependent offspring in their families (Finch and Sapolsky, 1999;

Hawkes, 2003). According to Herndon (2009), chimpanzees' shorter post-menopausal

lifespan might allow them to avoid cognitive impairments or neurodegenerative disorders

that occur during the very latest stages of life in humans, such as Parkinson's or Alzheimer's

disease.

To date, there are two studies on age-related changes in cortical organization in chimpanzee

brains based on post-mortem or in vivo magnetic resonance imaging. Sherwood et al. (2011)

examined age-related changes in cortical organization in chimpanzees compared to humans.

They measured the volumes of brain regions in 69 chimpanzees and found that there was

little evidence of marked age-related change. Specifically, chimpanzees did not show

statistically significant volumetric age-related decline in gray and white matter volume for

either the entire brain or frontal lobe or hippocampus. More recently, Chen et al. (2013)

found that chimpanzees do show age-related declines in both gray and white matter, but the

declines were much smaller than typically occur in older humans. One limitation of this

prior research was the minimal number of very old or “aged” subjects, defined as those

chimpanzees greater than 40 years of age. For instance, there were only 7 subjects over the

age of 40 in the previous study by Sherwood et al., with only one being a male. Similarly,

Chen et al. (2013) had only a small portion of chimpanzees over the age of 40 and the

sample consisted entirely of females. Thus, both Chen et al. (2013) and Sherwood et al.

(2011) may not have had enough statistical power to detect more robust age-related changes

in cortical organization among the most geriatric chimpanzees, and particularly older males.

The aim of the current research was to further test for potential age-related decline in

cortical organization in chimpanzees. This study differs from previous reports on age-related

changes in the chimpanzee brain in two important ways. First, this study had a larger sample

of male and female chimpanzees that included substantially more individuals representing

the upper end of their lifespan. Second, we employed a different methodology and approach

to the measurement of different dimensions of cortical organization. Here, we used the
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BrainVisa (BV) software to measure the organization and folding in the cerebral cortex.

This software has been previously employed to assess age-related changes in human and

baboon brains (Kochunov et al., 2005). Using the BV software, we measured the total brain

volume, gray and white matter volumes, gray matter thickness, and gyrification index of 219

captive chimpanzees, with 38 subjects being 40 or more years of age, therefore considerably

expanding the sample size in the oldest cohort of individuals. Furthermore, we measured the

mean depth and cortical fold opening of 11 major sulci of the chimpanzee brains. We

hypothesized that if age-related changes in the chimpanzee brain are reduced compared to

humans, then age would account for a small proportion of variance in cortical organization,

sulci depth and fold opening in our sample.

Methods

Subjects

There were 219 captive chimpanzees (134 females, 85 males) in this study including 84

chimpanzees housed at the Yerkes National Primate Research Center (YNPRC) and 135

chimpanzees housed at The University of Texas M. D. Anderson Cancer Center

(UTMDACC). Ages at the time of their magnetic resonance image scans ranged from 8 to

53 years (Mean = 27.04, SD = 6.74). In addition to analyzing the neuroanatomical variables

against chronological age, we also classified the chimpanzee into 4 age groups including

adolescent or sub-adult individuals (<=15 years), young adults (16 to 25 years), middle-aged

adults (26 to 39 years) and elderly (40+ years). The samples sizes in the sub-adult, young

adult, middle-aged, and elderly groups were 33, 86, 62, and 38, respectively.

Magnetic Resonance Image Collection

All chimpanzees were scanned in vivo during one of their annual physical examinations.

Magnetic resonance image (MRI) scans followed standard procedures at the YNPRC and

UTMDACC and were designed to minimize stress. Thus, the animals were first sedated with

ketamine (10 mg/kg) or telazol (3-5mg/kg) and were subsequently anaesthetized with

propofol (40–60 mg/kg/h). They were then transported to the MRI scanning facility and

placed in a supine position in the scanner with their head in a human-head coil. Upon

completion of the MRI, chimpanzees were briefly singly-housed for 2-24 hours to permit

close monitoring and safe recovery from the anesthesia prior to return to the home social

group. All procedures were approved by the Institutional Animal Care and Use Committees

at YNPRC and UTMDACC and also followed the guidelines of the Institute of Medicine on

the use of chimpanzees in research. Seventy-six chimpanzees were scanned using a 3.0

Tesla scanner (Siemens Trio, Siemens Medical Solutions USA, Inc., Malvern, Pennsylvania,

USA). T1-weighted images were collected using a three-dimensional gradient echo

sequence (pulse repetition = 2300 ms, echo time = 4.4 ms, number of signals averaged = 3,

matrix size = 320 × 320, with 0.6 × 0.6 × 0.6 resolution). The remaining 143 chimpanzees

were scanned using a 1.5T G.E. echo-speed Horizon LX MR scanner (GE Medical Systems,

Milwaukee, WI). T1-weighted images were collected in the transverse plane using a

gradient echo protocol (pulse repetition = 19.0 ms, echo time = 8.5 ms, number of signals

averaged = 8, matrix size = 256 × 256, with 0.7 × 0.7 × 1.2 resolution).
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MRI Processing

BrainVISA 4.0.1 (BV) is a freely distributed software (http://brainvisa.info) that can be used

for a range of morphometrics, including measurement of cortical folding of the brain

(Mangin et al., 2004). Initially, using Analyze 8.1, all MRIs were skull-stripped, cropped,

and reformatted at 0.7 cubic isotropic resolution and subsequently imported into BV.

Extracting the sulci from the cortex in the brain scans involves a series of steps in a pipeline

process within BV (Mangin et al., 2004) (see Figure 1) and these methods are described in

detail elsewhere (Bogart et al., 2012). Initially, the anterior and posterior commissures were

manually specified on the MRI where they intersect with the mid-sagittal slice to align the

brain. The first step was to correct for special inhomogeneities in the signal intensity

providing a spatially smooth bias field with a stable distribution of tissue intensities (Figure

1b). Next, the analysis of the signal histogram and mathematical morphology were

computed to obtain a binary mask of the brain (Figure 1c). The mask was then split into the

left and right hemispheres and the cerebellum (Figure 1d). A negative mould of the white

matter was computed from the split-brain mask. The outside boundary of this mould results

from a 5 mm morphological closing of the masked hemisphere, filling up the folds. The

grey/white interface is the inside boundary preserving deformations assuring the spherical

topology of the mould (Figure 1e). Finally the mould was skeletonised to detect cortical

folding, while topological constraints guarantee the resulting surfaces have no holes (Figure

1f-g). The deepest part of the fold indicates the buried gyrus given the grey/white interface.

The final steps results in creating the cortical fold graph with the extracted sulci (Figure 1h).

In this study, 11 sulci of the chimpanzee brain were manually labeled following Bailey et

al.'s (1950) definitions (Figure 2). The sulci selected in the frontal lobe were the central

(CS), superior precentral (SPC), precentral inferior (PCI), inferior frontal (IFS), and fronto-

orbital (FO) sulci. The superior precentral sulcus in chimpanzees is triradiate in formation,

with one branch extending toward the frontal pole (Bailey et al., 1950), while the posterior

end runs medial to lateral. We included all limbs of SPC in this study. PCI often includes the

superior limb running parallel to the central sulcus; however, we were interested in

including only that portion of PCI that is used to define the inferior frontal gyrus (IFG) in

chimpanzees (Keller et al., 2009). Thus, measures were obtained on the inferior limb, which

is considered the posterior border of the IFG in the chimpanzee brain. Furthermore, PCI can

be bifurcated (Keller et al., 2009; Sherwood et al., 2003), and we included all inferior

branches of the PCI in our measurement of this sulcus. FO in the chimpanzee constitutes the

anterior border of IFG and corresponds to the human ascending ramus (Keller et al., 2009).

The temporal lobe sulci consisted of the Sylvian fissure (SF) and superior temporal sulcus

(STS), while the parietal lobe sulci included the superior postcentral (SPCS), inferior

postcentral (IPCS), superior parietal sulcus (SPS) and intraparietal (IP) sulci.

Sulci Measures

Two measures were obtained from each sulcus using BrainVISA's (BV) morphometric tools,

and these included: 1) mean depth (mm) and 2) sulcus fold opening (mm). Mean depth is the

average depth of the sulcus along its principal axis of projection (i.e., dorsal-ventral,

anterior-posterior, see Figure 3a). Sulcus fold opening was quantified by measuring the

average mean distance between the two sides of the sulcus (see Figure 3b).

Autrey et al. Page 5

Neuroimage. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://brainvisa.info


Global Cortical Measures

Using BV, we further calculated hemispheric gray and white matter volumes (cc), overall

gyrification index (GI), and average cerebral gray matter thickness (mm) for each subject.

To calculate the gray (GM) and white matter (WM) volumes, the program used the grey/

white interface generated in the sulci extraction pipeline process to generate a cerebral spinal

fluid (CSF) interface, providing the total volumes in each hemisphere. The gray and white

matter volumes included subcortical structures such as the thalamus and basal ganglia;

however, the cerebellum and related brain stem structures were excluded from calculations

of total GM and WM volume. As has been done in many previous studies, the overall

gyrification index (GI) of the cerebral cortex was determined by measuring the surface area

sulcal internal contours of the cortex and dividing it by the total surface area for each

hemisphere (Armstrong et al., 1993; Rilling and Insel, 1999; Rogers et al., 2010; Zilles et

al., 1989). Overall average cortical gray matter thickness (CGM) was computed using a

plugin developed for BV by Kochunov and colleagues (2012). This plugin also has a tool

that measures the average gray matter thickness within each hemisphere using the pial and

gray-white interface created in the pipeline process for each brain. Whole-brain CGM was

calculated for the explicit purpose of adjusting individual sulcal gray matter thickness (see

Statistical Analyses below).

Statistical Analyses

For all brain measures, the left and right hemisphere values for each subject were averaged

to derive a single mean. For the total brain, white and gray matter volumes, cortical

thickness and gyrification index, we used multiple analysis of covariance (MANCOVA)with

scanner strength (1.5T, 3T) sex and age group serving as the between-group factors while

body weight served as the covariate. For the sulci measures, MANOVA was used with

scanner type, sex and age group as the between group factors. To be consistent with other

studies that have examined age-related changes in different measures of the brain, we also fit

linear, quadratic and cubic functions between age and each of the brain measures to assess

which, if any, best explain the variation in values. All analyses were performed using

Statistical Package for Social Science (SPSS) software. Post-hoc tests, when necessary, were

conducted using Tukey's Honestly Significant Different (HSD) tests. For all statistical tests,

alpha was set to p < 0.05.

Results

Global Cortical Measures

Prior to conducting the sex and age effect analyses, we performed a Pearson Product

Moment correlation between age and body weight and found that older subjects had lower

body weights (r = -.223, p = .001). Because age was associated with body weight and body

weight can correlate with brain size within and between different primate species, we

subsequently used body weight as a covariate in the analyses examining sex and age effects

on the global measures of cortical organization.

In the initial analysis, we performed MANCOVA with the total brain volume (TBV), gray

and white matter volume (GM_VOL, WM_VOL), cortical thickness (CT) and gyrification
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(GI) serving as dependent measures while scanner type, sex and age group were the between

group factors. Body weight served as a covariate. Significant main effects were found for

sex F(5, 198)=3.728, p = .003, age group F(15, 600)=1.785, p = .033 and scanner type F(5,

198)=3.733 p= .003. None of the interaction terms between age, sex, scanner type and the

covariate body weight were significant. The mean male and female TBV, GM_VOL,

WM_VOL, GM and GI values and their standard errors are shown in Figure 4a and 4b.

Because the scanner type variable was significant, we have plotted separate graphs for the

data collected at 1.5T and 3.0T scanner strength.

The subsequent univariate F-tests revealed that males had larger TBV F(1, 202)=5.360, p = .

022, and WM_VOL F(1, 202)=7.706, p = .006 values than females. No significant sex

differences were found in GM_VOL, gray matter thickness, or gyrification. The mean global

cortical organization values for each age group and brain measure are shown in Figure 5a

and 5b. The univariate F-tests indicated that significant age group differences were found

for GI F(3, 202)=2.797, p = .041 and GM_VOL F(3, 202)=3.478, p = .017. For the GI

scores, post-hoc analysis indicated that the mean gyrification scores for the sub-adult groups

were significantly higher than all other age groups. None of the remaining means differed

significantly from each other. For GM_VOL, post-hoc analysis failed to reveal any

significant differences between age groups. We also fit linear, quadratic and cubic

regressions between age and the values for each of the brain measures, after controlling for

the scanner type. The results are shown in Table 1 and Figure 6a to 6e. There was a

significant cubic association between age and white matter volume and significant linear,

quadratic and cubic associations with gyrification. Separate analyses of the associations

between age and the measures obtained for the global cortical measures for males and

females revealed nearly identical results for both sexes, with both having significant linear,

quadratic and cubic associations between age and gyrification (see Table 1). We have

provided the mean global brain organization findings and associated F-test for each scanner

type in Table 2. Mean GMT was greater in the 1.5 compared to the 3T scans whereas GI and

gray matter volumes were significantly higher in the 3T compared to 1.5T scans. No

significant differences were found for white matter and total brain volume.

Sulci Mean Depth and Fold Opening

For mean depth and fold opening, separate MANCOVAs were performed. In each

MANCOVA, the mean depth or fold opening scores for each sulcus were the dependent

measures while sex and age group were the between group factors. Scanner type served as a

covariate. For mean depth, the MANCOVA revealed a significant main effect for sex F(11,

193)=1.839, p = .05 and the covariate scanner type F(11, 193)=10.820, p = .001. No

significant interactions were found between age group, sex or scanner type. The subsequent

univariate F-tests revealed significant male-female differences for the CS F(1, 203)=6.929,

p = .01, SPC F(1, 203)=5.247, p = .023, and STS F(1, 203)=4.254, p = .04. The average

mean depth for each sex and sulcus can be seen in Figure 7. Females had smaller mean

depth scores than males for all the sulci. The linear, quadratic and cubic associations

between mean depth and age for each sulcus are shown in Table 3. Significant linear,

quadratic and cubic associations were found between age and the mean depth of the CS and

FO sulci. A significant quadratic and cubic association was found between age and the mean
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depth of the SPCS. In terms of covariate scanner type, univariate F-tests revealed significant

differences for SF F(1, 203)=38.011, p = .001, STS F(1, 203)=34.233, p = .001, IP F(1,

203)=27.998, p = .001 and SPS F(1, 203)=16.705, p = .001. In all cases, the mean depth for

the sulcus was significantly higher for the 1.5 compared to 3.0T images.

For the fold opening measure, the MANCOVA only revealed a significant main effect for

scanner type F(11, 197) = 6.199 p = .001. Significant univariate F-tests were found for FO

F(1, 203)=5.769, p = .017 and IP F(1, 203)=9.067, p = .003. FO values were higher in the

1.5 compared to 3T scans for FO whereas the opposite pattern of difference was found for

the IP sulcus. Linear, quadratic and cubic associations between age and the old opening

scores for each sulcus are shown in Table 3. Significant linear, quadratic and cubic

associations were found between age and the fold opening of the FO sulcus.

Discussion

Brain aging in nonhuman primates displays both similarities and differences from humans

(Koo et al., 2012; Nagahara et al., 2010; Poduri et al., 1994). Studies have shown that there

is little to no changes in cortical organization in the chimpanzee brain (Sherwood et al.,

2011; Chen et al., 2013), yet these studies had a small number of chimpanzees over the age

of 40. This study is the single largest study ever examining age-related changes in cortical

organization in nonhuman primates and specifically chimpanzees. In addition, we found that

there was little evidence of age-related decline in cortical organization including 1) total

brain and gray matter volume 2) cortical thickness and 3) the mean depth and fold opening

of 11 different major cortical sulci. Of all the measures that we analyzed in the current

study, aging effects were found only for total cortical gyrification and white matter volume.

In short, the macrostructural organization of the chimpanzee brain does not appear to change

dramatically with aging.

In general, the results showing a lack of significant or only small age-related changes in

cortical organization in chimpanzees are consistent with the findings reported by Sherwood

et al. (2011) and others (Chen et al., 2013; Herndon et al., 1999). However, this study

differed from other reports in that we had a larger sample size, particularly among

individuals in the oldest cohort. Moreover, rather than focus on variation in specific regions

of interest, this study included measures of global organization and the depth and degree of

fold opening of select sulci.

Sub-adult chimpanzee subjects had higher gyrification index (GI) scores compared to adult,

middle-aged and elderly chimpanzees. We also found that there was a quadratic and cubic

relationship between age and white matter volume, meaning that white matter volume

increases earlier in life, then decreases in later years. This is consistent with data from

humans and other primates, namely that cerebral white matter increases until middle

adulthood and then decreases with increasing age (Ge et al., 2002; Hopkins and Phillips,

2010; Phillips and Sherwood, 2008; Pierre et al., 2008). A similar pattern for results has

been found in humans for the relationship between age and gyrification (Hogstrom et al., in

press) (see Table 1 and Figure 5a to 5f). However, the proportion of variance in white matter
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volume and gyrification that was attributable to age in the chimpanzee brains was less than

5%, which is quite small compared to what has been reported in human brains (see Table 1).

Results also showed there was a sex difference in white matter and total brain volume with

males having larger values than females across the lifespan. These results are consistent with

some findings in humans (Allen et al., 2003; Groeschel et al., 2010; Luders et al., 2006;

Luders et al., 2002) but not all (Gur et al., 2002; Leonard et al., 2008; Luders and Toga,

2010; Xu et al., 2000). Though the sex difference in white matter volume were significant

even after adjusting for body weight, when we calculated the ratio in gray to white matter in

our sample, we found no significant differences between males and females. Thus, the

differences are in absolute size with no obvious functional consequences.

There are at least two potential limitations to this study. First, since the study was cross-

sectional and there is the possibility of cohort effects that might have influenced the results.

Furthermore, age is confounded with rearing experiences in the chimpanzees. Most of the

oldest chimpanzees were wild-caught whereas most, if not all, of the younger individuals

were captive born. Thus, it is possible, though unlikely, that variation in the rearing

experiences may account for the results rather than age per se. However, given the limited

number of significant age effects reported here, we are skeptical that removing the wild-

caught individuals from the analyses would make any difference in the outcome of the

results. Second, we used two different scanners in the study. Though we statistically

controlled for this variable, ultimately scanning all the individuals with the same machine

would have been ideal. Nonetheless, given the consistency of our findings with those

previously reported in chimpanzees where scanner magnet strength was controlled (Chen et

al., 2013), we do not believe that this is a significant limitation nor that this variable masked

or influenced the results in any way that would alter the interpretation.

The results highlight the unusual characteristics of human aging and longevity, which seem

to require an adaptive account such as the Grandmother Hypothesis (Hawkes, 2003). The

Grandmother Hypothesis proposes that the short post-menopausal period of nonhuman

primates allows them to avoid neurodegenerative diseases that are often seen in the later

stages of life in humans. A key issue in defining post-menopausal life is, of course,

determining when menopause occurs. Menopause in human females begins when there is a

cessation of ovulation, which is then followed by a post-reproductive period, which has been

shown to be about one third of their lifespans (LaCreuse et al., 2008; Atsalis & Videan,

2009). By contrast, though menopause occurs in many nonhuman primate species (Walker

and Herndon, 2008), reproductive senescence coincides with the end of the lifespan,

occurring at approximately the same time or shortly thereafter (Walker and Herndon, 2008).

With specific regard to chimpanzees, though older females show reduction in reproductive

fecundity (Roof et al., 2005), the complete cessation of ovulation and menses prior to death

is rare (Alberts et al., 2013; Atsalis and Videan, 2009; Herndon and Lacreuse, 2009;

Herndon et al., 2012; Lacreuse et al., 2008; Videan et al., 2006).

Beside differences in post-reproductive lifespan, it should also be noted that there are

differences between chimpanzees and humans in life style, diet and exercise, factors known

to influence age-related changes in cognition and cortical organization. For instance, by
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human standards, chimpanzee lifestyles and diets are much healthier comprising largely

fruits and vegetables (Milton, 1999; Wrangham et al., 1991). Furthermore, chimpanzees are

physically active throughout their lifespan and do not develop largely sedentary lives with

increasing age, though activity levels can decrease. In humans, healthy lifestyles and

physical activity has been shown to have a protective effect against the development of age-

related decline in cognitive functions and cortical organization (Ahlskog et al., 2011;

Elwood et al., 2013; Vivar et al., 2013). Therefore, these lifestyle factors may also

contribute to the relatively healthy aging found in chimpanzees.

In summary, the results of this study show that chimpanzees exhibit few age-related changes

in global cortical organization, sulci depth and sulci width. Elderly chimpanzees were found

to have less gyrified brains than sub-adult and young-adult individuals but the size of this

effect was relatively small with age accounting for only 5.1% of the variance. These results

highlight the unusual character of human brain aging and longevity, which seem to require

an adaptive account such as the Grandmother Hypothesis (Hawkes, 2003). Additionally, the

lengthy period of brain decline characteristic of human aging might contribute to our

vulnerability to AD and other age-related neurodegenerative diseases.
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Highlights

• Tested tor potential age-related decline in cortical organization in chimpanzees.

• Used BrainVisa to measure organization and folding in the cerebral cortex.

• This is the single largest study examining age-related changes in chimpanzees.

• Chimpanzees exhibit few age-nelated changes in global cortical organization.
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Figure 1.
BrainVISA's pipeline processing steps a) MR image of a skull-stripped chimpanzee brain, b)

stable tissue intensities creating bias field, c) binary mask of the brain, d) split mask of left

and right hemispheres and cerebellum, e) gray and white interface, f) a negative mould of

the white matter, g) skeletonised mould of cortical folding, h) cortical fold graph of

chimpanzee sulci manually labelled. Sulci: red = central, light green = superior precentral,

orange = fronto-orbital, yellow = precentral inferior, light purple = inferior frontal, dark blue

= Sylvian fissure, dark pink = superior temporal, light blue = inferior postcentral, dark

purple = superior postcentral, dark green = intraparietal, and brown = superior parietal.

Image taken from Bogart et al. (2012).

Autrey et al. Page 16

Neuroimage. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
3D-rendering of chimpanzee brain with each of the 11 sulci of interest labeled on the

surface. Image taken from Bogart et al. (2012)

Autrey et al. Page 17

Neuroimage. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
The central sulcus is extracted to demonstrate sulcus measures computed. a) Mean depth is

the calculated average of the depth measures along the entire length of the sulcus. b) fold

opening is represented as the distance between the two sides of the sulcus.
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Figure 4.
Mean global cortical organization measurements (+/− s.e.) in male and females chimpanzees

at each scanner strength. a) TBV = total brain volume, GM = gray matter volume, WM =

white matter volume b) GMT = gray matter thickness, GI = gyrification index.
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Figure 5.
Mean global cortical organization measurements (+/− s.e.) in the different age groups and

scanner strength. a,b) TBV = total brain volume, GM = gray matter volume, WM = white

matter volume c,d) GMT = gray matter thickness, GI = gyrification index. Left column

represent data collected at 1.5T and right column is 3.0Tesla
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Figure 6.
Scatterplots of the relationship between age and a) WM b) GM c) TBV d) GMT and e) GI

with separate regression lines drawn for chimpanzee scanned with 1.5T and 3.0T scanners.
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Figure 7.
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Table 1
Partial r Values for Linear, Quadratic and Cubic Associations Between Age and Total
Brain Volume (TBV), Grey Matter Volume (GM_Vol), White Matter Volume (WM_Vol),
Grey Matter Thickness (GMT) and Gyrification (GI)

Region Linear Quadratic Cubic

Overall

  TBV −.050 −.056 −.122

  GM_Vol −.057 −.065 −.066

  WM_Vol −.084 −.144 −.138*

  CMT .081 .067 .060

  GI −.206** −.199** −.195**

Females

  TBV −.015 −.015 −.016

  GM_Vol .024 .027 .029

  WM_Vol −.073 −.099 −.121

  CMT .081 .066 .060

  GI −.192* −.192* −.196**

Males

  TBV −.096 −.130 −.160

  GM_Vol −.109 −.141 −.066

  WM_Vol .009 −.024 −.049

  CMT .157 .155 .152

  GI −.280** −.260* −.237*

**
p < .01

*
p <.05

+
p <.10
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Table 2
Descriptive Statistics and Associated F-values for the Effect of Scanner Types on Global
Brain Measures

Scanner Type

Measures 1.5T 3.0T F p

  TBV 276.71 287.78 3.336 .069

(3.29) (5.09)

  Grey Matter 65.28 70.61 5.271 .023

(1.26) (1.95)

  White Matter 73.38 71.79 0.633 .427

(1.08) (1.68)

  GMT 1.81 1.61 5.826 .017.

(.04) (.06)

  GI 1.59 1.67 10.17 .002

(.01) (.02)

TBV, Grey and White Matter values are in cc. For all univariate F-tests, there were 1 and 210 degrees of freedom.
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