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Converging empirical data suggests that a set of largely consistent personality traits exist in both human and non-
human primates; despite these similarities, almost nothing is known concerning the neurobiological basis of
these traits in nonhuman primates. The current study examined associations between chimpanzee personality
traits and the grey matter volume and asymmetry of various frontal cortex regions in 107 captive chimpanzees.
Chimpanzees rated as higher onOpenness and Extraversion had greater bilateral greymatter volumes in the anterior cin-
gulate cortex. Further, chimpanzee ratedashigheronDominancehad largergreyvolumes in the left anterior cingulate cor-
tex and right Prefrontal Cortex (PFC). Finally, apes rated higher on Reactivity/Unpredictability had higher grey matter
volumes in the right mesial PFC. All associations survived after applying False Discovery Rate (FDR) thresholds. Results
are discussed in terms of current neuroscientific models of personality which suggest that the frontal cortex, and
asymmetries in this region, play an important role in the neurobiological foundation of broad dispositional traits.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Within both the human and non-human primate literatures, the
Five Factor Model (FFM; Freeman and Gosling, 2010; McCrae and
Costa, 2008) is the most widely used model of personality. With regard
to human samples, extensive factor-analytic research using both natural
language adjectives (e.g., the lexical tradition) and theoretically-based
personality questionnaires consistently reveal five robust broad
personality dimensions across languages and cultures: Extraversion
(e.g., energetic approach-oriented), Agreeableness (e.g., prosocial
tendency towards others), Conscientiousness (e.g., impulse control abil-
ities and attention to detail), Neuroticism (e.g., general tendency to
experience negative emotions and distress), and Openness (e.g., open-
mindedness, originality). In addition to extensive evidence of the repli-
cability of this model among human samples, a large body of literature
confirms the importance of these traits with respect to both psycholog-
ical and physical health (e.g., Bogg & Roberts, 2004; Clark and Watson,
2008; Kotov et al., 2010; Miller & Lynam, 2001). Furthermore, among
eorgia State University, PO Box
chimpanzees, a relatively smaller, but converging empirical literature,
suggests the existence of largely similar personality traits as found
among humans (i.e., FFM; Freeman and Gosling, 2010) organized in a
similar hierarchical manner (Latzman et al., 2014, in press). The com-
parative nature and importance of this nonhuman primate literature
are particularly clear for research with chimpanzees, because of their
close genetic similarity to humans.

Despite the recent interest in comparative personality among
chimpanzees however, the vast majority of studies to date have focused
on the description, construction, and validation of the personality con-
struct as well as instruments designed to assess it. Although a relatively
smaller literature addresses basic questions relating to the genetic basis
of personality, surprisingly no study to date has examined the neurolog-
ical correlates of non-human primate personality. Indeed, within the
human literature, the study of personality neuroscience is becoming
increasingly popular and influential (DeYoung, 2010). Reliable cross-
species findings of associations between personality and specific
brain regions would provide critical confirmatory evidence concerning
a biologically-based explanatory model of personality. Given the
growing excitement in trait personality within non-human primates
(Freeman and Gosling, 2010), the elucidation of a largely parallel and
robust trait structure (Freeman et al., 2013), and evidence of a genetic
basis for individual variation across these traits (Adams et al., 2012;
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Latzman et al., in press), investigation of the neuroanatomical correlates
of chimpanzee personality is the next logical step, and thus is the prima-
ry goal of the current study.

Chimpanzees as a model species for comparative science

It is nowwidely accepted that humans and chimpanzees sharemany
emotional processes resulting in an unparalleled animal model of
human emotion (Phillips et al., 2014). In addition to an extremely
high percentage of shared genetics, humans share a great deal of evolu-
tionary history with chimpanzees. For example, chimpanzees live in
complex social environments that require sophisticated social cognition
and behavior to recruit social support, alliance formation, and recogni-
tion of emotion displays (de Waal, 1996).

Perhaps not surprisingly given our shared history, a small but
converging empirical literature suggests chimpanzees demonstrate
largely similar personality traits as found among humans (i.e., FFM;
Freeman and Gosling, 2010), which can be organized in a similar hierar-
chical manner (Latzman et al., 2014, in press). Indeed, recent factor
analytic research, using a combination of top-down and bottom-up ap-
proaches, has led to the development of a comprehensive new rating
scale for measuring personality in chimpanzees (Freeman et al., 2013).
This work supports a robust five-factor solution largely paralleling the
FFM reliably found with human samples: Reactivity/Undependability,
Dominance, Extraversion, Openness, and Agreeableness. Although not
typically labeled as such in the FFM, Dominance appears to parallel
reverse-keyed Neuroticism; that is, Dominance and Neuroticism appear
to lie on a bipolar dimension, each anchoring opposite poles of the
dimension. Indeed, Dominance is reflected in low levels of fearfulness
and timidity (Freeman et al., 2013). Reactivity/Unpredictability, howev-
er, is a dimension not previously found to emerge in the FFM, consisting
of items that have previously been found to load on FFM Conscientious-
ness (e.g., impulsive, reverse-keyed), Agreeableness (e.g., deceptive,
reverse-keyed), and Extraversion (e.g., calm, reverse-keyed) (Digman,
1990). All told, chimpanzee models are uniquely poised to provide ac-
cess to highly complex processes underlying basic dispositional traits
largely free from the typical socio-cultural confounds inherent in
human studies (Nelson andWinslow, 2009). The strength of any animal
model lies in its ability to have translational value between the animal
model and humans. From this perspective, chimpanzees represent by
far the best animal model species for investigations of personality,
allowing for a better understanding of its evolutionary origins. In sum,
the value of comparative chimpanzee research to the study of affective
neuroscience is clear.

The majority of the comparative personality literature has focused
confirming the existence and structure of chimpanzee personality,
with few studies examining its neurological basis. There does exist a
relatively small literature, however, beginning to address more basic
questions regarding the genetic basis of personality. For example,
similar to findings with human samples (Bouchard and McGue, 2003),
some personality traits among chimpanzees have been found to be
heritable (Adams et al., 2012; Latzman et al., in press) with this herita-
bility attributable, at least in part, to specific genetic polymorphisms
(Hong et al., 2011; Hopkins et al., 2012). Given the fact that various ge-
netic polymorphisms are expressed in different areas of the brain, the
neurological basis for chimpanzee personality is assumed from these
findings.

Personality neuroscience

Although our understanding of the neural mechanisms underlying
the expression of personality dimensions is still in its infancy, and
the specificity of associations is equivocal, recent human neuroimaging
research confirms the importance of various brain regions in explaining
the neurobiology of personality (DeYoung, 2010). Given that no
research to date has investigated the neurological basis of personality
in non-human primates, we relied upon this human literature as a
basis for our tentative hypotheses. Among humans, one brain region
that appears to be particularly important is the frontal cortex (FC),
and particularly the anterior cingulate (ACC) and prefrontal (PFC)
cortices.

Anterior cingulate cortex (ACC)
Activity of the ACC, an area associated with motivation and regula-

tion of behavior through cognitive and affective mechanisms (Bush
et al., 2000), has been found to be associated with FFM Neuroticism
(Eisenberger et al., 2005; Reuter et al., 2004), a trait that largely parallels
low Dominance in chimpanzees (Freeman et al., 2013; Latzman et al.,
2014, in press), as well as Extraversion (Haas et al., 2006). For example,
Neuroticism has been found to be associated with ACC activity at rest
and in response to aversive or novel stimuli (Eisenberger et al., 2005;
Reuter et al., 2004).

Prefrontal cortex (PFC)
The PFC, located in the most anterior portion of the frontal lobe, is

the most recently expanded portion of the brain and is most pro-
nounced in primates (Rilling and Insel, 1999; Semendeferi et al.,
1997). It is highly interconnected with other cortical, as well as subcor-
tical, areas which allows for the control of a wide range of behaviors
(Miller and Cohen, 2001). The functions of the PFC can be broadly sum-
marized as carrying out goal-directed action with lesions to the PFC
resulting in widespread deficits, including problems with motivation,
attention, inhibition, planning, and memory (Koziol and Budding,
2009). This region may be particularly relevant in the context of com-
parative studies, as the functions subserved by the PFC are highly devel-
oped in both humans and great apes (Bianchi et al., 2013; Matsuzawa,
2001). Recent neuroimaging findings confirm the importance of this re-
gion in the explanation of various personality traits. Indeed, converging
evidence from both structural and functional MRI studies suggest that
this region in humans is broadly associated with FFM personality with
more distinct correlates emerging between specific areas of the PFC
and specific personality traits (DeYoung, 2010).

Orbital prefrontal cortex (oPFC). Volume of the oPFC, a PFC region in-
volved in decision making and coding of values of rewards (Bechara
et al., 2000) has been found to be associated with Extraversion
(DeYoung et al., 2010; Rauch et al., 2005), a trait linked to the tendency
to experience positive emotions, usually in the context of reward or
expected reward (Clark and Watson, 2008). Similar findings emerge
in the context of fMRI research,with Extraversion found to be associated
with brain activity in the oPFC, among other areas, both at rest and in re-
sponse to positive or rewarding stimuli (Canli et al., 2001; Cohen et al.,
2005; Mobbs et al., 2005).

Mesial prefrontal cortex (mPFC). Reduced volume of themPFC, an area of
the PFC involved in processing, representing, and integrating social and
affective information (Blakemore et al., 2004), has been found to be as-
sociatedwithNeuroticism (DeYoung, 2010), a trait that largely parallels
reverse-keyed Dominance in chimpanzees (Freeman et al., 2013). In ad-
dition to volumetricfindings, activity in themPFC has also been found to
be associated with Neuroticism, which is thought to reflect difficulties
with emotion regulation (Williams et al., 2006). Further, mPFC activity
has also been found to associate with Openness (DeYoung et al.,
2009), although the consistency of this finding is not clear given various
approaches to themeasurement of this trait. Lastly, whereas Agreeable-
ness has rarely been explicitly examined in the context of neuroimaging
studies, empathy (an aspect of trait Agreeableness) has repeatedly been
found to be associated with activity in the mPFC across a number of dif-
ferent paradigms (Chakrabarti et al., 2006).

Dorsal prefrontal cortex (dPFC). Similar to other PFC areas, the dPFC,
an area primarily responsible for motor planning, organization, and
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regulation, especially as related to impulse control (Miller and Cohen,
2001) has also been found to have distinct personality correlates. In-
deed, dPFC activity has been found to be predicted by Agreeableness
(Haas et al., 2007), a trait linked to prosocial, affiliative tendencies
(McCrae and Costa, 2008). Additionally, dPFC activity has been found
to be related to self-reported impulsivity (Brown et al., 2006), a key
aspect of FFM Conscientiousness, and item-content associated with
Reactivity/undependability in chimpanzees (Freeman et al., 2013).

Asymmetries of the frontal cortex
In addition to bilateral volumetric variation, a large extant theo-

retical and empirical literature reveals functional and anatomic hemi-
spheric asymmetries are associated with many psychological and
behavioral traits related to temperament and personality. Indeed,
although a number of models have been proposed to explained the
results (e.g., Davidson, 1998; Harmon-Jones, 2003), a converging set
of findings suggests that approach- (e.g., Extraversion) and avoidant
(e.g., Neuroticism/lowDominance)-related temperament traits or emo-
tions are differentially associatedwith the left and right FC, respectively.
Not surprisingly, these differences in asymmetries also appear to be
associated with psychiatric conditions. For example, rightward frontal
asymmetry has been found to predict increased risk for depression
(Nusslock et al., 2011). Taken together, the importance of quantifying
this aspect of FC anatomy is clear from the potential role that
asymmetries likely play in temperament and emotion, in addition to
the importance of these asymmetries for understanding various behav-
ioral and emotional outcomes.

Current study

Despite a growing recognition of the critical importance of compar-
ative personality research with non-human primates, research has yet
to the neuroanatomical correlates of personality among chimpanzees.
Such investigations are critically important in elucidating common bio-
logical systems underlying personality (Stockard, 1931) which, in turn,
will provide important information concerning not only the basic
neurobiologically-based architecture of personality, but also increase
our understanding of the central role of basic dimensions of personality
within the evolutionary process. The current study therefore aimed to
examine associations between FFM chimpanzee personality and the
volume of various FC regions. As no previous studies to date have
examined associations between personality and the ACC and PFC
among non-human primates, we based our hypotheses on the extant
human personality neuroscience literature which were tentative given
the relatively unequivocal and nascent state of the literature. Spe-
cifically, as reviewed above, we expected volume of the oPFC to be
associated with Extraversion, mPFC volume to be associated with
Openness and Agreeableness, as well as Dominance, the reverse-
keyed chimpanzee equivalent of Neuroticism.With regard to the Agree-
ableness hypothesis, we based this on findings with regard to empathy,
an aspect of FFM Agreeableness. Additionally, we hypothesized that
dPFC volume would be associated with Agreeableness and Reactivity/
undependability. We base the latter hypothesis on above-reviewed
findings of associations with self-reported impulsivity, content that
loads on this dimension and also represents a central feature of FFM
Conscientiousness. Lastly, we expected Dominance and Extraversion
to be associated with ACC volume. In these studies, we focused on two
aspects of cortical organization of the PFC regions, including the grey
matter (GM) volume and the asymmetries in the regions. In addition to
volumetric variation, as noted above,we also quantified FC asymmetries
because of the potential role that asymmetries might play in emotion
and behavior. Given previous findings of approach-related traits associ-
ated with leftward FC asymmetries and avoidant-related traits associat-
ed with rightward FC asymmetries, we expected Extraversion to
evidence a significant leftward bias and Dominance to evidence a signif-
icant rightward bias.
Materials and methods

Subjects

The sample consisted of 107 captive chimpanzees, including 50
males (Mage = 22.43 ± 11.25) and 57 females (Mage = 19.87 ± 9.03)
ranging in age from 8 to 50 years, housed at The University of Texas
MD Anderson Cancer Center (UTMDACC). Chimpanzees were housed
in social groups ranging from 5 to 14 individuals.

Assessment of personality

Through the consideration of both existing human personality liter-
ature as well as those traits that may be specific to chimpanzees,
Freeman et al. (2013) used a combined top-down and bottom up ap-
proach to develop a 41-item personality questionnaire. Each item con-
sists of a single trait accompanied by a behavioral definition and a
Likert-type scale ranging from one (“least descriptive of the chimpan-
zee”) to seven (“most descriptive of the chimpanzee”). Strong evidence
was reported for five factors: Reactivity/Unpredictability (e.g., Irritable,
Temperamental/Moody), Dominance (e.g., Fearful [reversed], Timid
[reversed]), Extraversion (e.g., Depressed [reversed], Solitary [re-
versed]), Openness (e.g., Human oriented, Inquisitive/Curious), and
Agreeableness (e.g., Protective, Considerate). These scales have been
found to evidence strong convergent and discriminant validitywith var-
ious in vivo behavior has been demonstrated as has strong criterion va-
lidity with other scales previously validated across several different
studies (Freeman et al., 2013). Further, reliability has been shown to
be adequate both in terms of inter-rater reliability, as well as internal
consistency, and factors have been found to demonstrate good external
validity (Freeman et al., 2013).

Using this instrument, chimpanzees were rated by colony staff
members that worked with the animals for an extended period of
time and “feel that they have enough experience for an accurate rating.”
As with research using other chimpanzee personality questionnaires
(Weiss et al., 2007), mean ratings across raters in the current study
were used for all analyses. Consistent with previously published data
on interrater reliabilities for personality ratings in chimpanzees
(Weiss et al., 2007), mean interrater reliability using ICC (3, k) across
all items was .61. Further, consistent with previous findings
(e.g., Freeman et al., 2013), themedian internal consistency (Cronbach's
alpha) values across personality scales was .86, with values ranging
from .48 (Agreeableness) to .94 (Reactivity/Undependendability).

Image collection and procedure

All chimpanzees were scanned during their annual physical exami-
nationwhich occurredwithin two-years of personality ratings. Magnet-
ic resonance image (MRI) scans followed standard procedures at the
UTMDACC and were designed to minimize stress. Thus, the animals
were first sedated with ketamine (10 mg/kg) or telazol (3–5 mg/kg)
and were subsequently anesthetized 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 singly-housed for 2–
24 h to permit close monitoring and safe recovery from the anesthesia
prior to returning to their home social group. All procedures were
approved by the Institutional Animal Care and Use Committees at
UTMDACC. The chimpanzees were scanned using a 1.5 T G.E. echo-
speed Horizon LX MR scanner (GE Medical Systems, Milwaukee,
Wisconsin, USA). 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).

Initially, each T1-weighted MRI scan was skull stripped and the
volume segmented into grey matter, white matter and CSF using FSL
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(Analysis Group, FMRIB, Oxford, UK) (Smith et al., 2004; Zhang et al.,
2001). Next, each individual T-1 MRI scan was linearly registered to a
previously constructed symmetrical template of the chimpanzee brain
using procedures that have been described elsewhere (Li et al., 2010).
The matrix derived from the linear registration was saved for later
use. The region of interest masks (described below and in Hopkins
and Avants, 2013) were drawn on the chimpanzee template brain
using a mouse-controlled pointer and then transformed back to the
individual native GM volume maps for each subject, using the inverse
matrix of the original registration. The masks were then applied to the
individual subjects' segmented GM scan to derive volumes for each of
the 4 regions within each hemisphere.
Regions of interest

Prefrontal cortex (PFC)
As described previously (i.e., Hopkins and Avants, 2013), landmarks

used in previous research (Semendeferi and Damasio, 2000) were
adopted in defining the orbital (oPFC), dorsal (dPFC) and mesial
(mPFC) prefrontal cortex in serial coronal images (see Fig. 1). Beginning
posteriorly when the frontal orbital (FO) sulcus was first visible, for the
oPFC, a linewas drawn from the surface of the FO sulcus to its mostme-
dial point. A second line was then drawn from the medial point of FO to
the tip of the rectus gyrus, which was then followed along the inferior
outer surface of the cortex until intersecting with the lateral point of
the FO sulcus. If the caudate and putamen were visible on the images,
the line extending from the medial FO sulcus to the rectrus gyrus ex-
cluded these regions. The dPFC was outlined by laterally tracing on the
surface of the brain from FO to the upper, dorsal most mesial point.
From there, a line was drawn that connected the most medial point of
all frontal sulci between themostmesial point and the FO sulcus. Finally,
the mesial PFC was defined from the grey matter tip of the rectus gyrus
to the upper dorsal end of themesial surface, which included portions of
the superior frontal gyrus but omitted any tissue belonging to the
FM

IFS

FO

a

Fig. 1.Prefrontal cortex regions of interest. Thisfigure illustrates: a) 3D rendering of a chimpanze
three objectmaps corresponding to the prefrontal cortex, outlined in red (orbital), green (dorsa
regions. FM= fronto-marginal sulcus; IFC= inferior frontal sulcus, FO= front-orbital sulcus. N
object maps were applied to the segmented grey matter volume, only voxels corresponding to
anterior cingulate cortex and subgenu region. The ACC regions were
traced separately from the PFC.
Anterior cingulate cortex (ACC)
The ACC was quantified in the sagittal and coronal planes following

the procedure used in human subjects (Bush et al., 2000) (see Fig. 2)
and in chimpanzees (Blatchley and Hopkins, 2010). For each subject,
the mid-sagittal slice was identified. Moving 1 mm laterally in both
the left and right hemisphere, a box was drawn around the corpus
callosum (CC). The box surrounding the CC was then split at the
anterior–posterior midpoint in order to divide the CC into anterior and
posterior regions (Point A in Fig. 2). Next, a vertical linewas drawn per-
pendicular to the genu of the CC through the medial plane (Point B in
Fig. 2). The ACC was divided into three regions (see labels 3, 4 and 5
in Fig. 2) and traced in the coronal plane. Region 24p was the gyrus
that was superior to the CC and was bordered on the anterior by a ver-
tical line (Point B in Fig. 2) and on the posterior by a vertical line (Point A
in Fig. 2) (colored yellow, in Fig. 2c). The superior border was the cingu-
late sulcus and the inferior border was the superior bank of CC (see
Fig. 2b). Region 24 was the portion of the cingulate that was anterior
to the vertical line (Point B in Fig. 2) and was bordered anteriorly by
the cingulate sulcus and posteriorly by the vertical line (colored blue
in Fig. 2c). The superior border was the cingulate sulcus and the inferior
border was the superior tip of the orbital frontal sulcus (see Fig. 2b). The
lateral border was the white matter belonging to the medial prefrontal
cortex and the medial border was themid-sagittal sulcus. Lastly, region
25was that portion of theACC thatwas inferior to the rostrumand genu
of the CC. The anterior border was vertical line Point B in Fig. 2 and the
inferior border was the cingulate sulcus. The anterior border of region
25 was the rostrum and genu of the CC and the inferior border was
the medial orbital sulcus (Fig. 2b). The lateral border for area 25 was
the internal capsule. Tominimize potential Type I error due to the num-
ber of brain regions that were correlated with the different personality
scales, we computed a single measure of grey matter volume for the
b

c
T1-weighted

Segmented
Grey Matter

e brain; b & c) coronal view of template brain and segmented greymatter volumewith the
l), and yellow (mesial). See text for specific description of the landmarks used to define the
ote, white matter is included on the ROIs depicted on the T1-weighted scan but when the
grey matter were included in the calculation of volume.
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T1-weighted T1-weighted
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Grey Matter

Segmented 
Grey Matter

Fig. 2. Anterior cingulate regions of interest. This figure illustrates: a) middle section view of the chimpanzee brain; b & c) coronal views of the chimpanzee T1-weighted and segmented
greymatter brain with the anterior cingulate cortex (area 24) outlined in cyan and purple; c) coronal view of the chimpanzee brain with the anterior cingulate (red, green, area 24′) and
subgenu (purple, blue) area 25 regions outlined on the scan. As above, white matter is included on the ROIs depicted on the T1-weighted scan but when the object maps were applied to
the segmented grey matter volume, only voxels corresponding to grey matter were included in the calculation of volume.
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entire anterior cingulate region. Thiswas accomplished by summing the
area 24, 24p and 25 GM volumes within each hemisphere.

Data analysis

For each subject and hemisphere, we computed total GM volume for
the dPFC, mPFC, oPFC and ACC. This was done by placing the object
maps on the individual GM volumes and computing the number of
grey matter voxels found within the region. Average GM volumes
were derived by adding the left and right hemisphere volumes and
dividing by two. For each region, we also computed asymmetry quo-
tients (AQ) following the formula [AQ = (R − L) / (R + L) × .5)]
where R and L represent the left and right hemisphere volumes for
each region. Positive AQ values reflect a right hemisphere bias and neg-
ative values reflect a left hemisphere bias. The absolute AQ values indi-
cate the magnitude of the asymmetry, with larger values reflecting
larger differences between the two hemispheres.

To assess the associations between the different personality con-
structs and brain measures, we first examined bivariate associations
among personality, frontal cortex GM, and frontal asymmetries. We
next conducted a series of multiple regression analyses with each of
the FFM personality dimensions serving as the outcome measure,
while sex and age (variables that have previously been found to associ-
ate with personality in chimpanzees; King, Weiss, & Farmer, 2005;
Weiss et al., 2007) and either the adjusted volume of the PFC and ACC
regions or AQ scores served as the predictor variables. To account for
variation in head size and/or total GM volume, the GM volume of each
region was divided by the total GM volume and multiplied by 100 for
all analyses. Separate regression analyses were performed for the aver-
age adjusted GM volume and AQmeasures so as to delineate the overall
size compared to asymmetry predictors of individual variation in per-
sonality. To correct for multiple comparisons, effects were tested to de-
termine if they survived a False Discovery Rate (FDR) threshold
(Benjamin and Hochberg, 1995).
Results

Anatomical analysis

Before assessing the association between the different brain mea-
sures and FFM personality, we performed a series of initial analyses on
the PFC and ACC regions to test for sex differences and potential associ-
ations with age. For these analyses, we performed two multivariate
analysis of covariance (MANCOVA) analyses with sex as the between-
group factor and age as the covariate. The mean adjusted GM volumes
for each region were the dependent variables in one analysis and the
asymmetry quotient (AQ) scores were the dependent variables for the
second analysis. Neither sex nor agewas found to have significant effect
on themean adjusted volumes or AQ scores for theMANCOVA analyses.

Additionally, we tested whether the chimpanzees showed
population-level asymmetries for each PFC region and the ACC using
one sample t-tests on the AQ scores with the assumption that the
population mean would be zero if the AQ scores were normally or
bimodally distributed. Significant leftward asymmetries were found
for the dPFC t(106) = −8.670, p b .001 and mPFC regions t(106) =
−4.671, p b .001, while a significant rightward bias was found for the
oPFC t(106) = 17.343, p b .001. No population-level bias was found
for the ACC t(106) = −1.241, p = .217.

Bivariate analyses

Bivariate correlations among personality, raw frontal GM volumes,
and frontal asymmetries are reported in Table 1. With the excep-
tion of Agreeableness, all personality traits evidenced moderate cor-
relations with one another. Further, at the bivariate level, with the
exception of Dominance, ACC GM volume was found to be significantly
associated with all personality traits; this association was positive for
Reactivity/Undependability and Extraversion and negative for Open-
ness and Agreeableness. Further, both Openness and Agreeableness



Table 1
Bivariate correlations among personality, frontal cortex grey matter, and frontal asymmetries.

1 2 3 4 5 6 7 8 9 10 11 12 13

Personality
1. Reactivity/Unpredictability
2. Dominance .39
3. Extraversion .45 .27
4. Openness .34 .35 .53
5. Agreeableness − .11 .06 .16 .24

Frontal GM
6. Dorsal PFC .12 − .11 .16 − .22 − .22
7. Orbital PFC .06 − .16 .13 − .14 − .14 .79
8. Medial PFC .05 − .14 .05 − .22 − .22 .81 .74
9. ACC .19 − .10 .26 − .19 − .19 .82 .62 .66
10. Mean FC GM .12 − .13 .16 .02 − .21 .98 .88 .85 .84

Frontal asymmetries
10. Dorsal PFC AQ − .05 − .05 − .10 − .02 − .02 .14 .17 .08 .21 .16
11. Orbital PFC AQ .17 .12 .16 .11 .03 .04 .03 − .01 − .03 .03 .06
12. Medial PFC AQ .16 .16 − .01 .02 − .06 .08 − .04 .08 .15 .07 .05 − .03
13. ACC AQ − .04 − .20 − .11 − .13 − .13 − .04 − .02 .04 .01 − .02 − .10 .16 .08
14. Mean FC AQ .13 .06 − .03 − .01 − .09 .12 .06 .10 .19 .47 .43 .70 .45

Note. N = 107. Significant correlations are shown in boldface. Correlations of N I.19I are significant, p b .05; NI.25I, p b .01; N I.21I, p b .001. GM = grey matter. PFC = prefrontal
cortex. ACC = anterior cingulate cortex. FC = frontal cortex. GM = grey matter. AQ = asymmetry quotient.
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were negatively associated with GM volume of the dPFC and the mPFC.
Mean FC GM was only significantly associated with Agreeableness.

Regression analyses

Table 2 summarizes the multiple R-values and associated F-values
from the regression analyses for the mean adjusted GM volume and
AQ scores for each personality trait. FFM personality dimensions served
as dependent variables, while sex, age, and either the adjusted volume
of the PFC and ACC regions or AQ scores served as the predictor vari-
ables. Further, a separate set of analyses was also run with the inclusion
of GM of the visual cortex as a control region, and results did not differ.
As such, we report on models that did not include this control region.
For the adjusted GM volume analyses, significant positive R-values
were found for Dominance, Extraversion, and Openness. With regard
to associations between sex and age and personality, based on the par-
tial r or beta values from these analyses (see Table 3), males were found
to be higher on Dominance and Extraversion and older animals were
found to be rated as lower on Reactivity/Unpredictability, Extraversion,
and Openness. Further, chimpanzees with higher GM volumes in the
ACC were rated as higher on Extraversion and Openness. Additionally,
a borderline (p b .10) negative association emerged between average
mPFC GM volume and Openness; chimpanzees with higher mPFC GM
Table 2
Summary of regression analyses on personality and adjusted frontal grey matter volume
and asymmetry.

Personality trait R F p-Value

Average adjusted GM
Reactivity/Unpredictability .341 2.174 .052
Dominance .411 3.345 .005
Extraversion .637 11.249 .001
Openness .357 2.4425 .034
Agreeableness .262 1.221 .302

Asymmetry GM
Reactivity/Unpredictability .389 2.938 .011
Dominance .505 5.649 .001
Extraversion .637 11.283 .001
Openness .305 1.687 .132
Agreeableness .245 1.053 .396

Note. GM volumes adjusted for total GM as described in text.
All models control for age and sex.
GM= grey matter.
p b .05 shown in boldface.
volumes were rated lower on Openness. After employing a FDR thresh-
old for multiple comparisons, all associations survived.

With regard to asymmetries in the various brain regions, sig-
nificant rightward multiple R-values were found for the Reactivity/
Unpredictability, Dominance and Extraversion traits (see Tables 2 &
3). As with the previous average GM analyses, males were higher on
Dominance and Extraversion and older animals were rated as lower
on Reactivity/Unpredictability and Extraversion. Further, chimpanzees
with greater rightward asymmetries inmPFCwere found to have higher
Reactivity/Undependability and Dominance scores, while chimpanzees
with a greater leftward asymmetry in ACC had higher Dominance
scores. Additionally, a borderline (p b .06) negative association between
Extraversion and ACC AQ scores emerged; chimpanzees rated as higher
on Extraversion had more leftward biased ACC asymmetries. After
employing a FDR threshold for multiple comparisons, all associations
survived.

Discussion

The current study represents the first study to date to examine asso-
ciations between FFM personality and the FC, a brain region subserving
functions known to be highly developed in both humans and great apes,
and previously found to associate with human personality. Given the
importance of elucidating common evolutionarily- and biologically-
basedmodels of personality, investigations of neurobiological correlates
with chimpanzees, our closest non-human relatives, are particularly
valuable. In this study, we focused on two aspects of cortical organiza-
tion of the FC regions, including greymatter volume and asymmetry. Al-
though not all hypotheses were confirmed, results of the current study
provide support for the neuroanatomical basis of personality within the
PFC and ACC. Results suggest a brain-based explanation for broad per-
sonality traits potentially indicating the evolutionary nature and conser-
vation across species of general dispositions.

With regard to sex differences, males in the current study evidenced
higher levels of both Extraversion and Dominance. Such results are
consistent with findings by Weiss et al. (2007), albeit inconsistent
with others who have failed to find sex differences across personality
traits (e.g., King, Weiss, & Farmer, 2005). Additionally, whereas others
have found significant age-related differences across personality traits
(e.g., Weiss et al., 2007), or age-related differences for only Dominance
(e.g., King et al., 2005), we found negative associations between age and
both Reactivity/Undependability and Extraversion. The source of these
disparate results is not known. As such, it will be important for research



Table 3
Beta values for each personality trait with the frontal grey matter volume and asymmetry scores, sex and age.

Predictor variables

Sex Age dPFC oPFC mPFC ACC

Average GM
Reactivity/Unpredictability − .055 − .270⁎ .021 − .061 − .063 .161
Dominance − .381⁎ .144 .015 − .100 − .026 .061
Extraversion − .254⁎ − .504⁎ − .034 − .012 − .131 .191⁎

Openness .112 − .234⁎ − .086 .158 − .205 .226⁎

Agreeableness .190 − .028 − .177 .160 − .121 .061

Asymmetry GM
Reactivity/Unpredictability − .034 − .283⁎ − .060 − .085 .168 − .097
Dominance − .372⁎ .149 − .086 − .023 .233⁎ − .232⁎

Extraversion − .247 − .515⁎ .024 − .016 .075 − .155
Openness .128 − .223⁎ − .111 − .036 .061 − .162
Agreeableness .203 .019 − .085 .061 − .061 − .128

Note. dPFC= dorsal prefrontal cortex. oPFC= orbital prefrontal cortex. mPFC=mesial prefrontral cortex. ACC= anterior cingulate cortex. GM= greymatter. GM volumes adjusted for
total GM as described in text. Values in boldface indicate Beta coefficients that survived critical FDR threshold for multiple comparisons.
⁎ Beta coefficients significant at p b .05.

69R.D. Latzman et al. / NeuroImage 123 (2015) 63–71
to continue to study not only age- and sex-related differences in person-
ality, but also potential bases for these differences.

Consistent with expectations, mean adjusted FC GM volume was
found to be associated with FFM personality. Specifically, after sta-
tistically controlling for age and sex, Dominance, Openness, and Ex-
traversion were correlated with average GM volume; however,
Agreeableness and Reactivity/Undependability were not. Given that
Extraversion and Dominance (which parallels reversed FFM Neuroti-
cism) are the two most affectively-based traits, the correlation with
average GM volume potentially reflects the control of emotions in the
service of goal-oriented behavior. When individual regions were exam-
ined, Extraversion and Openness were found to be associated with ACC
GMvolume and, Opennesswas found to be associatedwith lowermPFC
volume (at a trend level). Although these associations were not sig-
nificant following correction for multiple comparisons, these results
nonetheless suggest that in addition to self-regulatory behaviors and
emotional control, the ACC may also be important for the control of ap-
petitive, approach-oriented, dispositional traits consistentwith the trait
Extraversion. It may be that the ACC is particularly important for regu-
lating approach-oriented behavior and control of positive emotions.
Indeed, the ACC is part of the classical Papez emotion circuit, and recent
research indicates that ACC activity is associated with emotion. The ACC
is additionally part of a corticostriatal circuit involved in stimulus-
reward learning with lesions to this area found to interfere with avoid-
ance learning, resulting in increased expression of risky behaviors (Vogt
et al., 1992).

Given both theoretical and empirical literature suggesting the im-
portance of examining FC asymmetries (Davidson, 1998; Harmon-
Jones, 2003) and volumetric variation, associations between personality
and asymmetries were also investigated. Consistent with expectations
and previous findings that leftward versus rightward asymmetry corre-
lates with approach versus avoidant temperaments, respectively, FC
asymmetries were found to be associated with both Dominance and
Extraversion. Unexpectedly, however, and contrary to the emotional va-
lence hypothesis (Davidson, 1998), rightward asymmetrywas associat-
ed with both traits. When individual regions were examined, however,
results were more consistent with expectations. Specifically, Domi-
nance, aswell as Reactivity/Unpredictability, was associatedwith great-
er rightward asymmetries in the mPFC. Dominance was also associated
with greater leftward asymmetry in the ACC.With regard to the former,
these findings are consistent with previous findings among humans. In-
deed, rightward ACC asymmetry has been found to be correlated with
Harm Avoidance (Pujol et al., 2002), a trait dimension negatively corre-
lated with Neuroticism (De Fruyt et al., 2000) (the human parallel of
Dominance). Taken together, these results add to a nascent literature
on asymmetries in nonhuman primates (Hopkins, 2013) and contribute
to the larger literature on the importance of asymmetry in explaining
temperamental variation among individuals.

Limitations

There are several limitations to this study. First, the cross-sectional
correlational nature of the design does not allow for causal inferences
to be made. That is, whether personality factors underlie variation in
FC structure or vice versa cannot be inferred from these findings. Sec-
ond, we used masks created with landmarks to define the FC that
have been previously used in comparative studies with apes (Hopkins
and Avants, 2013); but, it must be recognized that the morphological
landmarks comprising the FC are not the same in humans and apes
(Semendeferi and Damasio, 2000). Furthermore, the relationship be-
tween sulcal landmarks and cytoarchitectonic boundaries defining spe-
cific cortical regions is not particularly strong in either humans or apes
(Schenker et al., 2010). Thus, we avoided using specific Broadmann
area designations to describe our morphological regions of interest
resulting in a need for further investigation in both human and ape.
Third, for the purposes of limiting the number of statistical analyses,
we combined the different regionswithin the ACC into a singlemeasure.
It has been well documented that the three main regions of the ACC
(Areas 24, 24′ and 25) have distinct functions (Bush et al., 2000) and
it is likely that ACC–personality correlations may be mediated by
which region is considered in the measurement.

Fourth, although commonly used in both the human and nonhuman
primate neuroimaging literatures (Hopkins and Avants, 2013; Hopkins
and Taglialatela, 2013; Hopkins et al., 2014), particularly with samples
as large as the one in the current study, the template-based ROI ap-
proach has a number of limitations given the neuroanatomical variabil-
ity among subjects. Nonetheless, it is likely a more conservative
approach as it results in capturing only overlapping GM across subjects
resulting in the potential for attenuated associations. Thus, although
other approaches to ROI analyses exist (e.g., individually tracing ROIs
for each subject in their native brain space), the more conservative ap-
proach employed in the current study underscores the robustness of
our results. Fifth, this study, which represents a first step towards eluci-
dating common evolutionarily- and biologically-based models of per-
sonality by examining associations with the PFC, necessarily has a
corticocentric emphasis. Given that the cortex functions within a net-
work of subcortical structures, and is part of several cortico-striatal cir-
cuits known to be important for emotion and decision making (Koziol
and Budding, 2009), the corticocentric approach used in the current
study is limited (Parvizi, 2009). Future research in this area should
focus on the FC as well as its subcortical connectivity in order to eluci-
date the conservation or evolution of personality networks across
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species. Sixth, likely as a result of few items that are used tomake up the
scale, the Agreeableness scale evidenced a low internal consistency
(Cronbach's alpha= .48). Such a low internal consistency likely attenu-
ated associations with frontal GM volume. Future research is therefore
needed, potentially with more internally consistent assessments of
Agreeableness, before we are able to be more confident in these find-
ings. Finally, as the size of the social groups varied in the current
study, it will also be important for future research to examine the effects
of differential social housing on personality. It is important to note that
the chimpanzees included in the current study have also lived in larger
groups at various points in their lives as the facility in which the chim-
panzees are housed varies the housing of the apes. The personality rat-
ing data presented here therefore represent a culmination of rater
observations and interactionswith the apes across these different social
settings.
Conclusions

Limitations notwithstanding and although replication is needed,
results of the current study provide support for the notion of FFM per-
sonality having both an evolutionary and biological basis. Such findings
are critically important in advancing our understanding of human na-
ture given the information these results provide for our comprehension
of the evolution of the human brain and associated dispositions and be-
haviors (Rilling, 2013). Indeed, similar to findings in humans (DeYoung,
2010), our results confirm the importance of neuroscientific approaches
to the study of basic dispositions (i.e., personality) and suggest that
many of these associations are comparable in chimpanzees. Such find-
ings further underscore the importance of chimpanzee models of trait
personality for more fully elucidating the biological basis for individual
variation in personality. Further, our results indicate that asymmetries
in the PFC and ACC regions are related to specific personality traits in
chimpanzees, consistent with previous research implicating these re-
gions in the control of emotion and behavior.
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