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Introduction

In 1973, Groves and Humphrey reported facial asymmetry in eastern gorillas and suggested

that it may be indicative of asymmetrical brain function. Being cautious, the authors favored

the explanation that facial asymmetry was likely due to asymmetrical chewing behavior

rather than anatomical asymmetry of the cerebral hemispheres. The nature of the association

between lateralized functions (e.g., handedness, mastication) and brain asymmetries in

hominoids represents an active field of research. There has been both support (Hoogmartens

and Caubergh, 1987; Nisan et al., 2004) and lack of support (Martinez-Gomis et al., 2009)

for an association between chewing side preference and handedness in humans. In gorillas,

contradictory results can be found on the question of handedness, varying from no

handedness (Harrison and Nystrom, 2010) to equal proportion of right and left (Fagot and

Vauclair, 1988; Byrne and Byrne, 1991; Parnell, 2001; Lambert, 2012) to true handedness

(Meguerditchian et al., 2010). Cerebral anatomical asymmetries, and particularly fronto-

occipital petalia, have been found to be related to handedness in modern humans (LeMay,

1976, 1977; Galaburda et al., 1978; LeMay and Kido, 1978; LeMay et al., 1982; Kertesz et

al., 1986, 1990; but see Chiu and Damasio, 1980), and more generally to specific aspects of

human cognition (Hecaen and Albert, 1978; Nass and Gazzaniga, 1987; Bryden, 1988;

Gazzaniga, 1995a, b; Harrington, 1995). The existence of asymmetrical patterns for the

frontal and occipital petalias in great apes, including Gorilla beringei graueri, have recently

been reported (Balzeau and Gilissen, 2010; Balzeau et al., 2012). However, the potential

association between facial and cerebral anatomical asymmetries in great apes and its
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functional and evolutionary implications remain unclear. Moreover, the original paper of

Groves and Humphrey (1973) has been over-interpreted, as several authors refer to it as a

claim of cerebellar asymmetry in gorillas (e.g., Balonov et al., 1984; Hopkins and Marino,

2000; Holloway et al., 2004). Here, we propose to quantify facial asymmetry in adult eastern

lowland gorillas (Gorilla beringei graueri), determine whether or not directional asymmetry

(DA) is present in our sample, and subsequently investigate the potential relationship

between facial and frontal lobe asymmetries using data previously published by Balzeau and

Gilissen (2010).

Materials and methods

Image data and landmarks

Facial skeletal form was quantified in three dimensions by recording the 3D coordinates of

18 landmarks on computed tomography (CT) images of the cranium in 32 adult specimens

(18 females and 14 males) from the primate collection of the Royal Museum for Central

Africa, Tervuren, Belgium (Fig. 1, Table 1). The difficulty of measuring landmarks with

small intra-observer error on the upper-face, coupled with the absence of mandibular data

for several specimens, led us to focus on the mid-face. The landmark coordinates were used

(i) to compute the Procrustes superimposition of all specimens (Rohlf and Slice, 1990;

Dryden and Mardia, 1998) and subsequently perform Procrustes analysis of variance

(ANOVA) (Klingenberg and McIntyre, 1998), and (ii) to measure and analyze linear

distances using Euclidean distance matrix analysis (EDMA) (Lele and Richtsmeier, 2001).

All specimens were measured twice by the same observer (YH) to test for intra-observer

error, which can generate bias when quantifying asymmetry. Intra-observer error was

assessed by Procrustes ANOVA (see Singh et al., 2012 for a recent application).

Frontal lobe asymmetry is quantified in three dimensions by recording 3D coordinates of the

two landmarks corresponding to the most protruding areas of the right and left frontal lobes

on the reconstructed endocranial surface (Fig. 1, Table 1). The complete methodology is

detailed in Balzeau and Gilissen (2010) and Balzeau et al. (2012), and the results on Gorilla

beringei graueri are published in Balzeau and Gilissen (2010) using the same specimens as

those used in the present study. The term ‘petalia’ originally refers to the protrusion of one

hemisphere beyond the other (Hadziselimovic and Cus, 1966) and is utilized here in this

sense. An external and independent reference is defined based on anatomical points on the

skull (i.e., glabella, inion, and basion). In order to precisely describe the pattern of variation

in frontal lobe petalia, the antero-posterior, vertical and lateral components are dissociated.

The two landmarks measured on the frontal lobes are orthogonally projected on the line (L1)

through glabella and inion. The distance between the projected images of the points

corresponds to the antero-posterior component of frontal petalia. Similarly, the frontal lobe

landmarks are projected on the line through basion and perpendicular to L1, and on the

plane defined by glabella, inion and basion, defining the vertical and lateral components of

frontal lobe petalia, respectively.
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Procrustes ANOVA

Procrustes ANOVA is a method outlined by Klingenberg and McIntyre (1998) that

combines quantification of individual variation and asymmetry by ANOVA (Palmer and

Strobeck, 1986) with the analysis of shape, represented as configurations of landmarks

(Bookstein, 1991). Procrustes ANOVA allows quantification of the different components of

asymmetry and tests them statistically. The method involves a four-step procedure:

quantification of within-individual shape variation in the dataset (Individual); calculation of

the effects of directional asymmetry (Side); accounting for fluctuating asymmetry

(Individual × Side); and quantification of variation among repeat measurements, which is

the residual and a value for measurement error in the dataset (Table 2). Here, the level of

measurement error relative to the level of fluctuating asymmetry was negligible as indicated

by the mean square values, implying that the present data are suitable to study asymmetry.

Euclidean distance matrix analysis

Euclidean distance matrix analysis (Lele and Richtsmeier, 2001) represents an alternative

way to measure DA based on linear measurements. The full method is outlined in

Richtsmeier et al. (2005). For each individual, a form matrix is computed, consisting of all

unique interlandmark distances. The linear distances that occur bilaterally are paired, one

from the left side (L) and the other from the right (R). For each individual, the asymmetry of

all distance pairs is defined as (R-L). The sign of the (R-L) subtraction defines which side is

the largest for each measurement. The mean of the sample, (R-L), measures DA for each

measurement. Significance of DA for each measurement is determined by obtaining

confidence intervals using bootstrapping (n = 10,000; alpha level = 0.05). If zero (the

expected value of (R-L) in absence of DA) is not included in the confidence interval, then

there is significant DA for this measurement.

Qualitative assessment of asymmetry

Regardless of whether the sample displays significant DA, it is possible to determine,

specimen by specimen, how each landmark deviates from the corresponding landmark of an

artificially symmetric configuration. The symmetric configuration is obtained by reflecting

and re-labeling all paired landmarks and subsequently by superimposing the original and

reflected configurations in a generalized Procrustes fit (Rohlf and Slice, 1990; Dryden and

Mardia, 1998). The landmark deviations of the original configuration from the symmetric

consensus of the original and mirror image represent the asymmetric component of shape

variation (Klingenberg et al., 2002). The sign of the x, y, z coordinates of the individual

asymmetric component of shape variation determines how the landmarks of the original

configuration deviate from the symmetric consensus. To determine if the specimen displays

a larger right side of the face (> 0) or a larger left side (< 0), the number of landmarks that

deviated on the right side is subtracted by the number of landmarks that deviated on the left

side. The corresponding subtractions were also done for the vertical and antero-posterior

dimensions for each landmark for all specimens to determine which side of the face was

more superiorly projected and which side was more anteriorly projected. Analysis of the

asymmetric component of shape variation was performed with MorphoJ (Klingenberg,

2011).
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We also examined, specimen by specimen, the landmark deviations of the original

configuration from the symmetric consensus of the original and mirror image (i.e.,

asymmetric component) for the upper part and lower part of the mid-face as defined in Table

1. For the lateral dimension, the number of landmarks that deviate from the symmetric

consensus of the original and mirror image on the right side are subtracted by the number of

landmarks that deviate from the symmetric consensus of the original and mirror image on

the left side. The resulting variable is obtained for the upper part and lower part of the mid-

face. The relationship between the two variables is analyzed by linear regression. The same

analysis is performed for the vertical and antero-posterior dimensions.

In order to assess the potential association between midfacial and frontal lobe asymmetries,

we used the directions of individual asymmetries of the frontal lobes published by Balzeau

and Gilissen (2010), identifying which one of the left or right frontal lobe is the most

anteriorly, superiorly and laterally projected.

Results

Directional asymmetry of the mid-face of Gorilla beringei graueri

Based on the Procrustes ANOVA results, combined males and females did not display

significant DA for the mid-face (Table 2). However, when analyzed separately, males

displayed significant DA for the mid-face (p = 0.0401) contrary to females. Analyzed

separately, neither the upper mid-face nor the lower mid-face displayed significant DA

(Table 2).

When males and females were combined, the EDMA results showed only two distances out

of 49 with significant DA (Fig. 2). Analyzed separately, males and females displayed five

and 10 distances, respectively, associated with significant DA (Fig. 2).

The asymmetric relationship between the upper and lower mid-face of Gorilla beringei
graueri

Analysis of the landmark deviations of the original configuration from the symmetric

consensus of the original and mirror image for the upper and lower mid-face revealed a

tendency for Gorilla beringei graueri to display either a larger right upper mid-face

associated with a larger left lower mid-face or vice versa (R2 = 0.5121, p = 0.00001; Fig. 3).

This morphological pattern was not reflected for the antero-posterior or vertical dimensions

(R2 = 0.1518, p = 0.0540 and R2 = 0.0197, p = 0.4438, respectively). The EDMA results

showed that females displayed a larger left upper mid-face associated with a larger right

lower mid-face, while the opposite was seen in males (Fig. 2).

Relationship between midfacial and frontal lobe asymmetries

Using the Balzeau and Gilissen (2010) results that confirmed the existence of an

asymmetrical pattern for frontal petalia in Gorilla beringei graueri, we investigated

specimen by specimen the potential association between midfacial and frontal lobe

asymmetries. A majority of specimens displayed an association between frontal petalia and

midfacial asymmetries for the lateral dimension, with the same side of the frontal pole and
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mid-face being larger than the other side (59% of ipsilateral asymmetries (13/22); Fig. 4). A

majority of specimens displayed the same side of the frontal pole and mid-face as being

more superiorly projected than the other side (62% of ipsilateral asymmetries (19/31); Fig.

4). Finally, a majority of specimens displayed an association between frontal lobe and

midfacial asymmetries for the antero-posterior dimension, with the same side of the frontal

pole and mid-face being more anteriorly projected than the other side (58% of ipsilateral

asymmetries (18/31); Fig. 4). When analyzed separately, males and females displayed a

majority of ipsilateral asymmetries for the vertical and antero-posterior dimensions, while

only males displayed a majority of ipsilateral asymmetries for the lateral dimension (Fig. 4).

Discussion and conclusion

To our knowledge, these results represent the first attempt to characterize and quantify brain

and facial anatomical asymmetries in Gorilla beringei graueri and, more generally, in any

primate species. Our results showed either a lack of DA or rather small DA of the mid-face

of Gorilla beringei graueri depending on the method used (i.e., Procrustes ANOVA or

EDMA). When analyzed separately, males displayed some level of DA of the mid-face with

both methods, while females showed DA only with EDMA. Surprisingly, the direction of

asymmetries of the upper part and lower part of the mid-face among females was the

opposite of males as revealed by EDMA. This explains why DA was stronger when sexes

were analyzed separately than when combined. We interpret our results as an indication that

EDMA is more sensitive and appropriate when measuring DA than Procrustes ANOVA; the

main reason being most likely related to the Procrustes superimposition itself, which

distributes potentially very small and localized asymmetries to other landmarks.

Procrustes ANOVA results are contradictory to those published by Groves and Humphrey

(1973) who reported DA of the face of Gorilla beringei graueri, while EDMA results tend

to support their findings (though only two measurements out of 49 displayed significant

DA). However, their measurement accounted for a larger portion of the face including the

mandible and it is possible that if we had analyzed the entire face, we might have recorded

stronger DA with the two methods. Additionally, the quantification of facial DA by Groves

and Humphrey (1973) was based on a single bilateral linear measurement accounting for

‘skull length’ from the anterior-most point of the temporal fossa to the most inferior point of

the mandible in the midline (i.e., gnathion), two landmarks that can be challenging to

measure in gorillas.

Though based on a relatively small sample size, our results highlight the potential

association between the direction of the anatomical asymmetries of the facial skeleton and

frontal lobe at the individual level. We have seen that whatever the dimension considered,

approximately 60% of the specimens displayed ipsilateral anatomical asymmetries. One

possible interpretation of this result resides in the co-variation of the brain and face that can

be traced back as far as early embryological development (Marcucio et al., 2011). The

association between the direction of the midfacial and frontal lobe asymmetries at the

individual level would have to be studied in a larger sample to corroborate our findings.

Further work is expected concerning the co-variation of brain and face and their anatomical
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asymmetries in adults, and the relationship between these features and lateralized functions

such as handedness and mastication.
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Figure 1.
Three-dimensional landmarks recorded on the skull and endocranial surface of adult Gorilla

beringei graueri. See Table 1 for the definition of the landmarks.
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Figure 2.
Directional asymmetry of the mid-face of Gorilla beringei graueri as measured using

EDMA. The anterior and superior views are represented for combined sexes, females, and

males. Distances significantly larger on one side are in red, the corresponding distances

shorter on the other side are in blue. See Table 1 and Figure 1 for the definition of the

landmarks. Females display 10 linear measurements associated with significant DA and

males display five linear measurements.
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Figure 3.
The asymmetric relationship between the upper and lower mid-face of Gorilla beringei

graueri. (A) Correlation between the direction of upper and lower midfacial asymmetries.

Females and males are represented by circles and triangles, respectively. Positive x and y

values indicate a larger right side for the upper and lower mid-face, respectively. Note that

several specimens have the same coordinates. (B) Association between a larger right side of

the upper mid-face and a larger left side of the lower mid-face. (C) Association between a

larger left side of the upper mid-face and a larger right side of the lower mid-face.
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Figure 4.
Illustration of the relationship between frontal petalia and midfacial asymmetries in three

dimensional space (A, lateral; B, vertical; C, antero-posterior). Arrows indicate the direction

of the asymmetries (blue, cerebral asymmetries; grey, midfacial asymmetries). Proportions

for each configuration are reported for combined sexes and between brackets for females

and males (F, M). Because some specimens did not display midfacial asymmetries when

measured qualitatively, the number of specimens studied in the present analysis is different

from the number of specimens included in the original sample (N = 32).
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Table 1

Landmark definition.

Landmark Landmark definition Anatomical region

1, 2 Dacryon (R, L) Upper mid-face

3, 4 Anterior-most point on zygomatic branch (R, L) Upper mid-face

5 Nasale Upper mid-face

6, 7 Foramen infra-orbital, most superior (R, L) Upper mid-face

8, 9 Anterior-most attachment of the masseter (R, L) Upper mid-face

10 Posterior nasal spine Lower mid-face

11, 12 Palatine canal (R, L) Lower mid-face

13 Incisor canal Lower mid-face

14 Prosthion Lower mid-face

15, 16 Post-canine (R, L) Lower mid-face

17, 18 Post-first molar (R, L) Lower mid-face

19, 20 Most protruding areas of frontal lobe (R, L) Frontal lobe
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Table 2

Procrustes ANOVA tests.

Effect Sum of Squares Mean Squares df F p

Mid-face Combined (N=32)

Individual 0.27965 0.000361 775 9.20 <0.0001

Side (DA) 0.00105 0.000048 22 1.22 0.2211

Individual*Side (FA) 0.02675 0.000039 682 22.79 <0.0001

Residual (error) 0.00259 0.000002 1504

Females (N=18)

Individual 0.11376 0.000268 425 8.53 <0.0001

Side (DA) 0.00083 0.000038 22 1.20 0.2457

Individual*Side (FA) 0.01174 0.000031 374 18.66 <0.0001

Residual (error) 0.00142 0.000002 846

Males (N=14)

Individual 0.09809 0.000302 325 6.33 <0.0001

Side (DA) 0.00170 0.000077 22 1.63 0.0401

Individual*Side (FA) 0.01363 0.000048 286 26.99 <0.0001

Residual (error) 0.00118 0.000002 658

Upper Mid-face Combined (N=32)

Individual 0.23708 0.000765 310 8.19 <0.0001

Side (DA) 0.00079 0.000079 10 0.85 0.5795

Individual*Side (FA) 0.02893 0.000093 310 21.02 <0.0001

Residual (error) 0.00284 0.000004 640

Females (N=18)

Individual 0.10545 0.000620 170 8.68 <0.0001

Side (DA) 0.00168 0.000117 10 1.63 0.1007

Individual*Side (FA) 0.01215 0.000071 170 16.40 <0.0001

Residual (error) 0.00157 0.000004 360

Males (N=14)

Individual 0.10883 0.000837 130 7.15 <0.0001

Side (DA) 0.00126 0.000126 10 1.08 0.3848

Individual*Side (FA) 0.01521 0.000117 130 25.68 <0.0001

Residual (error) 0.00128 0.000005 280

Lower Mid-face Combined (N=32)

Individual 0.18760 0.000550 341 8.08 <0.0001

Side (DA) 0.00088 0.000098 9 1.44 0.1704

Individual*Side (FA) 0.01900 0.000068 279 17.34 <0.0001

Residual (error) 0.00251 0.000004 640

Females (N=18)

Individual 0.07685 0.000411 187 8.09 <0.0001

Side (DA) 0.00088 0.000097 9 1.92 0.0530

Individual*Side (FA) 0.00777 0.000051 153 13.70 <0.0001
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Effect Sum of Squares Mean Squares df F p

Residual (error) 0.00133 0.000004 360

Males (N=14)

Individual 0.05860 0.000410 143 4.86 <0.0001

Side (DA) 0.00143 0.000159 9 1.89 0.0606

Individual*Side (FA) 0.00986 0.000084 117 19.91 <0.0001

Residual (error) 0.00119 0.000004 280

Individual effects represent overall variation in the dataset. ‘Side’ is the measure for directional asymmetry (DA). ‘Individual*Side’ is the
measurement for fluctuating asymmetry (FA).

‘Residual’ is the measurement error calculated from the variation among repeat measurements.

‘df’ is degrees of freedom, ‘F’ F statistic, and ‘p’ p -value.
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