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I. Introduction 

Brain asymmetries in primates 

We generally conceive the brain to be a very symmetrical organ, where both hemispheres resemble 

each other and are separated by a superficial fissure: the midline. Imbedded in the centre of the 

brain, lies the corpus callosum (see figure 19), connecting the two hemispheres, and enabling them 

to communicate with one another, and effectively function as an integrated whole. 

Nevertheless, looks may be deceiving. Brain asymmetries have been observed in humans on a 

functional, behavioural and even structural level. For example, the human brain has the tendency to 

process cognitive information like language and spatial cognition asymmetrically (Oleksiak et al., 

2010). This is called lateralisation of function. Humans, and many other primates generally favour the 

use of one hand over the other, a behavioural asymmetry called handedness. But also numerous 

other traits have been reported to be asymmetrical, like the left side of the face being more 

expressive than the right (Nagy, 2012). But apart from these functional and behavioural 

asymmetries, the brains also shows a number of asymmetries in its morphology, where in the 

neocortex, the two hemispheres have been found not to be 

identical in shape, but show significant directional asymmetries 

across the whole population (Toga and Thompsons, 2003).  

Anatomical brain asymmetries are the protrusion of one 

cerebral structure relative to its homologous counterpart in the 

other hemisphere, or a difference in volume between two 

homologous regions. An asymmetry where one cerebral 

hemisphere protrudes relative to another is termed petalia 

(Balzeau & Gilissen, 2010). Figure 1 on the left shows a 

transverse section of a baboon brain, where the frontal 

protrusion asymmetries have been exaggerated for illustrative 

purposes. 

These structural asymmetries in the brain are already well 

documented for humans. This knowledge comes from various 

clinical research that accumulated over the last few decades, 

and had important implications of how we look at our brain today. In humans, there are several 

areas in the brain that are asymmetrical. The first brain asymmetry to be described by science was 

the planum temporal (see figure 2). This area is related to language processing and is closely 

associated with the Wernicke area. Here, it was found that a significant part of the population had a 

volumetric expansion of the left side relative to the right.  

Another well documented asymmetry in the human brain, is where the right pole of the prefrontal 

cortex usually protrudes more anteriorly than the left, while the left occipital pole tends to protrude 

more posteriorly than the right. A pattern where the frontal and occipital poles protrudes 

contralateraly, sometimes combined with a bending of the interhemispheric fissure towards the right 

is also referred to as the torque pattern or the Yakovlevian anticlockwide torque. This is thought to 

be prenatally established (Toga and Thompson, 2003).  

 

Figure 1: transverse section of a baboon brain. 

The asymmetry in the prefrontal area (black 

circle) has been exaggerated to illustrate the 

concept of anatomical asymmetries 
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Significant asymmetries also have been found in the width of both hemispheres and volume of 

certain cerebral areas. Regions in the human brain that functionally are associated with language, 

like the planum parietale, Broadman area 44 (part of the Broca area, see figure 2 below) and the 

angular gyrus show a left > right asymmetry, while right > left asymmetries were found in the 

amount of grey matter of the cingulate gyrus, the caudate nucleus and the anterior insular cortex 

(Watkins et al., 2001). 

 

Figure 2: Lateral view of a human brain. (adapted from Wikimedia commons) 

However, it has also become clear that brain asymmetries are not unique to anatomically modern 

humans. It remains very enigmatic when brain asymmetries arose and why. They have already been 

documented in hominid fossils (Holloway, 2008; Holloway & de la Coste, 1982;  Wu et al., 2006) and 

the African great apes Pan and Gorilla (Balzeau et al., 2012).  

The broad patterns in asymmetry become more clear if we look at our closest living relatives: 

bonobo’s,  chimpanzees and gorillas. These primates show morphological asymmetries in several 

areas of the brain that are homologous with humans. For example, the planum temporale and the 

planum paretale, that are both related to language in humans, show similar asymmetries in great 

apes (Gannon et al., 1998; Gannon et al., 2005). Another clear example is found in chimpanzees who 

show leftward asymmetries in the areas related to handedness and communicative gestures, like in 

the perisylvian area (Cantalupo et al., 2009). The frontal and occipital petalia asymmetry, combined 

in the torque pattern has also been confirmed in the African great apes (Balzeau & Gilissen, 2010).  
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There is however more controversy and less consensus when the anatomical asymmetries are 

further studied to a sulcal pattern and the length level. While some studies find human-like 

asymmetries in the African great apes in a part of the Broca area, namely the Broadman area 44 

(Cantalupo & Hopkins, 2001), other studies claimed that no human-like asymmetries are present in 

the sulcal contours defining the area analogue to the human Broca area (Keller et al., 2010). This 

emphasises the importance of further research on asymmetries to a deeper level before hard 

conclusions can be drawn on their functions.   

What all this information does suggest, is that brain asymmetries, whatever their functions in 

modern living animals, could already have been present in an early primate ancestor of the great 

apes and humans. But how far back do these asymmetries really go? When did they originate, and 

what could their role have been? Looking for answers to these questions provides great 

opportunities for comparative morphological research. Yet, when we look beyond what is known for 

humans and their closest living relatives, virtually nothing on brain asymmetries is known.  

Only a few primates other than hominoids have been studied. In vervet, rhesus and bonnet monkeys, 

Lyn et al. (2011) found no population level asymmetries in the grey matter of the planum temporale. 

In a study with a small, but taxonomically diverse sample of Old World monkeys, and New World 

monkeys, contrary to great apes, no significant directional asymmetries were found in cerebral width 

(Hopkins & Marino, 2000). Other studies however did find some asymmetries in the monkey brain. In 

capuchin monkeys a significant left volumetric frontal asymmetry was found (Phillips & Sherwood, 

2007), and a study on sulcal lengths in rhesus monkeys found population-level asymmetries in the 

frontal lobes (Falk et al., 1990). To our knowledge there are no further studies examining 

morphological brain asymmetries in monkeys of a populational level. 

With this master thesis study, we want to contribute to some of the knowledge by further exploring 

the research field of brain asymmetries in monkeys. We hope to achieve this by closely examining a 

large sample of baboon endocasts, and unravel if any structural brain asymmetries can be 

demonstrated to be present. 

Virtually nothing is known on anatomical asymmetries in the baboon brain. A small succinct study of 

Cain and Wada (1979) already suggested that at least some asymmetries might be present, namely in 

the frontal poles (cf. figure 1). This could be part of an asymmetry pattern similar to the torque 

pattern that was discussed above, but more research is required to substantiate the claims. 

Different types of asymmetry 

Important for further understanding, is that there are three different types of asymmetries that can 

be distinguished, namely (1) fluctuating asymmetry, (2) antisymmetry and (3) directional asymmetry. 

Fluctuating asymmetry or random asymmetry is the name given to the subtle random deviations 

around the population mean. When fluctuating asymmetry is detected, it is characterised by a 

normal, or at least unimodal distribution, and it means that overall, the trait is in fact symmetrical. 

Fluctuating asymmetry comes from developmental instability, but can have several other non mutual 

exclusive causes, like environment quality, stress, hybridization, inbreeding, heterozygosity, and 

fitness. This results in an asymmetry on an individual basis, that is not consistently found throughout 

the population (Palmer, 2003).  
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Antisymmetry is the situation where a trait has two or more distinct asymmetrical appearances: 

some individuals in the population have one form, the others another form. A good example of 

antisymmetry is the orientation of the spirals formed by the scales in pine cones. Here, there are two 

distinct asymmetrycal forms of the pine cone structure, one with a right hand spiral, the other with a 

left hand spiral (Pie et al., 2007). Antisymmetry however can be deceiving, because when values of 

both traits are subtracted from each other, and a population mean is calculated,  0 will be a possible 

value, suggesting symmetry (see figure 3). The only way to tell antisymmetry apart from normal 

fluctuating asymmetry, is to look at the distribution of the trait values. When an antisymmetrical trait 

is plotted, it will show a clear bimodal or multimodal distribution, where each form of the trait is 

represented by a peak in abundances.  

When trait values clearly deviate from symmetry, and are shifted in favour of one side, we have 

directional asymmetry, or sometimes also called fixed asymmetry (Palmer, 2009). Here, one side 

gives systematically a different value then the other side across the population.   

 

Directional asymmetry and function 

Importantly, some directional asymmetries are hypothesised to be closely related to the functionally 

compartmentalized nature of the brain and its organization. In humans, some of these anatomical 

asymmetries can be linked to lateralized functions. For example, the link between lateralisation of 

language, and the structural volumetric asymmetries in the language areas could undoubtedly be 

proven in humans using the Wada test. This test crudely comes down to the transient 

anesthetization of one hemisphere, so its function gets temporarily blocked, leading to a failure of 

speech if the left side was anesthetized (Wada, 1975, cit. in Toga and Thompson, 2003). Handedness 

has also been linked with success to the degree of frontal and occipital asymmetries in humans 

(Kertesz et al., 1990). Forrestera et al. (2013) showed that population-level right-handedness is not 

species specific and inherited from a common ancestor to both humans and great apes, supporting 

the view that cerebral lateralisation is not a new or human-unique characteristic, but in fact wide 

spread amongst primates. And recently, also in chimpanzees, a link was found between handedness 

and the degree of asymmetry (Gilissen & Hopkins, 2012) 

Nevertheless, in monkeys, most studies failed to proof a link between a certain function, and a 

structural asymmetry (Falk et al., 1990; Phillips & Sherwood, 2007; Olesiak et al., 2010). Fears et al. 

(2011) could show some brain asymmetry measures in a pedigree of vervet monkeys to have some 

heritable basis, but he had to acknowledge that most of the variability was environmentally 

determined. This provide some clues that brain asymmetries might have a functional background, 

Figure 3: graphical illustration of the main three different kinds of asymmetry we might encounter (discussed above). 



11 
 

being developed in the learning process during the course of the animal’s life. Yet up to today, it 

remains unclear whether any anatomical asymmetries in monkeys are supported by real functional 

asymmetries, and lot of progress is still needed to quantify the functional role of brain asymmetries. 

Benefits and mechanisms for directional asymmetry 

Most mechanisms that cause directional asymmetry to exist are still very poorly understood. 

Directional asymmetry can originate from evolutionary, developmental, hereditary, experiential and 

pathological processes (Toga and Thompsons, 2003; Fears et al., 2011). But also other factors like age 

can have a major impact on traits like anatomical asymmetries (Kochunov et al., 2005). 

 

From an evolutionary point of view, asymmetries in functioning of both hemispheres are most likely 

the result of an increase in absolute brain size in mammals, coupled to a lower increase of numbers 

of axons of the corpus callosum (Olesiak et al., 2010; Olivares et al., 2000). This might be a 

compromise to compensate for the longer time it takes in a bigger brain for the two hemispheres to 

communicate with each other. Although a small subset of large-diameter callosal fibers that are used 

in very fast interhemispheric communication exists in these large-brained mammals, this problem 

seems to be mainly resolved by ipsilateral intrahemispheric networks that promote the increase in 

interhemispheric asymmetry (Aboitiz et al., 2003). This is found particularly in the areas that execute 

higher cognitive functions, like the prefrontal and tempero-parietal cortex. 

 

There is some evidence of developmental research in Drosophila that points to a possibility that 

bilateral symmetry may simply be a default. Asymmetrical traits can only arise in the presence of 

some symmetry breaking information. For example, cells during development generally can tell how 

far they are from the midplane by sensing the strength of chemical gradients. For the left side to 

diverge in development from the right, additional positional information is required, but these 

processes are still unknown (Palmer, 2003). Some scientist have however suggested a chemical 

asymmetry is present in the human brain, with the left hemisphere performing more functions that 

involve dopamine, and the right is more rich in processes that acquire norepinephrin (Tucker & 

Williamson, 1984). Whether similar developmental processes apply for cerebral asymmetries in 

baboons is also still completely unknown. 

Baboons: ecological context and usefulness in understanding human evolution  

In our work, we used endocasts of the neurocranium from several closely related genera from the 

Cercopithecine tribe Papionini, more in particular the African subtribe of the Papionia. The genera 

represented in this study are: Papio, Theropithecus and Mandrillus1. From the genus Papio or 

common baboon we used endocasts of Papio cynocephalus (“yellow baboon”),  Papio hamadryas 

(“hamadryas baboon”),  Papio ursinus (“chamca baboon”),  Papio papio (“guinea baboon”) and  Papio 

anubis (“olive baboon”). From the genus Mandillus we used  Mandrillus sphinx (“mandrill”),  and 

Mandrillus leucophaeus (“drill”), and from the genus Theropithecus, samples came from one species: 

Theropithecus gelada (“gelada baboon”). Computed tomography (CT) scans (see further) came from 

Papio anubis.  

                                                           
1
 It was originally not intended to incorporate the genus Mandrillus into this study. But because of the recent 

changes in taxonomic classifications (see further), we found that 5 specimen of the rubber endocasts labeled as 
Papio sphinx and Papio leucophaeus were now located in the genus Mandrillus. This explains our small sample 
size for this genus. 
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Common baboon are widespread and found in most of sub-Saharan Africa, except the equatorial 

tropical rainforest. Mandrills are found in equatorial west Africa, and gelada’s are only found in a 

small area of the Ethiopian highlands. These primates can live 15 up to 40 years, and travel and 

forage in large social groups upon which they depend to survive. Baboons exhibit a distinct sexual 

dimorphism in several features of their anatomy. Females and males generally differ in body size and 

size of the canini. The males use their large canini and majestic mantle of hair in display during sexual 

competition and against predators (Strum, 2012).  

Baboons are still relevant in the context of 

understanding human evolution for several 

reasons. The use of baboons as models for 

human evolution goes back as far as the 

1930ies with the publication of 

Zuckerman’s book on primate society. 

Contrary to bonobo’s and chimpanzees, 

baboons have been evolving in the same 

changing savannah and shrub-land habitat 

as early humans. Up to know, they are 

together with our species the only 

primates that successfully managed to live 

outside the abundance and protection of 

the forest.  

 
There are also a lot of behavioural characteristics that make baboons an interesting subject to study, 

and evoke the need to gather more information on the baboon brain. Baboons live in large social 

groups, with a pronounced dominance hierarchy. They show remarkably complex social behaviour, 

that is comparable with that of humans up to a certain level. This insight in the baboon life is quite 

new, and a lot of misperceptions caused by oversimplifications had to be discarded in recent years. 

For example we see that the dominance hierarchy is not always determined by aggression between 

males, but has a large reliance on social skills (Strum, 2012). Maintenance of special relationships, 

very similar to human friendships is an important aspect of this. Behaviour and social tactics towards 

other members in the group is based on social knowledge, and negotiation. These negotiations 

between individuals can only be possible by communication that is more refined than crude vocal 

calls to signal primary emotions. In an interesting study, Meguerditchian et al. (2006) observed that 

baboons exhibit communicative gestures using mainly their right hand. This suggest that there might 

be a functional left hemisphere dominance for this trait related to language, like in humans. It must 

be noted however that evidence for real homology with humans of the structures involved is still 

somewhat weak. The main restriction that keeps baboon society very different from humans, is that 

contrary to us, they fail to simplify their social negotiations, making them unable to built up a 

complicated social structure (Strum, 2012). Still, baboons can help us see how early hominid society 

could have solved certain problems posed by the environment, and what set our human brains apart 

from their brains in coming up with different solutions. 

Baboons can be studied in an interesting phylogenetic position to compare with humans. They are 

close enough related to us to share many basic homologies, yet they are also far enough that 

homoplastic modifications of these features can be recognized (Jolly, 2001). So because of the 

 
Figure 4:  Yellow baboon (source: Wikimedia commons) 
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interesting mix of similarities and differences with humans, every knowledge we can gather about 

baboons can also be relevant not only in fundamentally understanding the species itself, but also in 

shedding more light on the story of human evolution. Extending our knowledge of baboons to a 

neuromorphological level will help us give a better insights in the drivers of this part of the evolution. 

An undisentangleble baboon phylogeny  

Within the Papionia, the phylogenical different species 

have undergone major changes in the last decade. Up 

to the end of the 20th century, Mandrillus sphinx and 

Mandrillus leucophaeus were still placed within the 

genus Papio, but since the rise of molecular 

techniques, it has become clear that common baboons 

and mandrills are distantly related, and are now 

placed in two separate genera (Disotell, 1994; Fleagle 

et al., 1999).  

The phylogeny within the genus Papio is still not 

completely agreed upon, and is still under debate. 

Nowadays, based on morphology, ecology and 

behaviour, five different species are distinguished in 

the genus Papio. These are the guinea baboon (Papio 

papio), olive baboon (Papio anubis), hamadryas 

baboon (Papio hamadryas), yellow baboon (Papio 

cynocephalus) and chacma baboon (Papio ursinus), 

each with their distinct geographical distribution, 

which can have large contact or overlapping area’s  

(see figure 6 below). Sometimes, a sixth species, the 

kinda baboon (Papio kindae) is distinguished (Zinner et 

al., 2009), but this is not yet generally accepted. 

However, this classification can be argued to be 

somewhat superficial, since some of these species have 

been found to interbreed in the wild (Jolly et al. 2011).  

Recently with more molecular data on baboons becoming available, the high complexity of the 

evolutionary history within the genus Papio has only started to become apparent (Zinner et al., 

2009). Research by C. Keller et al. (2010) on baboon mtDNA suggests that the complex 

phylogeography of the genus was triggered by climatic changes, causing several cycles of expansion 

and retreat of suitable habitats, during the Pleistocene. As species came into contact again (during 

the expansion phases), introgressive hybridization is thought to have occurred frequently (especially 

male introgression). During these male introgression periods, males of one species invade the range 

of a neighbouring species and hybridize with the resident females. If hybridization and backcrossing 

occurred repeatedly over generations, population’s DNA of one species in the contact zone will be 

swamped by nuclear DNA of invading populations of the other species. This will make the latter 

phenotypically resemble the former without changes in mtDNA, most likely causing the large 

discordances observed between the phylogeography of the researched mtDNA and the morphology. 

Figure 5: Phylogenetic relationships among Mandrillus, 

Papio and Theropithecus, derived from mtDNA COII gene 

analysis. Nodes receiving <70% bootstrap (top numbers on 

the nodes) have been collapsed. Source: adapted from 

Davenport et al., 2006 
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Even a recent study on complete mitochondrial DNA of 10 specimen of baboon representing all 

subspecies could still not completely resolve the basal phylogenetic divergences within the genus of 

Papio (Zinner et al. 2013). 

The relationship between geladas and common baboons has only recently been resolved. In the early 

20th centrury, taxonomists still thought gelada’s were distantly related to common baboons, but 

based on molecular studies, we now know these two genera are closely related.  

Theropithecus gelada is even found to interbreed in the wild with Papio anubis and Papio hamadryas 

(Dunbar et al. 1973, Jolly et al., 1997), making it arguable whether Theropithecus should better not 

be placed as a species 

within the genus Papio. 

Because both species are 

still regarded as separate 

genera, we could not 

take them together in the 

statistical analysis of our 

study. 

 

 

 

 

 

With the combination mtDNA and fossil evidence, it has been calculated that the genus Papio is 

thought to have originated between 2.09 and 1.8Ma ago in southern Africa and radiated into the 

different species we know today (Newman et al., 2004; Zinner et al., 2009). Common baboons and 

geladas are thought to have diverged only 3.5Ma ago (Jolly et al., 1997). 

Interestingly, the analogy between the early radiations among basal hominins and the current 

problems in baboon phylogeny can potentially give some new insights in the difficulties encountered 

in untangling the human course of evolution (Jolly et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6:  Illustrations and distributions from six baboon species, adapted from Kingdon 1997, 
Drawings by Stephen Nash, cit. in Keller C. (2010) 
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II. Goal and fundamental questions  

Research on brain asymmetries has until now mainly focused on humans and our close relative like 

chimpanzees and gorillas. This master-thesis would like to assess whether baboons (genera Papio, 

Theropithecus and Mandrillus) also show structural brain asymmetries at the population level.  

We will revisit the frontal petalia as indicated in the Cain and Wada study (1979), and examine its 

possible asymmetry in the baboon brain. With a much larger sample, and an improved protocol, we 

hope to verify or falsify their findings at the population level. We will also analyse the occipital poles 

for a possible asymmetry, and combine both findings to answer the question if a torque pattern can 

shown to be present in the baboon brain.  

As a second goal of this study, asymmetries in cerebral width will be examined in the anterior frontal, 

posterior frontal, parietal and occipital part of the brain (see further, figure 11) based on the study of 

Hopkins and Marino (2000).  

In both groups, we will compare the sexes with each other for significant differences in patterns of 

asymmetry. Age will mostly be dealt with as a constant factor, due the typical advantages associated 

with the use of endocasts (see further). Although we would like to, we couldn’t include the link to 

lateralisation of function in our study, because of the nature of our samples (endocasts of post 

mortem material, with no record of behavioural data).  

Furthermore, we will do some suggestions for further research. We hope that this research will be 

useful in better understanding the brain in an comparative and evolutionary framework.  

III. Materials and Methods 

Location and resources  

Data were collected on 40 endocasts from different baboon skulls. These rubber endocasts were 

made by dr. Emannuel Gilissen and are currently stored at the Royal Belgian Institute of Natural 

Sciences, where the measurement took place. The original skulls are part of the collection of the 

Museum for Central Africa (Tervuren, Belgium) and of the Anthropological Institute (University of 

Zürich-Irchel, Switzerland).  The sample of rubber endocast contained 25 specimen from the genus 

Papio, 5 from the genus Mandrillus, and 10 from the genus Theropithecus. The skulls for the 

endocasts were collected over a large period of time (during the 20th century), from post mortem 

wild animals.  

In addition to that, 25 virtual endocasts were made from computed tomography (CT) scan data of 

baboon skulls of the Tervuren material. Scans were taken in the Katholieke Universiteit Leuven 

(Belgium), campus Gasthuisberg, by dr. E. Gilissen. 3D analysis of the scans was conducted at the 

Department of Geology and Soil science at the Ghent University. The CT-scan data consisted of 25 

specimen from the genus Papio. For detailed information on the specimen we used: see addendum 

1.1. 
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Experimental setup and data collection 

We took photographs of the endocasts to take the measurements. The white rubber endocasts were 

placed on a black background, next to a scale bar of 10 cm (divided into millimetres, see figure 8), 

while modelling clay was used to balance the endocasts, letting it maintain its position. The scale bar 

was always raised 12 mm from the ground to remain into the focus plane. The camera was 

positioned on a camera-stand, approximately 31 cm perpendicular above the endocast, and was set 

into autofocus mode (figure 7). The frontal area of the brain endocast always faced east or to the 

right side on the picture. Photographs of the dorsal, ventral, and both left and right lateral views 

were taken. We took these pictures in series related to the 

nature of the position of the endocast, so that all pictures 

were taken routinely and in an identical way. In total, 3 sets 

of dorsal view pictures, 2 sets of ventral pictures, and 1 

(double) set of lateral pictures were taken. For the dorsal 

pictures, the endocast was always set up in a particulate 

way, so that the frontal and occipital protrusions were 

placed in a plane parallel to the floor surface. This was done, 

because after manual inspection of the endocasts, this 

position seemed to bring out the protrusions most clearly. 

In taking the ventral pictures, the same approach was used, 

again levelling the protrusions into the same plane. In the 

lateral view pictures, the endocast was laid on its contra 

lateral side, placing the midsagittal plane parallel to the 

floor surface plane. The camera we used was a PENTAX model K10D, using a AF 18-200mm 1:3.5-6.3 

(IF) MACRO Ø62 A14 TAMRON® lens. No additional lighting to natural light was used. 

   
Figure 8: example of a dorsal (left), ventral (middle) rubber endocast photograph, and a dorsal view CT-scan picture (right). 

Computed tomography (CT) scans were taken at the Katholieke Universiteit Leuven (Belgium), at the 

campus Gasthuisberg by dr. Emmanuel Gilissen from the Royal Museum of Central Africa at 

Tervuren. The crania with mandible were scanned in antero-posterior orientation, using a Siemens 

Sensation 64, with a resolution of 0.357mm x 0.357mm x 0.500mm (settings: 120 kV, 135 mA). The 

CT scans are part of the Tervuren collection, and are digitally stored there (cf. Gilissen, 2009). To 

create a virtual endocast from the scans, we first loaded the data into the program Morpho+ version 

2.1 (software developed at the Ghent University), where a virtual endocast was created. This was 

done using by thresholding to delineate the bone structures, followed by the labelling tool. We then 

created a distance map, where each voxel below the threshold is given a value equal to the distance 

of that voxel to the cranial surface, and a directional value to the closest surfacepoint. These 

computational algorithms allowed us to mathematically separate the different cavities (like the brain 

cavity, nasal sinuses, orbita,...), yielding the virtual endocast. This endocast could then be visualised 

Figure 7: Illustrative picture of the setup how the 

photographs were taken. Frontal side of the 

endocast always faced to the left and a scale bar 

was added  (adapted from thefind.com) 
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in VG studio 2.1, where the pictures for further measurements were made. Pictures from the CT-scan 

material were made as analogously as possible to the photographs of the endocast, giving dorsal, 

ventral and lateral view pictures. Scale was set by measuring the length of the interhemispheric cleft 

relative to a scale bar at the middle axial slice, so this known distance could later be applied to the 

length of the interhemispheric cleft of the virtual endocast.  

 

Measurements on the pictures were taken using ImageJ (http://rsb.info.nih.gov/ij/). The first step in 

starting the measurements on the photographs was to define the midline of the endocast. Because 

the cerebral hemispheres and the place where the cerebral cleft is situated seemed to be clearly 

recognisable, we initially defined the midline in analogy with Hopkins and Marino (2000) as the 

middle between the frontal poles connected with a straight line to the distal middle at the occipital 

poles. Hopkins and Marino (ibid.) used in their MRI data the axial picture where the brain surface is 

maximal, this corresponds with the points where the axial surface of the brain is maximal, being the 

furthest outline of the endocast on our photographs. The only drawback here, is that we assume that 

the midline like we define it is a straight line. Later on we revisited this definition of the midline, and 

set up another definition that was more reliable in our case.  

The use of endocasts 

In our study, we use endocasts (mainly from adults), and not the 

actual brains themselves. We did this because brains are first of 

all difficult to obtain in large numbers, and importantly: using 

actual brains has some severe disadvantages. Endocasts give an 

accurate imprint of the brain shape at the completion of 

growth, because ossification of bone follows the form and 

shape of the brain. Although bones are living tissue too, they 

tend to be quite stable in form, while the brain itself could show 

changes in volume and asymmetry pattern over age (Balzeau 

and Gilissen, 2010). Some small asymmetries are formed as the 

animal gets older, others seem to disappear, and even in very 

healthy (human) elders the brain can start to shrink at a certain point due to aging (Kochunov et al., 

2005). This evaluation would yield potential measurement errors that we do not experience using 

endocasts. Although, it must also be pointed out that even in adulthood the endocranial shape can 

experience very minor changes, mostly related to facial changes but not to the brain itself (Neubauer 

et al., 2010). Morphometric studies that use endocast also have the advantage compared to 

morphometrics using MRI scans of actual brains, that they generally can focus on several areas, 

instead of just one or two, because they tend to be less labour intensive than studies with MRI scans.  

A recent study by Schoeneman et al. (2007), on the validation of plaster endocast morphology, has 

shown that the error created by making the endocast is relatively small, making them reliable for 

research. They compared CT-scanned crania with their CT-scanned rubber-latex endocast. Their 

results implicated that virtual and real endocasts are quite comparable, although this should be 

validated by further detailed research. Therefore, we treated the virtual and rubber endocasts in our 

study as two distinct and different groups in the subsequent statistical analysis. An issue of concern 

however is that in most endocasts, the posterior regions do no cast as good as the frontal ones 

(Hopkins and Marino, 2000), although some hints were present in the study of Schoeneman et al. 

(ibid.), they could not statistically prove it is to be right.  

Figure 9: a sample of rubber endocasts of 

baboons. 
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Measuring the areas of interest 

Frontal and occipital petalias 

To measure asymmetries in the frontal and 

occipital poles on the endocast pictures, we 

drew a perpendicular line on the dorsal images 

at half of the total length of the midline (see 

figure 10). From this coronal line we 

perpendicularly measured the length to the 

most protruding frontal or occipital left and right 

pole of the brain (the measurement line going 

approximately 5 mm parallel to the midline). We 

repeated this method on the ventral images, to 

see if the findings of the dorsal pictures can be 

confirmed by a different approach. 

We also used our endocast material to compare 

and complement with the findings of Holloway 

and de la Coste (1982). Like them, we scored the petalias by manually manipulating the endocasts 

themselves, looking at them dorsally followed by rotating them along the axis of the midsagittal 

plane to the ventral side to take in account the rare possibility of downward projecting petalias that 

can be missed on the photos. We observed the frontal and occipital petalias, to see whether the left 

side, the right side, or neither was bigger compared to the other side, and assessed an ordinal-level 

score to it: being respectively “left”, “right” or “neither” to the specimens. This was done before any 

results of the measurements on the photographs was known, in order not to subconsciously bias the 

outcome. We had 3 groups of findings, one group for the genus Papio, one for Mandrillus, and one 

for Theropithecus. This completely different approach allowed us to verify if an asymmetry pattern 

was firm enough to be visible with the naked eye. It also allows comparison with the other primates 

that were researched in the Holloway and de la Coste (ibid.) paper. 

Cerebral width 

We repeated the experiment of Hopkins and Marino 

(2000) with his method somewhat adjusted to our 

resources. We had to do this because we only have 

endocast material instead of MRI scans. We measured 

the width at four fixed points: starting from the most 

distal anterior front of the midline, we measured at 

10%, 30%, 70% and 90% of the length of the midline. 

Respectively these measures were referred to as 

anterior frontal (10% of frontal pole), posterior frontal 

(30% of frontal pole), parietal (30% of occipital pole) 

and occipital (10% of occipital pole).  

We did this to check if our samples confirm their earlier 

findings for old world monkeys (note that Hopkins only 

used 15 old world monkeys). To do this, we analyzed 

Figure 10: Measurements taken to determine the frontal and 

occipital asymmetries are indicated as white arrows. 

Figure 11: measurements take to determine the width 

asymmetries (white arrows). 
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all our samples (of Papio, Mandrillus and Theropitecus) separately. This was done to see if the results 

were repeated independently in the separate samples. This will inevitably provide us with 

information at a taxonomically smaller scale than Hopkins et al., namely at the level of the tribe of 

the Papionini, and also at a species level.  

The midline 

While taking the measurements on the dorsal images, it came to our 

attention that in many cases, the superior sagittal sinus deviated from 

the actual middle of the brain, and from our theoretically defined 

midline. Therefore, we scored each individual photograph in an ordinal 

way for left, right or no deviations from the middle. We did this by 

comparing with the drawn theoretical midline defined by the posterior 

and anterior middle. 

 

 

Statistical analysis 

Following the measurements, asymmetry quotients (ASQ) were calculated, based on fears’ (2011) 

definition: 

  
            

                
 

This asymmetry quotient provides a convenient dimensionless index that is corrected for the total 

size of the endocast, and allowed us to compare different specimen with each other. Negative values 

meant that the left side was bigger, positive values indicated that the right side was the biggest side. 

All statistical analysis was preformed with the program R (www.r-project.org/). The script of the 

statistical analysis is digitally provided in the addendum. For the frontal and occipital protrusions, we 

used simple student t-tests to look for deviations of the mean of the asymmetry quotients from zero. 

A mean of zero is indicative for no presence of asymmetry. We also tested the data for unimodality, 

using Hartigan’s dip test (Maechler, 2013). We did this if no directional asymmetry could be proven, 

because that way we can distinguish between fluctuating asymmetry (having a clear unimodal 

distribution) and antisymmetry, where two different states exist, but the global mean can also be 0 

(this has a bi- or multimodal distribution). We could not find a statistical test for bimodality, but we 

figure, being able to reject unimodality caries enough proof with it to conclude that the state of the 

trait is not fluctuating asymmetry.  

Because of the unresolved phylogeny within baboons, and the hybridisation and backcrossing 

between Papio species in the wild (Jolly et al. 2011), we found it justified to group all specimen of 

different species of the genus Papio together in the analysis. Theropithecus and Mandrillus were 

primarily analysed separately. Sometimes however, when results for Papio and Theropithecus were 

similar, we grouped them together on ground of their close phylogenetic relationship and their 

successful interbreeding to reach a higher statistical power. When analysis needed to be done on a 

higher taxonomical level, we grouped all three genera together to get a more robust picture of the 

whole tribe of the Papionini. 

Figure 12: endocast, dorsal view, anterior side on the 

right, posterior on the left. This is an extreme case of 

a rubber-latex endocast, with an actual midline (red 

dashed line) seriously deviating from the theoretical 

midline (black straight line) 
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Measurement error and repeatability 

Error produced in taking the measurements 

We needed to test whether our measurements were trustworthy enough, and we also had to be able 

to prove that they were capable of detecting an asymmetry’s presence. Therefore, we randomly took 

6 Papio endocasts, and measured the frontal petalias again. We chose the frontal petalias because 

we already knew from taking the measurements to answer our research question, that an 

asymmetry was present there in the common baboons. Because we took an area of known 

asymmetry, we can compare the dimension of the error to that of the asymmetry we found.  We 

took four replica measurements per endocast, acquired in 4 independent rounds of right-left 

measurement taking, using the same method as we used before. The scale had already been saved to 

the images, so all measurements on one photograph were taken with the same scale. We assume 

that the measurement error we find will be the same for all the measurements taken, since we took 

all our measurements using ImageJ, applying the same protocol over and over again.  

We found in this measurement error assessment that the asymmetry (characterised by the 

difference of respective right and left measurements on one photograph) had a mean size of 

0.0445cm, comprising 1.1% of the total mean length of the measurement.  

Next, a mean error was derived, based on the difference between a single measurement and the 

mean of the four replica measurements. We calculated this mean error by the given formula below: 

 
        

 

 
  

With n (=4)= number of replicate measurements; x= a single measurement;   = the mean of the n 

replicate measurements. 

When we took the mean of these mean errors, we found that it made up 0.22% of the mean length 

of all the measurements, and represented 22.42% of the length of the asymmetry. This was found to 

be fairly acceptable for asymmetries that lie in the scale of only a few 10ths of a millimetre (Palmer & 

Strobeck, 2003; Balzeau & Gilissen, 2010). 

We also calculated the 95% confidence interval for each   . These values went from maximally 

0.028mm to minimally 0.006mm, with a mean of 0.010mm. This means the mean size of the 

asymmetry is about equally big as twice maximal value for these 95% confidence intervals. So it is 

sufficiently bigger than twice the mean error given for the 95% confidence interval.  

When we look at the mean dimension of the other asymmetries that we have found, we see they are 

equal or bigger in size than what we found for the frontal petalias. 

In addition to this, we also measured the length of the posterior frontal width again on all the 

rubber-latex endocasts, with the midline we drew still in place in order to rule out an accumulation 

of accidental measurement errors. We did this because we found a significant posterior frontal 

asymmetry in the first width measurement, but we did not find this asymmetry again when we took 

the width measurements once more after redefining the midline. (see part “IV. Results” for more 

detail). We found that these second measurements gave an almost identical result, being that the 

posterior frontal width showed no asymmetry (one sample t-test p-value= 0.5069, second 
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measurements were 82.58% correlated with the first, with a p-value of the Pearson’s correlation of 

3.133e-10). 

We conclude that the measurement error produced by taking the measurements in ImageJ is 

sufficiently small to exclude the possibility that the statistical significant asymmetry we detected is 

caused by this error. 

Besides the error produced in taking the measurements, we also assessed the possibility of variation 

added by other sources.  

Resolution 

Ultimately, the resolution of the data we used can have an influence on the measurement error that 

is difficult to quantify. The resolution of the photographs we used is 207pixels per 1cm, a resolution 

we assume to be high enough relative to the size of the asymmetries, not to significantly influence 

the measurements. For the CT-scans, used to reconstruct the 3D model, a resolution of 0.357mm x 

0.357mm x 0.500mm voxel2 size was used. Again, we assume this resolution to be high enough, 

compared to the size of the asymmetries. 

Error related to the rubber endocast 

To evaluate this type of error, we refer to a study of Schoeneman et al. (2007) that showed that the 

methodological error produced by making rubber-latex endocasts is relatively small. They found by 

comparing CT-scanned crania with their CT-scanned rubber endocast in 3D, the large majority of the 

voxels are within 2mm of their corresponding cranial virtual endocast surface, and no statistical 

significant non-random bias was observed. It must be noted however that a very small sample size 

was used (n=4), and few attention went in assessing the error produced in the CT-scans of the 

material. 

Error related to scaling applied 

A scale bar was put next to the endocasts to convert pixel distances in correct centimetre distances. 

The scale bar was constantly raised around 12 mm from the surface during the taking of the pictures 

so it was as close as possible to the focus plane of the camera. During the analysis, scales was set to 

cm (as this seemed the most easy unit of distance to measure using ImageJ). All consecutive 

measurement on this specimen were done with the same set scale. After measuring, scale was saved 

to the picture for the case further measurements would be needed. This setting of the scale was 

repeated independently for every picture. Hence all measurements on one picture were done on the 

same scale. Values of different pictures were not mixed. Values within one picture were recalibrated 

to dimensionless asymmetry quotients, and here, setting the scale should not have influenced the 

results. 

 

 

 

 

                                                           
2
 A voxel can be described as the 3D-equivalent of a pixel. 
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IV. Results 

Frontal and occipital petalias 

In the rubber endocast sample of the genus Papio, we found that the mean of the asymmetry 

quotients for the frontal anterior poles was positive and differed significantly from zero. This implies 

a population-level dextral asymmetry, where the right hemisphere protrudes anteriorly relative to 

the left. It was found for the anterior frontal poles of the dorsal, as well as the ventral view sample 

(respective student t-test p-value’s 0.0004 and 0.0007). Using the Pearson’s product moment 

correlation test, we found both measures to be significantly correlated in the rubber endocasts, with 

a coefficient of 0.4815 (p-value=0.01999, df=21). We saw these findings partially confirmed by the 

computed tomography sample of Papio baboons. There, a marginally significant right asymmetry was 

found in the dorsal analysis (p-value= 0.0100), but not in the ventral analysis (p-value= 0.8992). 

Again, in the CT-scan data, asymmetry quotients from both the dorsal and ventral analysis were 

significantly correlated, having a Pearson’s correlation coefficient of 0.5201 (p-value= 0.0076, df= 23).  

  Mean asymmetry quotient  p-value  p-value Dip test 

Frontal 
(dorsal) 

Papio sp. 0.00827 0.0004* 0.7496 

Papio sp.(scanned) 0.00644 0.0100* 0.6645 

Theropithecus g. -0.00326 0.3088 0.5322 

Mandrillus sp. 0.00196 0.7122 0.9029 

Occipital 
(dorsal) 

Papio sp. 0.00049 0.8142 0.7134 

Papio sp.(scanned) 0.00215 0.4522 0.1069 

Theropithecus g. -0.00412 0.2063 0.4133 

Mandrillus sp. -0.00156 0.6455 0.0973 

Frontal 
(ventral) 

Papio sp. 0.00812 0.0007* 0.9473 

Papio sp.(scanned) 0.00038 0.8992 0.8915 

Theropithecus g. 0.00012 0.9602 0.9053 

Mandrillus sp. -0.00693 0.3289 0.1312 

Occipital 
(ventral) 

Papio sp. 0.00119  0.5964 0.9255 

Papio sp.(scanned) -0.00448 0.1245 0.9049 

Theropithecus g. 0.00775 0.1048 0.9310 

Mandrillus sp. 0.00814 0.0953 0.3036 
Table 1: Mean asymmetry quotients and significance level for their deviation from zero, *= significant 

Although the correlation coefficients suggest that both measures are related, this does not 

necessarily mean that they represent the same asymmetry. There is a rare possibility that the 

petalias project downward (Holloway & de la Coste, 1982). Therefore, different measures (dorsal and 

ventral) should be looked at with great caution. They may subsequently represent different aspects 

of different asymmetries in the prefrontal cortex. This is emphasised by the lack of significant 

asymmetries in the ventral view analysis of the virtual endocasts. The reason the dorsal view CT scan 

sample shows the frontal petalia to be less significant than in the rubber endocasts, is that a few 

sinistral asymmetrical individuals were present in the sample that were of about equal size to the 

largest dextral asymmetries, while a large proportion of the sample had an asymmetry quotient that 

was very close to zero. This was not the case in the rubber endocasts, where the measurements 

show the dextral protrusion to account for 71.4% and 78.6% of the cases for respectively the dorsal 

and the ventral view analysis. In the virtual endocasts, dextral asymmetries accounted for 

respectively 72% and 56% of the individuals present in the sample. We however did not discard the 

smallest positive and negative asymmetry quotient values as symmetrical, because we regarded the 
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degree of asymmetry as a continuous trait. Grouping these small values together would mean a loss 

of information, and would unnecessary complicated subsequent statistical analysis. Using Hartigans’ 

dip test to check data for deviations of unimodality, we found that all data for the genus Papio 

showed no deviation from an unimodal distribution (p-value> 0.05). This indicates there is no 

antisymmetry present in our sample, and the baboons that with a sinistral asymmetry are part of the 

extreme end of a normally distributed trait. 

For the occipital poles there was no significant pattern of directional asymmetry detected in the 

dorsal as well as in the ventral view analysis (p-value >0.05). This was the case in all rubber endocast 

samples, and it was confirmed by the computed tomography sample. The variances of the frontal 

and occipital asymmetry quotients did not differ significantly from each other (F-test to compare 

variances, p-value’s > 0.05). These findings do not rule out the existence of occipital petalias, they 

show no bias towards one direction is present in our sample. The occipital dorsal and ventral analysis 

measures were significantly correlated in the rubber endocasts, as well as the CT-scans (respective 

Pearson’s correlation coefficients are 0.5496 and 0.5638, their respective p-values are 0.0054 and 

0.0033).  

The Theropithecus (n=10) and the Mandrillus (n=5) sample were not large enough to show directional 

asymmetries. No deviation from unimodality was found either, and correlations calculated between 

dorsal and ventral were not significant. This is probably caused by the small sample size. In the five 

Mandrillus specimen, the occipital poles at the ventral analysis almost showed a significant 

asymmetry (p-value= 0.09531). This could be a sampling artefact, or an indication for an asymmetry. 

More specimens however are needed to elucidate this. Table 1 above and figure 13 on the next page 

show the results.  

In addition, we note that the dorsal and ventral measurements of the rough data (the actual left and 

right measurements without the transformation to an asymmetry quotient), were highly correlated 

with one another: right side frontal: 78.9% (p-value= 7.633e-06), right side occipital: 84.8% (p-value= 

1.608e-07), left side frontal: 77.7% (p-value= 1.278e-05), left side occipital: 89.0% (p-value= 5.809e-

09).  

We also tested the frontal and occipital petalias for differences between both sexes. We did this with 

a two sample t-test. For all Papio species, we found no significant difference between males and 

females. When we tested the total group for a difference on the level of the Papionins, although 

there was a significant difference in endocranial volume in our sample (two sample t-test: female 

mean= 153.47ml, male mean= 179.61ml, p-value= 0.0007618, df=29) in petalial pattern, no 

significant difference between males and females was found. The sample sizes of the Theropithecus 

group and the Mandrillus group were too small to test separately. From the virtual endocasts, we 

had no information on the sex of the specimen, these could not be incorporated either. The results 

are shown in addendum 1.2. 
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Figure 13: distributions of asymmetry quotients (asq), from top rows to bottom: frontal (dorsal-view), occipital (dorsal-view), frontal 

(ventral-view), occipital (ventral-view). Columns represent de different samples as indicated at the top. Note: for optimal use of space Y-

axis scale differs between the graphs. Sample size is noted above. 

We also found no difference between both sexes in the total sample, when we retested this for the 

adults only, although despite of a smaller sample size p-values of the two-sample t-test seemed to 

drop slightly. Table 2 below shows the results. 

Tested variable Mean male Mean female Result of two-sample t-test 

asq_fd 0.005026166 0.002006442 Not significant, p-value=0.5076 

asq_od 0.0018033791 0.0002676064 Not significant, p-value= 0.6364 

asq_fv -0.000142557 0.0044783178 Not significant, p-value= 0.4006 

asq_ov 0.0005730854 0.0065954264 Not significant, p-value= 0.2042 
Table 2: results for differences between male and female for the frontal (asq_fd, asq_fv) and occipital (asq_od, asq_ov) measurements for 

the adults only. 

To study if there is an allometric relationship between the endocranial volume and the size of our 

asymmetry measurements, we calculated the correlation between the endocranial volume and the 

asymmetry quotient of the rubber endocasts, using Pearson’s product moment correlations. In the 

genus Papio, the correlation between the frontal asymmetry and the endocranial volume almost 

reached significance, but no real correlation was found. We did find a marginally significant negative 

correlation between the size of the occipital protrusion on the ventral size images, and the 
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endocranial volume. When we took all the specimen together to look for patterns at a higher 

taxonomic level, we found that there was a significant correlation between the frontal petalias and 

the brain volume on the dorsal pictures. On the ventral pictures, this correlation almost reached 

significance. The results are given in addendum 1.2. 

When we tested in the rubber endocasts if there was a significant difference of the four asymmetry 

quotients between three categories of age (adults, sub adults and juveniles) using ANOVA, we found 

no significant difference between the three age classes in the group of Papio, and in the complete 

dataset3. The results are given in addendum 1.3.  

The results of the manual scoring of the endocasts, in analogy with the article of Holloway and de la 

Coste (1982), correspond with what we found in our measurements. If we look at the frontal 

petalias, we tested the Papio group with a goodness-of-fit-test for a multinomial distribution. Our 

null hypothesis, that all classes are equally distributed, could be rejected (X-squared = 13.73, df = 2, 

p-value = 0.001045). This meant that our sample of baboons is biased in favour of having a larger 

right frontal protrusion. We could not test this for geladas and mandrills, because of the sample size 

assumption (applying the rule of thumb that expected numbers should be greater than 5) was not 

met. Using a randomisation test of goodness-of-fit for small sample sizes, no significant asymmetries 

were observed (p-value for Mandrillus= 0.8187, p-value for Theropithecus= 0.6703). If we took 

baboons, mandrills and geladas together on the level of the Papionin tribe, we found that null 

hypothesis could not be rejected on a 5% significance level (X-squared = 5.5429, df = 2, p-value = 

0.06257). If we compared the three species with each other using a Fisher exact test, we found that 

they only differed marginally significantly (p-value= 0.04). This result should still be treated with 

caution because we have a rather small sample size for gelada’s and mandrills, but it suggests that 

the results for Papio are different from the two other groups, and that they should better not be 

taken together as one group, but dealt with separately. Manual scoring could not be done on the 

virtual endocasts. 

Group (frontal petalias) Left Right Neither Total 

Papio sp. 
Mandrillus sp. 
Theropithecus gelada 

1 
2 
4 

15 
1 
4 

6 
2 
2 

22 
5 
10 

Group (occipital petalias) Left Right Neither Total 

Papio sp. 
Mandrillus sp. 
Theropithecus gelada 

4 
3 
4 

7 
2 
3 

11 
0 
3 

22 
5 
10 

Table 3: results of manual scoring of the rubber endocasts. 

When we look at the results for the occipital petalias, we see again that they lie in the same line with 

the measurements. We tested the Papio group with a goodness-of-fit-test for a multinomial 

distribution, and we found that we could not reject our null hypothesis that all classes are equally 

distributed (X-squared= 3.36, df= 2, p-value= 0.186). This means that in our sample of common 

baboons no directional asymmetry in the occipital petalias could be detected. For the mandrills and 

geladas also no asymmetry was detected (Fisher’s exact test with null-hypothesis that all classes have 

equal distributions: p-value for Mandrillus= 0.246, p-value for Theropithecus= 0.9048). 

                                                           
3
 Asq_od had to be log transformed to meet assumption of homogenous variances. 
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We found that a torque pattern (combination of a right frontal lobe and a left occipital lobe 

protrusion) was present in 40.4% of the Papio baboons, and in 1 of the 10 gelada baboons. Still, we 

suggest that our measurements show there is no clear evidence for presence of a torque pattern in 

common baboons and gelada’s, because no significant occipital petalia was detected. This seems to 

be confirmed by the lack of significant correlation between the asymmetry quotients of the frontal 

and occipital protrusions. Table 4 shows the p-values for the correlations.  

Papio p-value of pearson’s correlation df 

dorsal 0.478 20 

ventral 0.3706 20 

Theropithecus 

dorsal 0.8002 8 

ventral 0.3979 8 

Total 

dorsal 0.9654 30 

ventral 0.5423 30 
Table 4: correlations between the asymmetry quotients of the frontal protrusions and the occipital protrusions. 

 

Cerebral width 

We found a frontal width asymmetry in favour of a wider left side to be present in our dorsal view 

sample. Across the complete set of endocasts, this asymmetry was significant for the anterior frontal 

width. For a clear overview, all the results for the three genera and the virtual endocasts are shown 

in table 5 and figure 14 below.  

 (dorsal_midl2)  Mean asymmetry quotient  p-value  

Anterior frontal Papio sp. -0.04065 0.0285* 

Papio sp.(scanned) -0.03723 0.0199* 

Theropithecus g. -0.05383 0.0127* 

Mandrillus sp. -0.09206 0.0042* 

Posterior frontal Papio sp. -0.00130 0.9184 

Papio sp.(scanned) -0.00417 0.7607 

Theropithecus g. -0.00028 0.9824 

Mandrillus sp. -0.02841 0.3519 

parietal Papio sp. -0.02398 0.1864 

Papio sp.(scanned) 0.001735 0.8822 

Theropithecus g. 0.02808 0.2014 

Mandrillus sp. -0.04602 0.0505 

Occipital  Papio sp. -0.01170  0.1535 

Papio sp.(scanned) -0.00571 0.7483 

Theropithecus g. 0.00688 0.5833 

Mandrillus sp. -0.02691 0.0933 
Table 5: results for the width measurements of the dorsal analysis 

The posterior frontal, parietal and occipital width did not show a population level asymmetry in the 

rubber endocasts. For the parietal width some p-values were low, and even almost reached 

significance in Mandrillus. This could be an indication of asymmetry. More samples are needed to 

elucidate this, or it could be a sampling artefact, caused be the small sample size of Mandrillus and 
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Theropithecus. The latter explanation is the most likely, because in the virtual endocasts, parietal 

width showed no indication of a bias towards one side. 

The dorsal sample of the virtual endocasts that were reconstructed from the CT scans, confirmed the 

findings above. Here, we also found only a significant directional asymmetry in the anterior frontal 

width (p-value= 0.0199), while the posterior frontal, parietal and occipital asymmetry quotients 

showed no significant deviation from 0 (respective p-values of 0.7607; 0.8822 and 0.7483). 

Although the asymmetries in width and in distal protrusions are confined to the frontal area, no 

significant correlation could be found between the asymmetry quotients of the frontal petalias, and 

those of the anterior frontal width. We also noticed these width asymmetries to be larger in size than 

the petalias of the frontal poles. It is however not uncommon for asymmetrical areas, that are 

situated fairly close to each other, not to show any correlation. For example, Gilissen and Hopkins 

(2012) found no correlation between the planum temporale and the parietal operculum of the 

chimpanzee brain. 

 

Figure 14: distribution of the variation for the genus Papio for the four different width measurements (as indicated on the left and right 

side) 

The same measurements taken on the dorsal view pictures, were also taken on a sample of ventral 

view pictures in a completely analogous way. We stuck to our own definition of the midline (see 

further), and kept the defined “left” and “right” sides from the dorsal view sample. This means, in the 

ventral view pictures we used “right” for the left side and vice versa. Contrary to what we had 

expected, we find results that conflict with what we found in the dorsal view sample. Across the 

whole set of rubber endocast samples, we found that the anterior frontal and the posterior frontal 

width showed a distinct right > left asymmetry (respectively: p-value=6.849e-7 and 4.97e-5). The 

parietal and occipital widths showed no significant directional asymmetries. The results are shown in 

table 6. When we look at the difference between dorsal and ventral analysis, we see that the width 

measurements are not significantly correlated. These results are repeated if we look at the different 
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species separately. It must be noted that in Mandrillus the anterior frontal asymmetry does not reach 

significance, probably due to its small sample size. In the CT-scans the ventral view findings confirm 

to a certain degree what we found for the rubber endocasts. Here the data shows a marginally 

significant right > left asymmetry in the anterior frontal area (p-value= 0.0328). The posterior frontal, 

parietal and occipital widths showed no pattern of signed asymmetry (p-value’s are respectively 

0.5113, 0.3905 and 0.1918). 

(ventral_midl2)  Mean asymmetry quotient  p-value  

Anterior frontal Total (rubber endocasts) 0.10057 6.8e-7* 

Papio sp. 0.09704 0.0002* 

Papio sp.(scanned) 0.03472 0.0328* 

Theropithecus g. 0.13168 0.0007* 

Mandrillus sp. 0.05599 0.4075 

Posterior frontal Total (rubber endocasts) 0.03456 4.9e-5* 

Papio sp. 0.02520 0.0086* 

Papio sp.(scanned) 0.00504 0.5113 

Theropithecus g. 0.04358 0.0373* 

Mandrillus sp. 0.06333 0.0296* 

parietal Total (rubber endocasts) -0.00785 0.4554 

Papio sp. -0.01848 0.2249 

Papio sp.(scanned) 0.00760 0.3905 

Theropithecus g. 0.00162 0.9285 

Mandrillus sp. 0.02420 0.1155 

Occipital Total (rubber endocasts) 0.00420 0.5560 

Papio sp. -0.00416 0.6560 

Papio sp.(scanned) 0.01900 0.1918 

Theropithecus g. 0.01673 0.2691 

Mandrillus sp. 0.02100 0.2246 
Table 6: results for the width measurements of the ventral analysis 

It must be noted that these measurements heavily rely on a accurate definition and identification of 

the midline. We first had measured the width of the centre of the endocast to its circumference with 

a midline that was defined in analogy with Hopkins and Marino (2000), as the line running through 

the middle points of the interhemispheric cleft at the frontal and occipital pole of the brain. In the 

dorsal view rubber endocast sample, these measurements gave the result of a significant wider left 

side in the dorsal anterior and posterior frontal widths (respectively p-value=0.00002; p-

value=0.0052). In the parietal and occipital areas, we found no asymmetry (respectively p-

value=0.50510; p-value=0.11730). Because Hopkins used the middle sagittal slice of MRI-scan data, 

while we used rubber and virtual endocasts, we found their definition of the midline difficult to apply 

in our case. The reason we experienced difficulties with defining the middle, was because the 

interhemispheric cleft that was visible on the MRI-scans, was obscured by the superior sagittal sinus 

on the endocasts. Therefore, for our consequent measurements, we created a more conservative 

definition of the midline that is better suitable for use in our type of samples. We defined the middle 

at both poles, as the middle of the superior sagittal sinus, obtained by taking the middle of the two 

points where the brain abuts the sinus (see figure addendum 1.10 for clarification). With this new 

definition of the midline, most significance levels dropped, and we found no longer a significant 

population level asymmetry in the posterior frontal width, indicating that our new approach to the 

midline is more conservative, and a better approximation of the real middle. Addendum 1.4 shows 
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the mean asymmetry quotients, and their p-values for the first measurements taken with Hopkins’ 

definition of the midline. An illustrative picture of our approach to determining the midline  is 

provided in addendum 1.10. 

In addition to this, we found that the first and the second width measurements are highly and 

significantly correlated. The anterior and posterior frontal areas had a Pearson’s correlation 

coefficient of respectively 0.7120 (p-value= 7.759e-07) and 0.8362 (p-value= 1.169e-10), while the 

parietal and occipital areas had a correlation coefficient of respectively 0.8136 (p-value= 9.305e-10) 

and 0.7320 (p-value= 2.626e-07). 

When we tested all the animals present in the samples where the sex was known (n=34, 

n_female=19 , n_male=15) for differences between the two sexes in extent of the width 

asymmetries, no significant sexual dimorphism was detected. Results are shown in addendum 1.5 for 

the dorsal view analysis, and 1.6 for the ventral view analysis. In addition to this, we ran the tests 

again for only the adult individuals (n=29, n_female=17, n_male=12 ) to see if the presence of 

sexually immature juveniles and sub-adults masked any results. Again, we found no differences in 

cerebral width between both sexes. Results are shown in addendum 1.7. We also calculated 

correlations between endocranial volume and cerebral width asymmetry quotients, and found no 

significant correlations. Results are shown in addendum 1.8. 

Temporal Poles 

We measured on the ventral pictures (see figure 

15) the thickness from the lateral side to 

proximal end of the temporal lobe (measurement 

A on figure 15), the distance from the proximal 

end of the temporal lobe to the defined midline 

(measurement B) and the distance from the 

frontal end of the temporal pole to the 50% 

coronal line perpendicular to the midline 

(measurement C). 

We found a marginally significant dextral 

asymmetry in the thickness of the temporal lobe 

(A) in the complete sample of rubber endocasts 

(p-value= 0.0285), where the right lobe seems to 

be thicker than the left. On the species level, a 

low p-value is detected for the temporal lobe thickness, but none are significant. Importantly, the 

virtual endocast show a low but non-significant p-value. Measurements B and C showed no 

asymmetry on a Papionin tribe level (p-values were respectively 0.8942 and 0.1681), which was 

confirmed on a species level. Note: for Mandrillus and the virtual scans, no t-test could be conducted 

for the distance to the midline measurement, because assumption of normality could not be met, 

even after transformations (respective shapiro test p-vlaue’s = 0.0059 and 0.0008). Results are 

shown in addendum 1.9. 

 

 

Figure 15: illustration of the measurements taken on the temporal 

poles. 
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The midline 

We found that the superior sagittal sinus (see figure 16), on which we based our own definition of 

the midline tended not to go straight down as it descended from the dorsal to the ventral side. We 

tried to quantify this in the rubber endocasts by giving a score to the endocasts (“left”, “right” or 

“not” if the superior sagittal sinus was clearly going respectively to the left, right, or lying in the 

middle going neither way). We did not do this for the CT-scan data, because there it was more 

difficult to see how the sagittal sinus ran, caused by constraints in lighting and colouring the virtual 

endocasts. 25.7% of the casts showed a sagittal sinus going to the left, in 57% of the cases it went to 

the right, and in 17% it was lying in the middle with no clear deviation. Within the group of the 

dextral deviating sagittal sinus, most (65%) individuals combined this with the pattern of a dorsal left 

and ventral right width asymmetry. Across the total sample of 38 baboons, individuals with this 

pattern constituted only 34%. 

We found no significant directional deviation of the 

superior sagittal sinus for the genera Papio and 

Theropithecus. For the Papio group, we applied a 

goodness of fit test, and values did not differ 

significantly from the expected 1/3 no deviation, 1/3 

to left and 1/3 to right expected under the null 

hypothesis that the asymmetry is fluctuating (X-

squared=4.2703, p-value= 0.1182, df=2). For the 

Theropithecus group, we used a randomisation test of 

goodness-of-fit for small sample sizes. Here we also 

found no significant deviations from the midline (X-

squared= 3.8, p-value= 0.1496, df=2), The Mandrillus 

sample was too small for an adequate test. Table 7 

shows the results of the manual scoring. 

 no deviation to left to right Total (n) 

total sample 11 7 15 33 

genus Papio 8 6 9 23 

genus Theropithecus 3 1 6 10 
Table 7: manual scoring of the direction of the superior sagittal sinus 

 

 

 

 

 

 

 

 

Figure 16: a baboon skull with the endocast made visible. The 

arrow marks the ascending superior sagittal sinus. See also 

figure 20. 
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V. Discussion 

Asymmetries in the prefrontal cortex 

An important finding of this study, is that 

we only found pronounced directional 

asymmetries in the prefrontal cortex, while 

the rest of the brain showed no bias 

towards directional asymmetry on a 

population level. This is the case for the 

right anterior pole of the frontal cortex 

significantly protruding relative to the left in 

the genus Papio (see figure 17), that had 

previously also been reported in the Cain 

and Wada study (1979) for a much smaller 

sample size. Also, the left width of the 

anterior prefrontal cortex was significantly 

wider on the dorsal view pictures in genera 

Papio, Theropithecus and Mandrillus. On the 

ventral view picture we also found 

significant asymmetries in the anterior and posterior frontal region in the three genera we examined. 

Here however, the results were the reverse from the dorsal pictures, with a right > left asymmetry 

present. Like in apes and humans, these asymmetries are very small in size, and can typically 

comprise of around 1% of the length of a measurement. We must also note, that contrary to the 

findings in apes and humans, the level of directedness of the asymmetries on a population level 

seems to be much smaller and less pronounced in baboons. 

The prefrontal cortex (PFC), where the directional asymmetries that we found are located, is one of 

the main integration-centres of the brain with very high cognitive capacities. It has evolved to cope 

with a lot of detailed sensory information coming through the association centres from the outside 

world as well as from the internal system. This information is used in a whole array of processes like 

calculating outcomes of actions and decision making, enabling the brain to orchestrate flexible 

behaviour directed towards a goal (Miller & Cohen, 2001). The PFC is closely associated  with the 

limbic system, that is important in long term memory, motivation and emotion (see figure 18). 

Without the PFC, the brain would be unable have its working memory and integrate new 

information, leading to confusion and disorientation in numerous unfamiliar situation, instead of 

responsive behaviour (Cerqueira et al., 2008).  

A recent surge of interest in the prefrontal cortex, has proposed that he medial part of the PFC is 

very closely associated with the complex set of processes that make up social cognition in humans, 

making it the major player in directing social interactions (Amodio & Frith, 2006). It is in this area, on 

the boundary of the orbitofrontal cortex (Broadman area 11, illustrated on figure 2) , that we found 

the asymmetry at the anterior cortical poles in Papio. The asymmetries in width that were found, are 

also related to this medial frontal area. Lately, the orbital prefrontal cortex has been shown to have a 

robust linear relationship with the social network size of the individual (Powell et al., 2011). It is 

thought that this part of the neocortex is involved in the reward and punishment system, adding 

values to possible outcomes in social interaction (Schoenbaum et al., 2009). Later, behaviour can be 

Figure 17: illustration of the directional asymmetries that were found 
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adapted by evaluation of the difference between the expected outcome and the experienced 

outcome.  

We hypothesise, to explain why only 

directional asymmetries were 

detected in the PFC of the baboon 

brain, that there is a link between 

the anatomical asymmetries that we 

have found, and the lateralisation of 

high cognitive functions that are 

attributed to this part of the brain, 

like social cognition, problem solving 

and decision making. We speculate 

that the other parts of the baboon 

brain have not yet experienced the 

demand to develop directional 

asymmetries to deal with constraints 

involved in high cognition and large 

brain size, while the PFC already has. 

We based this on the hypothesis of 

Riling and Insel (1999) who claim 

brain size drives lateralisation, and on the social brain hypothesis, that says that the increase in brain 

size was caused by the high cognitive demand of living in a complex social society. Smaers et al. 

(2011) suggested that 150 ml residual brain volume (which is very close to this value for the baboon 

brain) to be a critical level in brain asymmetry. Below, we discuss and explain these viewpoints in 

detail. 

The PFC is lateralized. 

In humans, many high cognitive functions have found to be highly lateralized. These include 

evolutionary relatively new functions, like language and creativity, but also spatial planning is known 

to be a lateralized trait (Oleksiak et al., 2010). New evidence is arising for lateralisation in the 

prefrontal cortex. Research on the functioning of the prefrontal cortex in humans could reveal that 

its cerebral activation and information processing happens asymmetrically (Harmon-Jones et al., 

2009). This is especially the case for emotions, which are related to social cognition, where the right 

hemisphere generally is more involved in withdrawn motivation and negative emotions (like 

depression, aggression, etc.), while the left hemisphere is predominately involved in approach 

motivation and positive emotions (like euphoria). A good example of this finding is a recent study on 

human aggressive imprisoned violent offenders, who have a been found to have a higher right 

prefrontal activity (Keune et al., 2012). In rhesus monkeys, the orbitofrontal cortex has also been 

associated with the processing of social signals (Watson & Platt, 2012). It is likely that many 

processes that form the basis of social cognition and interactions are also lateralized. But apart from 

language and handedness asymmetries, virtually nothing is known about functional lateralisation in 

the prefrontal cortex. This is because of the high complexity and the nature of the processes, 

executed in the PFC. It are these functions however, like social cognition, that are thought to have 

been the drivers in the need for increased capacity and size of the brain. 

Figure 18: lateral view, summary of the major brain areas and their functions in humans. 

(adapted form ©amnh, source: amnh.org) 
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Lateralisation arose from an increased brain size. 

Importantly, lateralisation is 

thought to be a consequence 

of large brains size (Rilling & 

Insel, 1999). If brains just 

increased in size without any 

compensation made, this 

would put serious constraints 

on its speed, efficiency and 

energy use. It has been found 

that, while brain size 

evolutionary increased, the 

relative amount of projecting 

fibres in the corpus callosum 

did not increase at the same 

rate in the larger brains 

(Olivares et al., 2000). Some 

callosal fibres in the large 

brains showed adaptations for 

faster information transfer, but overall there are fewer connections present than would be expected 

by interpolating the mean number of connections per volume from other mammals’ brains. If all 

these expected connections were to be present, it would take too much time for the two 

hemispheres to communicate and exchange information with each other, and it would pose a too 

high energetical cost to maintain all the axons and their polarization. So large brains needed to 

evolve a smaller volume of connections and optimize wiring to keep their computational efficiency 

(Aboitiz et al., 2003; Olivares et al., 2000). This optimization is thought to be obtained by asymmetry 

in neural networks, promoting lateralisation of functioning of the brain as a compromise to avoid loss 

of processing speed. The larger the brain becomes, the more necessary asymmetry in its functioning 

is expected to be (Rilling & Insel, 1999).  In primates, this especially seems to be important in areas 

that execute higher cognitive functions, like the prefrontal and tempero-parietal cortices, where an 

evolutionary lower increase in numbers of callosal fibers and interhemispheric connections is 

contrasted by a large increase in the size of the cortices (Rilling & Insel, 1999; Olivares et al., 2000).  

The lateralisations that allows large brains to function properly, to make decisions, and to exhibit 

flexible behaviour, may underlie the anatomical asymmetries we found. Here, we propose an 

interesting starting point for new research: very few knowledge is available on functional 

lateralisation in other mammals. If research for example would be able to show that the brain of a rat 

is equally lateralized in some functions, this would impose the need to revise the whole hypothesis of 

the relation between brain size and lateralisation. 

 

 

 

Figure 19: sagittal cross section, summary of the major brain areas and their functions in 

humans. (adapted form ©amnh, source: amnh.org) 
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Why do we need these large brains: the social brain hypothesis. 

Arguably, all mammals are complex organisms, and need a decent sized brain to operate their body 

and execute their behaviour. However primates, especially apes and humans, but also some 

monkeys like baboons, seem to have a brain that exceeds its expected size, based on the need 

imposed by the body size (Rilling and Insel, 1999). This trend is most thorough in the prefrontal 

cortex, where humans seem to be the extreme of an evolutionary spectrum of an increased size 

(Smaers et al., 2011). So why do some primates need these large and energetically costly brains, that 

seem to become too large to function symmetrically? The social brain hypothesis has become the 

most widely accepted explanation for this (Dunbar & Shultz, 2007; Jolly, 2007). It explains the large 

size and elaborate complexity of primate brains relative to their body size evolved by its need to be 

able to function in a social group. This hypothesis argues that primates need these energetically 

expensive large brains, to sustain their complex network of social relationships that enables them to 

live, reproduce and prosper. Maintaining these social structures requires a vast amount of 

computational and memory skills for reciprocity to be able to work, and to detect individuals that 

take advantage of altruism but are not reciprocal.  

As baboons have complex social groups (Strum, 2012), they also need the cerebral structures and 

capacities to cope with this kind of environment. And baboons are smart social animals indeed: it has 

been observed that they recognize all the individual voices of an up to 80 members strong troop 

(Jolly, 2007). Nevertheless, as explained in the introduction, a baboon society does not reach the 

complexity we experience in our human society. This could be reflected in the fact that we find fewer 

directional asymmetries in baboons, and also that these asymmetries are still fairly close to an 

overall state of symmetry, while in humans asymmetries are very pronounced in their directional 

shift away from symmetry on a population level. 

Of course, other factors like surviving in an unforgiving harsh environment, like the dry savannah, 

also plays a role in the need for large brains. But it is currently broadly accepted that social groups 

size is the best predictor for relative brain size in primates (Dunbar & Shultz, 2007). Other recent 

studies could only confirm this, and showed social network size is linearly related to the size of the 

prefrontal cortex (Powell et al. 2010; 2011). 

Is lateralisation reflected in brain anatomy? 

We can only speculate that the anatomical asymmetries we found are the manifestations of 

functional asymmetries and probably related to social cognition. A completely different kind of 

research is required to investigate the link between function and structure and validate of falsify this 

for the baboon brain. This kind of research would have to study the cytoarchitecture of the areas 

that were identified as asymmetrical, and compare this with data on behaviour and functional brain 

activity. 

Nevertheless, a lot of research has already shown that changes in the brain anatomy correlate with 

behaviour capacity (Smaers et al., 2011), while other studies could show that brain asymmetries are 

related to functional asymmetries. An example of the latter is the link between handedness for tool 

use and asymmetries in the parietal operculum in chimpanzees (Gilissen & Hopkins, 2012). Since 

baboons are also know to have a bias in communicative gestures towards their right hand 

(Meguerditchian et al., 2006), it is possible that similar links are present in their brains. Of course, 
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since most of the knowledge available on the prefrontal cortex, is deduced from studies on humans 

and chimps, it is still to be confirmed if the baboon brain functions in a similar way. Although humans 

are obviously unique in some ways, studies that compared the cytoarchitecture of humans with 

macaque monkeys found clearly that the two species show the same basic organization of this region 

(Petrides, 2005). 

Smaers et al. (2011) suggests that the smaller brained monkeys have a volumetric larger right 

prefrontal hemisphere, while in apes, the left prefrontal cortex disproportionately increases in size. 

This gives an ape trend of a volumetric larger left than right prefrontal cortex. If width functions as a 

proxy for volume, then our width data cannot exclude if one side of the baboon PFC is bigger than 

the other, because we found a right > left (ventral analysis), as well as a left > right (dorsal analysis) 

asymmetry in the width of the anterior prefrontal cortex. Therefore, we hypothesize that baboons lie 

at the tipping point between the ape-side of the spectrum (with a larger left PFC) and the monkey 

side (with a larger right PFC). Indeed, 150 ml rest brain volume is proposed to be the expected value, 

where the switch occurs between a larger right side for monkeys, and a larger left for apes and 

humans. The rest brain volume is defined as the total volume minus the volume of the left or the 

right prefrontal lobe for a respectively larger left or right prefrontal volume. Our baboon endocast 

have a mean total volume of 165 ml. If the volume of the left prefrontal cortex would be subtracted 

from this, it would still be fairly close to the proposed 150 ml. Unfortunately, because of the nature 

of our endocasts, we can only estimate this, and not measure it, because of the lack of 

cytoarchitectural landmarks to define the prefrontal cortex precisely. This implies that baboons are 

interesting for anatomical and functional asymmetries, because they lie close to an evolutionary 

tipping point for developing brain-asymmetries like in humans. 

Are there alternative explanations? 

To be complete, we also must address possible alternative explanations, because, although less 

likely, these anatomical asymmetries can have several other possible causes. They could be the result 

of a coupling with another trait, like asymmetrical biting behaviour that influences the skull 

morphology to such a degree that is gets manifested in brain asymmetries. Causes like this however 

would be more reflected in external skull asymmetries instead of internal, and would not be 

manifested in other primate species. Also, the cranial bones develop following the shape of the 

brain, and not vice versa. Another alternative explanation is that they are genetically coupled to an 

evolutionary stable and important trait. Fears et al. (2011) could already establish that some 

asymmetries in the brains of vervet monkeys show pedigree level bias. They could statistically proof 

for one asymmetry trait that there was a significant heritable component, as well as environmental 

input. Because all the baboons in our sample came from different sites in Africa, pathological factors 

as causes for the patterns we observe can be ruled out with a high degree of certainty.  

Summary 

It should not be remarkable that all the asymmetries found lie in the areas that are involved in this 

mélange of complex functions, like social cognition and decision making. These regions need to 

process a lot of information from different parts of the brain, they require a high amount of 

computational skill, and have evolved to achieve an optimal processing speed. This evolutionary 

pathway led to larger brains, that are more prone for lateralisation of processes in order to be able 

work more efficient. We speculate, that this lateralisation of different functions is further reflected in 
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anatomical and volumetric asymmetries that leave their imprint on the inner side of the cranium. 

Further research should look at cytoarchitectural and functional asymmetries in the baboon brain, 

and determine if the functions are correlated with anatomical asymmetries. Furthermore, we argue 

that comparison with less or non-social animals, and their degree to exhibit anatomical asymmetries 

in the brain could shed more light on the involvement of social cognition in a higher demand for 

asymmetrical functioning brains.  

How do our findings fit the picture of current knowledge of other species? 

In our sample of baboons, we generally fond no differences in the patterns of asymmetry observed. 

What we do find, is that significant asymmetries in one species, fail to reach significance in the other. 

This is not yet a direct indication of possible differences between the species. Overall, the patterns 

we observe are consistent with what is known and what is expected. In previous studies, it was 

suggested that the patterns in asymmetries significantly differed in extent between humans and 

other pongids (Holloway & De La Coste, 1982). When we did a manual scoring of the asymmetries, 

analogously to Holloway and De La Coste, and compared the results for Papio, Theropithecus and 

Mandrillus, we also found that they differed marginally significantly (Fisher’s exact test, p-value= 

0.04). Because it was the intention of our study to look for an overall pattern within the Papionin 

tribe, and not to study differences between Papio, Theropithecus and Mandrillus, we had a too small 

sample size for the latter two. This makes it impossible for us to make any sound claims on 

differences between the three genera that we have studied. Because we found a significant 

difference, we put into question the reliability of manual scoring of asymmetries. 

The frontal petalias observed in the Papio baboons, are a part of a pattern that seems to be common 

with humans and great apes (Toga & Thompson, 2003). In fact, a lot of other anatomical brain 

asymmetries previously thought to be unique to humans have been confirmed also to be present in 

the African great apes (Cantalupo & Hopkins, 2001; Cantalupo et al., 2009; Balzeau et al., 2012; 

Gannon et al., 2005). Anatomical brain asymmetries seems also part of an evolutionary broader 

pattern of a robust lateralisation of prefrontal volume, as been recorded in most primates (Smaers et 

al., 2011). The only difference seems to be present, is that although we used a large sample of 

endocasts, the significance of the directional shift in mean asymmetry quotients seems to be much 

smaller in baboons than in humans and apes. It could be argued that maybe an even bigger sample 

could be needed for our study. Yet because of the descent size of our sample (65 individuals), we 

think that the directional asymmetries found in baboons really are of this small nature, like we have 

found. Adding more data might not notably alter our results. 

Occipital pole asymmetries are generally also found together with the frontal asymmetries in a 

contra lateral pattern of asymmetry referred to as the torque pattern. However we found only a 

fluctuating asymmetry at the occipital pole, and not a population-level directional asymmetry. 

Therefore, we concluded no torque pattern seems to be present in baboons. The failure of finding 

anatomical asymmetries in the back of the brain is unlikely to be caused by possibly bad casting of 

these regions in the rubber endocast (reported in Hopkins and Marino, 2000), because the extra 25 

virtual endocasts showed a similar pattern. Yet, occipital petalias have been reported previously for 

old world monkeys, similar in direction than in humans (LeMay, 1982), while a study for rhesus 

monkeys also found no asymmetries in the occipital region (Falk et al, 1990). The occipital region in 

mammals has long been shown to be the major area in processing visual information. Although still a 

complex brain region, it only receives primary visual information, and processes this symmetrically. 
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This information is forwarded then in a dorsal and a ventral stream to secondary areas that each 

further analyse one specific aspect of what is seen, for example special configuration, colour, form, 

movement, etc. These processes are thought to be more simple, and the structures where they occur 

exhibit no clear population level anatomical asymmetries in baboons. 

Contrary to Hopkins and Marino (2000), we did find population level asymmetries in the cerebral 

width in the frontal area. For the occipital and parietal regions we had the same result, with no 

significant asymmetry present. It must be noted though, that the patterns similar to the ones they 

found in MRI scans of great apes was only found in the width measurements of the ventral view 

analysis. There the right side was bigger than the left.  

Strangely, when studying the amount of white matter relative to grey matter, Smaers et al. (2011) 

found that apes and humans had a distinct increase in relative white to grey matter volume only on 

the left side, not on the right. With this, a left > right asymmetry would be expected, but Hopkins and 

Marino found a right > left asymmetry in great apes, similarly as what we found. 

The sagittal sinus and the midline. 

The reason we found a right > left asymmetry 

in the ventral view analysis, while the dorsal 

analysis showed a left > right asymmetry 

probably was caused by a combination of the 

measurements showing different aspects of 

PFC asymmetries, together with a 

displacement of the superior sagittal sinus. The 

superior sagittal sinus is a blood-vein that 

drains blood from the brain (shown in figure 

20). We used the superior sagittal sinus to 

define the middle at the frontal poles (see 

above), because we assumed its position to be 

determined by the middle between the two 

hemispheres. Yet, we observed that this blood-

vein does not run straight down in the orbital 

direction. The superior sagittal sinus bends in most cases to the right as it ascends along the frontal 

poles. To try to solve this discrepancy between the middle in the dorsal, and ventral samples, we 

briefly experimented by defining the middle prior to the taking of the photographs. This was done by 

positioning a needle in the middle which was left in place in the ventral and dorsal view pictures. 

Subsequently, this needle was used to define the midline. But although in the 10 individuals we tried 

measuring with this method, correlations between dorsal and ventral view measurements remained 

insignificant, proving this method not to be reliable and hence we abandoned the idea. 

To estimate the extent of the asymmetries in the superior sagittal sinus, we quantified it by giving a 

score to the endocasts (“left”, “right” or “not” if the superior sagittal sinus was clearly going 

respectively to the left, right, or lying in the middle going neither way). 25.7% of the rubber 

endocasts showed a sagittal sinus going to the left, in 57% of the cases it went to the right, and in 

17% it was lying in the middle with no clear deviation. This means in a slight majority the deviation of 

the superior sagittal sinus suggest a volumetric larger left side, but this requires further investigation. 

Figure 20: dorsal view of a rubber endocast. The black oblique 

arrows point out the superior sagittal sinus. 
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In our study, it is thus likely the middle in a dorsal view picture differs significantly from that in a 

ventral view picture of the same individual his brain, while in the respective pictures, the defined 

middle still represents the best possible estimation for the middle. Nevertheless, to examine the 

total extent and all the different aspects of the asymmetries found in the sagittal sinus, would 

require to take three-dimensional measurement, in relation to the interhemispheric cleft and other 

landmarks. This was simply not possible for us using only endocasts. A better alternative to study this 

should be the use of MRI-scans. 

Yet, we are not the first to encounter difficulties with defining a “middle” that is adequate for the 

complete height of the prefrontal cortex. Asymmetries of the superior sagittal sinus have also been 

mentioned in other studies, where it was found that the sagittal sinus in primates mostly deviates to 

the right (LeMay et al., 1984). Recently, the new reconstruction of the Taung endocast even caused a 

fierce debate on the position and the definition of the interhemispheric middle (Holloway & 

Broadfield, 2011). A possible solution for this is given by a new protocol of Balzeau and Gilissen 

(2010), who used a system of external cranial landmarks to define the middle. It is still questionable if 

using external features represents an optimal estimation of the middle of an internal feature like the 

brain. What is clear though, is that the degree of asymmetry in the anterior frontal part of the 

prefrontal cortex, whether it is directional of fluctuating, will always impose large difficulties on 

estimating the middle of the brain.  

Other brain areas 

For the posterior frontal, parietal and occipital area, most studies agree there are no population level 

asymmetries present in monkeys (Hopkins & Marino, 2000; Lyn et al., 2011). Even in humans, 

functional lateralisation in the parietal cortex appears to be far less extensive than in the prefrontal 

cortex (Harmon-Jones et al., 2009). Still, it must be noted however that the Mandrillus sample came 

close to statistical significance for an asymmetry in the width of the occipital poles, but this could 

however been a sampling error, because the Mandrillus sample comprised of only 5 individuals.  

We found some marginal asymmetries in the width of temporal lobes, with a bigger right than left 

side. This could stand into relation with handedness and communicative linguistic gestures. But 

because of the low significance in the total sample, and non-significance within the different genera, 

we highly doubt this finding. Nevertheless, there is some indication of an asymmetrical bias, and this 

merits further research. 

Sex and age differences 

Although sex differences in brain organization are thought to underlie behavioural and performance 

differences between men and women, in humans, the debate for the existence of substantial sex 

differences in brain on a structural level is still ongoing. There have been some studies that suggest 

on average, overall lateralisation is more pronounced in men, while woman are more lateralized in 

auditory and visual skills (Toga & Thompson, 2003). It appears, the greatest difference between male 

and female lies in processing of emotions, which up to now could not be linked to any of the 

anatomical asymmetries in the neocortex (Kret & De Gelder, 2012). Also, the brain centres involved 

in emotional processing are situated deep in the brain, and are not visible for study on the endocasts.  

We found no difference between the asymmetry quotient means of both sexes in any of the 

researched areas. This implies that the asymmetries are not linked to sexual dimorphism. Even when 

the adults were analyzed with the juveniles and sub-adults excluded, p-values seemed to go down, 
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but no statistically significant difference was found. This could indicate that some differences may 

develop as the animal matures, but we could not proof this. These changes in the brain can have 

experiential or developmental basis, but this needs further research. These results lie in line with 

what is known about sexual differences in asymmetry pattern for other primates. In bonobo’s, 

chimpanzees and gorillas too no significant sex difference was found in patterns of asymmetry. There 

has been some differences in the mean size of the frontal asymmetry noted (Balzeau & Gilissen, 

2010), but this did not seem to be the case in our sample of rubber endocasts. 

Suggestions for further research 

We already proposed above some new areas that needed subsequent research. Here some 

additional questions are posed, that arose during the course of our study. First of all, more light 

might be shed on the issue of anatomical asymmetries if we could better understand how they arise 

(is it a redirection of volume, or is there an expansion in cytoarchitecture for example), and to which 

functions they really are coupled. 

We also found that especially the frontal petalias seem to have 

more aspects to them than just the anterio-frontal protrusion. 

There seem to be additional lateral, dorsal and ventral 

asymmetries present. We could not quantify this because of the 

lack of computer software expertise to manipulate the virtual 

endocasts, and the constraints involved in the use of rubber 

endocasts. Therefore, frontal petalias in baboons should be 

studied further, and more aspects of it should be quantified to 

get a better picture of the dynamics of the asymmetries in the 

prefrontal cortex of the baboon brain.  

 

 

 

 

We propose for further research to use MRI scans because they show more structures, allowing finer 

research of specific areas and the use of well-defined landmarks. Another possibility is the 

development of methods and software that allow a local 3D reconstruction of photographs taken at 

different angles. 

A final remark we would like to make, is that if the areas in the posterior part of the brain that we 

studies exhibit no directional asymmetry, than we assume a high degree of fluctuating asymmetry is 

present in the baboon brain. A subsequent study is needed to evaluate these fluctuating 

asymmetries, and look if they are caused from a high degree of developmental instability, or if they 

have a functional or experiential cause.  

 

 

Figure 21: latero-frontal view of a baboon skull with the endocast 

made visible. The area of the PFC encircled is where we propose 

subsequent studies should focus on different possible aspects (e.g. 

other projections besides frontal, like fronterio-dorsal, latero-dorsal, 

dorsal,…) of asymmetry. 
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VI. Conclusion 
Anatomical brain asymmetries are no longer unique to humans and great apes. Here we provide 

proof for directional anatomical asymmetries on a population level in the prefrontal cortex of the 

baboon brain. The remainder of the brain showed no clear bias towards directional asymmetry.  

We hypothesized that the asymmetries we found are involved in high cognitive abilities, causing the 

need to increase computational skills and processing speed by lateralisation of activity, which can be 

manifested in the anatomical asymmetries. The reason why no clear asymmetries were found 

posterior of the frontal part of the brain, is probably a manifestation that the rest of the brain did not 

yet reach a critical volumetric value after which the brain become too large to efficiently function in 

symmetry. We speculate that the prefrontal cortex is crossing this volumetric threshold, which, in 

combination with the high cognitive computational demand of this brain area gives rise to a need in 

more efficient wiring. This then would get manifested in increased consequent lateralisation of 

neural networks, while interhemispheric communication increases at a lower rate. Although 

evidence for this is still equivocal, we think that the functional differences that arise between the two 

hemisphere then get mirrored in directionally shifted anatomical asymmetries on a population level. 

Our findings suggest baboons lie close to the critical level where cerebral asymmetries become 

necessary in some brain areas, like the prefrontal cortex, but not in others. And because they are so 

close to the critical volume where the dominance of the left prefrontal cortex is expected to arise 

(see Smaers et al., 2011), baboons provide a very interesting subject to study the evolution of 

anatomical brain asymmetries and lateralisation.  

Further research should focus on the question if these asymmetries arise in the white or the grey 

matter of the neocortex, and square up if there is a perspicuous link between lateralisation of activity 

and function, and anatomical asymmetries. In an evolutionary context, we propose the homology 

between anatomical asymmetries in different primates should be assessed by examining the cyto-

architectural structures that underlie these macroscopic anatomical asymmetries. What is 

unequivocally clear though, is that far more work will need to be done to disentangle the complexity 

of the brain.  
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VIII. Summary 
Of all biological phenomena, brains are one of the most intricately interesting objects to study. They 

sprout creativity, solve problems and navigate themselves through life by their ability to make 

difficult decisions. 

This master-thesis has examined anatomical asymmetries in the baboon brain. It is already known for 

a while that human brains show a very high degree of asymmetry in its anatomy, and its functioning. 

Language is one of the best known examples of a lateralized trait, but also other cognitive functions 

like spatial and social cognition are thought to involve a substantial degree of functional asymmetry. 

These functional asymmetries are caused by differences between the two hemispheres of the brain 

in neural networks. These differences are thought to be coupled to the directional macroscopic 

anatomical asymmetries that are observed on a population level. Similar findings have also been 

done in apes that are closely related to us, and to a lesser degree in a few monkey species too. Yet in 

baboons, virtually nothing is known about the possible presence of anatomical brain asymmetries. 

It is hypothesized that lateralisation of function in humans and probably to some extent other 

primates too, is closely related to sustaining high processing speed in a complex brain that gets 

constrained by its large size. This caused the brain to evolve a better wiring with fewer connections 

per volume, especially in the corpus callosum. By doing this, the time spend by both hemispheres in 

communicating with each other can be reduced, and increasingly independent neural networks arise. 

This independence drives lateralisation and is thought to cause these anatomical asymmetries in the 

neocortex. So in a sense, asymmetries are crucial in the proper functioning of a complex brain.  

Yet virtually nothing is known about anatomical asymmetries in other species. This lack of knowledge 

poses some serious constraints on understanding the evolutionary trajectory of brain asymmetries, 

theirs function, and their causes. Therefore, this masters-thesis has focussed on anatomical 

asymmetries in the baboon brain. Baboons are large social primates that live in a Savannah habitat in 

Africa. We looked at the closely related genera Papio, Mandrillus and Theropithecus, which have a 

very complex phylogeny, is not completely settled yet. We have tried to identify directional 

asymmetries, where the majority of a population show a biased asymmetry in favour of one side, 

using a large sample of rubber (n=40) and virtual (n=25) endocasts. The original skulls are part of the 

collection of the Royal Museum for Central Africa (Tervuren, Belgium) and of the Anthropological 

Institute (University of Zürich-Irchel, Switzerland) and were collected over a large period of time 

(during the 20th century), from post mortem wild animals. To examine these petalias (= the 

protrusion of one hemisphere relative to another), we took standardized photographs of the rubber 

endocasts, and made analogous pictures of the virtual endocast dataset. We defined the midline, and 

took several measurements regarding the cerebral width, and the difference in projection of the 

frontal and occipital poles.  

We found a directional asymmetry that was significant on a population level in the anterior 

protrusions of the frontal poles in the genus Papio, confirming what had previously been found in the 

Cain and Wada pilot-study (1979), however in a smaller sample size. Also in width, some population 

level asymmetries were found in the prefrontal cortex in all three genera. This was contrary of what 

we expected from the findings in a study of Hopkins and Marino (2000) on old world monkeys. 

However, no asymmetries were found in the posterior protrusions of the occipital poles, nor were 

there any asymmetry in the occipital and parietal width. Although baboons show a large sexual 
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dimorphism in their morphology, no difference between both sexes was found concerning the brain 

asymmetries.  

The patterns of asymmetry we found are less pronounced, but similar to those in humans and great 

apes, indicating these asymmetries are parts of a gradual evolutionary trend. Contrary to humans 

and apes, the asymmetries we found are constrained to the prefrontal cortex. This structure is one of 

the main integration-centres of the brain, and has very high cognitive capacities, involving decision 

making and strive towards a goal. Because of the relative large size of the prefrontal cortex, and it’s 

capacity to deal with complex information, we hypothesize that there is a link between the 

anatomical asymmetries that we have found in the prefrontal cortex of the baboon brain, and the 

lateralisation of high cognitive functions that are attributed to this part of the brain, like social 

cognition and decision making. We think the anatomical asymmetries we found arose specifically 

here, because this part of the baboon brain crossed a volumetric threshold (see Smears et al., 2011), 

putting evolutionary pressure to increase the lateralisation in order not to lose computational 

efficiency.  

Our findings suggest baboons only passed the critical level where cerebral asymmetries become 

necessary in some brain areas, like the prefrontal cortex, but not in others. Our findings provides 

preliminary possibilities for further research to study the evolution of anatomical brain asymmetries 

and lateralisation. 

IX. Samenvatting: Nederlandstalige vertaling 
Van alle biologische fenomenen, zijn hersenen veruit een van de meest interessante onderwerpen 

om te bestuderen. Ze vormen de oorsprong van creativiteit, lossen problemen op, en navigeren 

zichzelf doorheen het leven dankzij hun vermogen tot het nemen van beslissingen. 

Deze masterproef heeft anatomische asymmetriën in bavianenhersenen onderzocht. Het is reeds 

lang gekend dat menselijke hersenen een hoge graad van asymmetrie vertonen in zowel anatomie 

als werking. Taal is een van de best gekende voorbeelden van een gelateralizeerde eigenschap, maar 

van andere cognitieve functies zoals ruimtelijke en sociale kennis wordt ook gedacht dat ze 

functioneel asymmetrisch worden uitgevoerd. Deze asymmetriën worden veroorzaakt door 

verschillen in neurale netwerken tussen beide hemisferen, en worden verondersteld om gekoppeld 

te zijn aan de directioneel macroscopische anatomische asymmetriën die waargenomen worden op 

het niveau van de populatie. Vergelijkbare bevindingen zijn ook gedaan bij chimpansees en gorilla’s 

die nauw aan de mens verwant zijn, en in mindere mate ook in enkele andere apensoorten. In 

bavianen echter, is praktisch nog niets geweten over the mogelijke aanwezigheid van anatomische 

asymmetriën. 

Een hypothese voor de oorzaak van lateralisatie van functie is dat dit gerelateerd is aan het in stand 

houden van een hoge verwerkingsnelheid in hersenen die beperkt worden door hun relatieve 

grootte. Dit zorgde voor een evolutionaire druk voor efficiëntere organisatie met minder connecties 

per eenheid volume, vooral in het corpus callosum. Hierdoor kon de tijd dat beide hemisferen 

doorbrachten in communicatie met elkaar gereduceerd worden, wat toenemend onafhankelijke 

neurale netwerken deed ontstaan die lateralisatie drijft. Men denkt dat dit de anatomische 

asymmetriën in de neocortex heeft veroorzaakte die we vonden. Dus in een zekere zin zijn 

asymmetriën cruciaal in het correct functioneren van de hersenen. 
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Nochtans  is er virtueel nog niets geweten over anatomische asymmetriën in andere soorten. Dit 

gebrek aan kennis legt enkele ernstige belemmeringen op aan het beter verstaan van het 

evolutionaire traject van hersenasymmetriën, hun functies en hun oorzaken. 

Daarom heeft deze masterproef zich gefocust op anatomische asymmetriën in de hersenen van 

bavianen. Bavianen zijn grote sociale primaten die in de Savanne van Afrika leven. Wij hebben de 

nauw verwante genera Papio, Mandrillus en Theropithecus onderzocht, over wiens fylogenie er 

echter nog geen consensus is. We hebben gepoogd om directionele asymmetriën (waar de 

meerderheid van de populatie een afwijking in het voordeel van een kant heeft) te identificeren, 

gebruik makend van een groot sample rubber endocasts (n=40) en virtuele endocasts (n=25). De 

originele schedels waarvan de endocasts afkomstig zijn, maken deel uit van de collectie van het 

Koninklijk Museum voor Centraal Afrika (Tervuren, België) en het Antropologisch Instituut 

(Universiteit van Zürich-Irchel, Zwitserland). De schedels werden verzameld over een lange 

tijdspanne (gedurende de 20ste eeuw), van post mortem wilde dieren. Om deze petalias (=het vooruit 

steken van een hemisfeer relatief tot de andere) te onderzoeken, hebben we metingen gedaan op 

gestandaardiseerde foto’s van de rubber endocasts, en op analoge afbeeldingen van de virtuele 

endocasts. We definieerden de middellijn, en namen metingen met betrekking tot de cerebrale 

breedte en het verschil in uitsteken van de frontale en occipitale polen. 

We vonden een directionele asymmetrie die significant was op het populatie niveau in de anterieure 

protrusies van de frontale polen in het genus Papio, wat de eerdere bevindingen van de Cain en 

Wada studie (die echter een veel kleinere steekproef grootte hadden) uit 1979 bevestigden. Ook in 

de breedte vonden we asymmetriën op het populatie niveau in alle drie de genera, wat in 

tegenspraak was met wat we verwachten uit de bevindingen van een studie door Hopkins en Marino 

(2000) voor oude wereld apen. Er werden geen asymmetriën gevonden in de posterior protrusies van 

de occipitale polen, en ook niet in alle andere breedte metingen. Hoewel bavianen een groot 

seksueel dimorfisme vertonen in hun morfologie, hebben we geen statistisch significant verschil 

gevonden in hersenasymmetriën tussen beide geslachten. 

De asymmetrie patronen die we vonden zijn minder uitgesproken, maar toch vrij gelijkend aan deze 

in mensen en mensapen, wat erop wijst dat ze deel uitmaken van een graduele evolutionaire trend. 

In tegenstelling tot mensen, en mensapen, hebben we enkel maar asymmetriën gevonden in de 

prefrontale cortex. Deze structuur is een van de belangrijkste integratie-centra van de hersenen, en 

heeft zeer hoge cognitieve capaciteiten, waaronder besluitvorming en het nastreven van een doel. 

Vanwege de relatieve grootte van de prefrontale cortex, en zijn capaciteiten in omgaan met 

complexe informatie, brengen we de hypothese naar voor dat er een link is tussen de anatomische 

asymmetriën die we hebben gevonden, en de lateralizatie van hoog cognitieve functies die worden 

toegeschreven aan dit deel van de hersenen, zoals sociale cognitie en het maken van beslissingen. 

We denken dat de anatomische asymmetriën die we vonden specifiek hier ontstonden, omdat dit 

deel van de hersenen in bavianen een volumetrische grenswaarde heeft overschreden (zie Smaers et 

al., 2011), wat de evolutionaire druk deed toenemen op verdere lateralizatie om de computationele 

efficiëntie te behouden. Onze bevindingen suggereren dat bavianen deze kritische waarde enkel 

maar in enkele gebieden zoals de prefrontale cortex hebben overschreden, maar niet in andere. 

Daarom zijn ze zo een interessant onderwerp voor verder onderzoek naar de evolutie van 

anatomische hersen-asymmetriën en lateralizatie. 
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Addenda 
1. Figures and tables 

Species Specimen numbers (with original tag number) 

Papio cynocephalus 3(G.6397), 9(G.6760) 

Papio hamadryas 4(G.9283), 10(G.6819) 

Papio ursinus 5(Tervuren 73.34M3), 12(83034M3), 13(Museum A-1442), 19(Museum 
1948-91), 20(Museum 1955-47), 25(RG 7984), 26(83034M5), 
32(83034M2), 33(83034M4), 34(A.S. 1856), 35(RG 16379), 36( 
73034M4), 37(RG 7953), 38( RG 7965), 39(Museum 1921-124), 40( 
Museum 1921-125) 

Papio papio  6(Museum 1947-58), 11(Museum 1953-11) 

Papio anubis  16(G.S.6806), 23(G.S.10128), 30(Museum 1934-616), 41(8044m102), 
42(RG1566), 43(RG4019), 44(RG8012), 45(RG9242), 46(RG9243), 
47(RG9245), 48(RG25739), 49(RG25741), 50(RG25743), 51(8429M8), 
52(8429M9), 54(8429M10), 55(25474), 56(25734), 57(25737), 
58(25738), 59(25745), 60(83006M9), 61(83006M10), 62( 83006M11), 
63(90042M223), 64(90042M227), 65(90042M228) 

Mandrillus sphinx 17(G.5565), 24(G.6873), 31(A.S. 1903) 

Mandrillus leucophaeus 18(G.6867), 24(G.9934) 

Theropithecus gelada 1(G.6980), 2(G.10351), 7(G.9789), 8(G.7186), 14(G.9278), 15(G.8765), 
21(G.10354), 22(G.7182), 28(G.10126), 29(G.9782) 

Addendum 1: Overview of all the specimen used in this study. 

Tested variable (Papio) Mean male Mean female Result of two-sample t-test 

asq_fd 0.007685143 0.008449153           Not significant, p-value=0.8809 

asq_od 0.006486993 -0.0004855816         Not significant, p-value= 0.7692 

asq_fv 0. 006486993 0.009851375           Not significant, p-value= 0.5433 

asq_ov -0.001625159 0.001999845          Not significant, p-value= 0.4968 

Tested variable(Total) Mean male Mean female Result of two-sample t-test 

asq_fd 0.006063794 0.001907655 Not significant, p-value=0.3021 

asq_od -0.00056460 0.0011571362 Not significant, p-value= 0.5859 

asq_fv 0.001361226 0.004530147 Not significant, p-value= 0.5093 

asq_ov -0.00074134 0.0067561251 Not significant, p-value= 0.07235 
Addendum 2: results for differences between male and female for the frontal (asq_fd, asq_fv) and occipital (asq_od, asq_ov) 

measurements. 

Tested variable (Papio) F-value Result of ANOVA 

asq_fd 0.2451 Not significant, p-value=0.7849 

log_od 0.3408 Not significant, p-value= 0.7151 

asq_fv 0.7456  Not significant, p-value= 0.4872 

asq_ov 0.0226  Not significant, p-value= 0.9777 

Tested variable (Total) F-value Result of ANOVA 

asq_fd 1.083 Not significant, p-value=0.3497 

log_od 1.9436 Not significant, p-value= 0.1737 

asq_fv 0.7561 Not significant, p-value= 0.477 

asq_ov 0.1569 Not significant, p-value= 0.8553 
Addendum 3: results for differences between juveniles, sub-adults and adults for the frontal (asq_fd, asq_fv) and occipital (asq_od, 

asq_ov) measurements. 
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(dorsal_midl1)  Mean asymmetry quotient  p-value  

Anterior frontal Total -0.06393 1.2e-6* 

Papio sp. -0.07029 0.00002* 

Theropithecus g. -0.05107 0.05813 

Mandrillus sp. -0.05784 0.18150 

Posterior frontal Total -0.02501 0.00525* 

Papio sp. -0.02769 0.02094* 

Theropithecus g. -0.00945 0.40700 

Mandrillus sp. -0.04268 0.26230 

parietal Total 0.01095 0.50510 

Papio sp. -0.00229 0.92430 

Theropithecus g. 0.05192 0.01136* 

Mandrillus sp. -0.00479 0.90180 

Occipital  Total -0.01109 0.11730 

Papio sp. -0.01333 0.18900 

Theropithecus g. 0.00103 0.88670 

Mandrillus sp. -0.02410 0.33170 
Addendum 4: first width measurements, with the definition of Hopkins and Marino (2000) used to define the midline. 

Tested variable (midl1) Mean male Mean female Result of two-sample t-test 

Asq1d_afront -0.07984804 -0.05810320 Not significant, p-value=0.4021 

Asq1d_pfront -0.01920834 -0.02877872 Not significant, p-value= 0.6355 

Asq1d_par 0.02254869 0.02206087 Not significant, p-value= 0.9877 

Asq1d_occ -0.00801600 -0.01736746 Not significant, p-value= 0.5128 

Tested variable (midl2) Mean male Mean female Result of two-sample t-test 

Asq2d_afront -0.06540713 -0.03911718 Not significant, p-value=0.3311 

Asq2d_pfront 0.00189650 -0.01203132 Not significant, p-value= 0.497 

Asq2d_par -0.00214672 -0.00648197 Not significant, p-value= 0.8662 

Asq2d_occ -0.00399977 -0.01055201 Not significant, p-value= 0.6396 
Addendum 5: results for differences between male and female for the width measurements in the dorsal view analysis. Midl1 refers to the 

midline as defined in Hopkins and Marino, midl2 refers to our adapted definition 

Tested variable (ventral) Mean male Mean female Result of two-sample t-test 

Asq2v_afront 0.1085301 0.1199429 Not significant, p-value=0.7704 

Asq2v_pfront 0.03709456 0.03120362 Not significant, p-value= 0.7424 

Asq2v_par -0.03361056 0.009857451 Not significant, p-value= 0.07674 

Asq2v_occ 0.0008471898 0.010855825 Not significant, p-value= 0.5523 
Addendum 6: results for differences between male and female for the width measurements in the ventral view analysis. Measurements 

were taken with our adapted definition of the midline 

Tested variable Mean male Mean female Result of two-sample t-test 

Asq2d_afront -0.06704027 -0.04293291 Not significant, p-value= 0.4689  

Asq2d_pfront 0.01175707 -0.01109031 Not significant, p-value= 0.3383  

Asq2d_par 0.01692449 -0.01472141 Not significant, p-value= 0.2453  

Asq2d_occ 0.004640177 -0.01206822 Not significant, p-value= 0.2616  

Asq2v_afront 0.1147092 0.1364294 Not significant, p-value= 0.6385  

Asq2v_pfront 0.04324794 0.03736110 Not significant, p-value= 0.7754  

Asq2v_par -0.03045483 0.01211209 Not significant, p-value= 0.1441  

Asq2v_occ 0.006050505 0.016050612 Not significant, p-value= 0.5998  
Addendum 7: results for differences between male and female for the width measurements for adults only. Measurements were taken 

with our adapted definition of the midline, Asq2d refers to the dorsal analysis, Asq_2v refers to the ventral analysis 
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Tested variable (Papio) Correlation with cc df p-value 

Asq_fd 0.3711256 19 0.0976 not significant 

Asq_od 0.016253 20 0.9428 not significant 

Asq_fv 0.2151197 19 0.349 not significant 

Asq_ov 0.2543353 20 0.2534 not significant 

Tested variable (Theropithecus) Correlation with cc df p-value 

Asq_fd 0.1309873 8 0.7183 not significant 

Asq_od 0.2644973 8 0.4602 not significant 

Asq_fv -0.2356627 8 0.5122 not significant 

Asq_ov -0.6382382 8 0.04705 significant 

Tested variable (Total) Correlation with cc df p-value  

Asq_fd 0.6061473 34 8.925e-05 significant 

Asq_od -0.1554554 35 0.3582 not significant 

Asq_fv 0.3032462 34 0.0722 not significant 

Asq_ov -0.192886 35 0.2527 not significant 
Addendum 8: correlation of the frontal and occipital protrusion of the rubber endocast, with endocranial volume (cc) 

 

 

 

 

 

 

 

 

(dorsal_midl2)  Mean asymmetry quotient  p-value  

Temporal 
thickness (a) 

Total (endocasts) 0.04231 0.0285* 

Papio sp. 0.03882 0.1114 

Papio sp.(scanned) -0.00820 0.6264 

Theropithecus g. 0.04094 0.3844 

Mandrillus sp. 0.06249 0.1586 

Distance to 
midline (b) 

Total sample 0.00867 0.8942 

Papio sp. -0.02863 0.7424 

Papio sp.(scanned) NA NA 

Theropithecus g. 0.09699 0.5020 

Mandrillus sp. NA NA 

Length (c) Total sample 0.01481 0.1681 

Papio sp. 0.01188 0.3263 

Papio sp.(scanned) NA NA 

Theropithecus g. 0.00242 0.9063 

Mandrillus sp. 0.05424 0.3108 
Addendum 9: results for the significance of asymmetries in the temporal pole on the population level. NA’s could not be 

calculated because the sample size was to small compared to a too large deviation from normality. 
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2. Digitally added data 

Contents:   

- statistical script (statistical_script.pdf) 

- photographs of rubber and virtual endocasts where from the data was taken 

- all ordened measurement data 

- measurement data (unordened) converted to CVS for use in R 

 

 

 

Addendum 10: dorsal view of the frontal part of an endocast of a 

baboon brain. This figure illustrates our own approach to define the 

midline. The arrows at the frontal poles indicate where the sagittal 

sinus abuts the hemispheres.  Below, the blue line indicates the line 

connecting these two landmarks. The middle of this blue line 

represents the first point defining the midline (black line). At the 

occipital poles the second point defining the midline was defined in 

an analogous way.  


