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1  | INTRODUC TION

Cerebral dominance for certain human functions was first reported 
by Dax (1865) and Broca (1861) who described how the faculty of 
human speech is located in the left cerebral hemisphere. Since then 
the neuroanatomical asymmetries of Sylvian Fissure (Cunningham, 
1892; Eberstaller, 1884, 1890; Rubens, Mahowald, & Hutton, 1976), 
planum temporale (Geschwind & Levitsky, 1968), and paracingulate 
sulcus (Paus et al., 1996) have been considered as possible struc‐
tural substrates to account for functional laterality. The Yakovlevian 
torque (i.e. anticlockwise twist) is another prominent neuroanatomi‐
cal asymmetry of the human brain. The pattern of the torque defines 
a 3D morphological twist, an archetypical view of which can be seen 
in Figure 2 of Toga and Thompson (2003). In particular, three prin‐
cipal features are observable on inspection of the external surface 
of the brain including (a) left‐right tissue distribution asymmetry of 
wider frontal lobe on the right and wider occipital lobe on the left, 
(b) antero‐posterior petalia referring to the protrusion of the right 
frontal and left occipital poles over the contralateral extremities, 
and (c) deviation (i.e. bending) of the inter‐hemispheric fissure in the 

occipital region. Although the functional relevance of the torque is 
not yet understood, its correlation with asymmetry of the planum 
temporale (Barrick et al., 2005) and abnormalities in schizophre‐
nia (Guerguerian & Lewine, 1998; Maller et al., 2017), depression 
(Maller et al., 2014) and developmental stuttering (Foundas et al., 
2003), suggest a possible relationship to cognitive function including 
perhaps the faculty of language (Best, 1988; Chance & Crow, 2007; 
Crow, 2000, 2007, 2008, 2010; Esiri, Chance, de Barros, & Crow, 
2015; Galaburda, LeMay, Kemper, & Geschwind, 1978).

Determining whether structural brain asymmetry is species‐
specific is essential in order to potentially identify its possible 
functional significance. The most direct approach to study the con‐
tinuity/discontinuity of brain asymmetry is to compare humans with 
their closest extant relatives, great apes. However, inconsistent re‐
sults have been reported in the evolution of cerebral asymmetry 
and which may be due to differences in materials, methods/mea‐
sures, and cohorts. LeMay (1976) conducted the first investigation 
of whether the cerebral torque is present in nonhuman primates. 
From photographs of 28 great ape brains, leftward occipital width 
asymmetry and relatively greater posterior protrusion of the right 
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Abstract
One prominent feature of human brain asymmetry is the cerebral torque. To investi‐
gate whether this characteristic is shared with chimpanzees who are our closest ex‐
tant relative, we developed an automatic method to compute cerebral hemisphere 
width and perimeter length on consecutive 2D sections through 3D MR images ob‐
tained in vivo for 91 human and 78 chimpanzee brains. In brief, contiguous inter 
hemispheric width and perimeter asymmetries were calculated on coronal sections, 
which in profile allow us to examine asymmetry in relation to speciation. The right 
frontal and left occipital asymmetry (greater posteriorly in females) distinguishes hu‐
mans from chimpanzees. This result is consistent with a major saltational (discontinu‐
ity) event occurring at some point after the separation of humanity and the great 
apes in the last 6 million years.
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occipital pole were observed in apes, although in many cases the 
measurements of the left and right hemispheres were equal. In a 
MRI study, Hopkins and Marino (2000) measured the width of the 
cerebral hemispheres of 19 adult great apes, 15 adult Old and 8 
New World monkeys. The width measurements were taken on the 
first axial 2D slice above the third ventricle at predefined locations 
in the frontal and occipital regions of the brain and defined as the 
distance between the Mid‐Sagittal Plane (MSP) and the external 
surface. The authors reported typical right frontal and left occip‐
ital asymmetries in the great apes but not in monkeys. Balzeau, 
Gilissen, and Grimaud‐Herve (2012) developed a method to com‐
pute the variation in the location of skull protrusions with respect 
to an external reference system on CT scans of endocasts of ex‐
tant and fossil specimens (including 89 hominins and 110 African 
great apes). The authors reported significant antero‐posterior and 
lateral components of the torque, especially posteriorly, in both 
humans (p < 0.01, uncorrected) and great apes (p < 0.05, uncor‐
rected) and concluded that the torque is shared between humans 
and great apes. In contrast, in a study of a large collection of 190 
hominoid endocasts, including specimens of 34 chimpanzees, 40 
gorillas and 41 bonobos, Holloway and De La Costelareymondie 
(1982) did not observe the left occipital, right frontal petalia pattern 
in great apes at the group level and concluded that the cerebral 
torque developed early in hominid evolution. In a later MRI study 
of 9 post mortem adult chimpanzees and 29 living humans, Zilles 
et al. (1996) computed the magnitude of the relative displacement 
between the corresponding vertex pairs in left and mirrored right 
cerebral hemispheres. The authors reported the absence of torque 
in the chimpanzee brains. In our previous exploratory study of po‐
sitional brain asymmetry (Xiang, Crow, Hopkins, Gong, & Roberts, 
2018), the variation in the location of the corresponding vertex 
pairs on the whole cerebral surface was automatically computed on 
MRI scans obtained in vivo for 223 live human and 70 chimpanzee 
brains. Three components of the inter‐hemispheric displacement 
were measured (i.e. antero‐posterior, dorso‐ventral, and left‐right) 
and a statistically significant pattern of torque, in particular, the 
petalia and bending, were observed in and only in the human brain. 
However, the width asymmetry favoring the right frontal and left 
occipital lobe was not observed in either humans or chimpanzees, 

possibly due to the simplification of the curved middle‐sagittal sur‐
face by a plane, the location of which is essential to compute the 
relative deviation between the left and right cerebral hemispheres.

Analysis of left‐right tissue distribution asymmetry between 
the two cerebral hemispheres has been commonly investigated in 
several studies by using the voxel based morphometry (VBM) tech‐
nique (Barrick et al., 2005; Good et al., 2001; Hopkins et al., 2008; 
Luders,	 Gaser,	 Jancke,	 &	 Schlaug,	 2004;	Watkins	 et	 al.,	 2001).	 In	
brief, after normalizing individual brains to the reference MNI tem‐
plate space, the inter‐hemispheric asymmetry was computed as the 
gray matter density/volume difference between the left hemisphere 
and the mirror reflection of the right hemisphere across the MSP at 
corresponding voxel locations. The drawbacks of this approach are 
two‐fold. Firstly, comparison of the voxels in the left and right cere‐
bral hemispheres critically replies on the definition of the so‐called 
MSP and, as mentioned above, approximation of this by the plane 
x = 0, does not provide a reliable description of the curved inter‐
hemispheric fissure (Balzeau & Gilissen, 2010; Xiang et al., 2018). 
Secondly, it is difficult to distinguish the tissue distribution asym‐
metry from the hemispheric shift (i.e. petalia), and which perhaps 
have different evolutionary origins (Chance & Crow, 2007; Chance, 
Esiri, & Crow, 2005). To overcome the problem, Chance et al. (2005) 
proposed a novel automatic approach in a postmortem MRI study of 
23 patients with schizophrenia and 20 controls. In particular, section 
area was measured at 100 coronal slices evenly positioned through 
the left and right cerebral hemispheres so that the profiles obtained 
are independent of relative shifts of the hemispheres along the 
antero‐posterior axis. However, the authors only reported the 
comparison at the slice with maximal cross‐sectional area without 
analyzing the result for all slices.

In the present study, an automatic image analysis technique has 
been developed and applied to measure left and right tissue distri‐
bution asymmetry of the 3D external cerebral surface for in vivo 
MRI scans of 91 human and 78 chimpanzee brains. The algorithm is 
derived from the strategy used by Chance et al. (2005) in that con‐
tiguous inter‐hemispheric width and perimeter asymmetries were 
calculated for 60 equidistant coronal sections through each cerebral 
hemisphere. On the basis of absence of torque characteristics in our 
previous studies (e.g. Xiang et al., 2018,  Xiang, Crow, & Roberts, 
2019), we hypothesize that asymmetry in the tissue distribution will 
only be present in the human brain.

2  | METHODS

2.1 | Subjects

A sample of 91 healthy human subjects (mean age 34 ± 12 years, 
39 females and 52 males) and 78 chimpanzees (mean age 24 ± 11 
years, 50 females, and 28 males) were included in the study. 
Approval was obtained separately at each site from the local 
Research Ethics Committee and subjects provided fully informed 
written consent prior to taking part. The 3D MRI brain scans of 
human subjects were acquired at the Edinburgh Imaging facility 
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Cerebral torque is the most prominent structural asymme‐
try of the human brain. The torque emerges early in the em‐
bryo and alternations of the torque have been linked to 
cognitive impairments in psychotic disorders, such as schiz‐
ophrenia. The present study provides new evidence that the 
torque is specific to the human brain. Establishing the ge‐
netic origins of the torque may shed light on evolutionary 
theory, the origin of the psychiatric disorders and perhaps 
also the neural basis of language.
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QMRI, University of Edinburgh, UK and the Oxford Centre for 
Magnetic Resonance, University of Oxford, UK. In the Oxford co‐
hort, the Annett Handedness Inventory score was recorded for 
47 subjects in which 2 are left‐handed. In the Edinburgh cohort, 
the handedness score was recorded for 31 subjects, in which 4 
are left‐handed and 2 have ambiguous handedness. Therefore, the 
proportion of subjects who are right handed lies between 80.7% 
and 95.7%. For the human subjects studied in Edinburgh, the im‐
ages were acquired using a 3D magnetization‐prepared rapid ac‐
quisition gradient echo (MPRAGE) sequence on a 3 T Verio MRI 
system (Siemens Medical Systems, Erlangen, Germany). Acquisition 
parameters were TR = 2,300 ms, TE = 2.98 ms, TI = 900 ms, Flip 
angle = 9°, FOV = 256 mm × 256 mm with an isotropic voxel reso‐
lution of 1 mm. For the human subjects studied in Oxford, the 
images were acquired using a 3D fast low‐angle shot (FLASH) se‐
quence on a Sonata 1.5 T MR system (Siemens Medical, Erlangen, 
Germany). Acquisition parameters were TR = 5,400 ms, TE = 76 ms, 
Flip angle = 90°, 256 × 160 slice matrix comprising 208 contiguous 
slices with an isotropic voxel resolution of 1 mm.

MRI scanning of the 78 chimpanzees (50 females, 28 males) was 
performed at Yerkes National Primate Research Centre in Atlanta, 
Georgia, Unite States. Chimpanzees were immobilized by ketamine 
injection (10 mg/kg) and subsequently anesthetized with propofol 
(40–60 mg kg‐1 hr‐1) before transportation to the MRI facility where 
they remained anesthetized (total time ~2 hr) for the MR imag‐
ing and return to the home compound. They were scanned supine 
with a human head coil. T1‐weighted MPRAGE MR images were 
obtained using a Siemens 3 T Trio MR system. Acquisition parame‐
ters were TR = 2,300 ms, TE = 4.4 ms, TI = 1,100 ms, flip angle = 8, 
FOV = 200 mm × 200 mm. The data matrix size was 320 × 320 with 
an isotropic voxel resolution of 0.6 mm.

2.2 | Image analysis

All MRI scans were pre‐processed in FSL (http://sl.fmrib.ox.ac.uk/fsl/
fslwiki/) including skull strip, bias field correction, and brain normaliza‐
tion to the MNI152 template using 7 degrees of freedom (DoF) trans‐
formations (i.e. 3 translations, 3 rotations, and 1 uniform scaling). Details 
of the processes are described elsewhere (Hopkins, Li, Crow, & Roberts, 
2016). The 7 DoF transformation is particularly important to normalize 
the chimpanzee brain to the size of the human brain to enable to sub‐
sequent processing in the standard FreeSurfer processing stream that 
is designed for the human brain (https://surfer.nmr.mgh.harvard.edu/). 
The uniform scaling is key to preserve the morphological shape of the 
cerebral surface. In FreeSurfer, the bias field correction was repeated 
to assist the classification of the voxel data into different tissue types 
and to locate the boundaries between different brain tissues. The white 
matter is labelled, split into two cerebral hemispheres with the cerebel‐
lum and brain stem removed. A triangular mesh is fitted to cover the 
outer voxels of the connected white matter component for each cer‐
ebral hemisphere and deformed with respect to the intensity gradient 
between the white and gray matter to produce a final mesh surface with 
sub‐voxel resolution. The resulting surface representing the boundary 
between the cerebral cortex and underlying white matter is expanded 
along the direction of the image signal intensity gradient between gray 
matter and CSF until it coincides with the pial surface and topologically 
corrected (Dale, Fischl, & Sereno, 1999). The quality of reconstructed 
cerebral surface is essential to the subsequent measurement and was 
visually inspected. According to our previous work (Xiang et al., 2018), 
the extraction of the external surface of the cerebral hemispheres using 
FreeSurfer software was consistent in subjects scanned on different 
MR systems and therefore the MR system had no effect on the pattern 
of brain asymmetry identified in different cohorts.

F I G U R E  1   Computation of width and perimeter asymmetries. The width and perimeter of each cerebral hemisphere were measured at 
60 contiguous slices orthogonal to the antero‐posterior axis between the frontal and occipital poles. Asymmetries were computed as the 
difference between measurements obtained for the left and right cerebral hemispheres at each section

://sl.fmrib.ox.ac.uk/fsl/fslwiki/
://sl.fmrib.ox.ac.uk/fsl/fslwiki/
://surfer.nmr.mgh.harvard.edu/
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When the brain is asymmetric, the low‐dimensional linear regis‐
tration in FSL is often insufficient in aligning the center of the brain 
to the center of the MNI reference space (the plane x = 0). In order 
to obtain accurate brain measurements, the orientation of the re‐
constructed cerebral surface from FreeSurfer was modified as fol‐
lows: (a) the center of the brain was estimated as the 3D MSP which 
best fits the vertices on the medial surface of the brain lying within 
5 mm of x = 0, so as to limit the inclusion of regions where there are 

substantial deviation (e.g., occipital falx). (b) The MSP is then aligned 
with x = 0 mm so that the MSP of each brain was closely aligned 
with the MSP of the MNI152 template. More details can be found 
in Xiang et al. (2018).

The left‐right tissue distribution asymmetry was measured on 
a cross‐sectional basis using a program written in‐house in Matlab 
(Version R2011b) software by LX. As demonstrated in Figure 1, each 
cerebral hemisphere was independently and evenly cut into identical 

F I G U R E  2   Hemispheric width asymmetry profile of the human (left) and chimpanzee (right) brain. The x‐coordinate corresponds to 
brain section number along the antero‐posterior axis. The y‐coordinate corresponds to the width difference between the two cerebral 
hemispheres (in magenta) with error bar computed as the standard deviation from the average asymmetry at the associated slice as well as 
the lateral‐medial widths for the left (in red) and right (in blue) hemispheres, respectively. Positive values indicate leftward asymmetry and 
negative values indicate rightward asymmetry. The purple and orange circles on the average width difference profile highlight the slices 
where the asymmetry is significant (p < 0.01/60) and the normalized inter‐hemispheric difference is greater than 2%. The slice with largest 
width is denoted by a magenta circle for the left cerebral hemisphere and a cyan circle for the right. A lateral view of the average surface of 
the left cerebral hemisphere of each species is displayed above the width plots. The segments of the profile which exhibit significant width 
asymmetries are marked by dashed lines. The width values of human and chimpanzee brains reflect the brain size in native space. In order 
to present the width and width asymmetry in the same plot, the width difference value is multiplied by 10
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number of slices (i.e., 60) perpendicular to the antero‐posterior axis. 
For each slice, a minimal rectangular box covering the slice surface 
was generated with three edges parallel to the x, y, and z axes. The 
width of cerebral hemisphere at each slice corresponds to the width 
of the associated bounding box (see Figure 1 (top left and top right)). 
The perimeter of the external cerebral hemisphere was measured at 
two ends of each slice as the average of the length of the brain out‐
lines (see Figure 1 (bottom left and bottom right)). The profile of both 
width and perimeter measures for the slices represents the variation 
of the hemisphere external morphology along the antero‐posterior 
direction. The difference of the measures between the left and right 
hemispheres reflected the bilateral variation of the cerebral surface.

The FreeSurfer pipeline also provides measures of the global and 
lobar brain surface areas for each species. In particular, by employing 
the so‐called “Desikan‐Killiany” atlas (Desikan et al., 2006), the sur‐
face of each cerebral hemisphere can be independently subdivided 
into a number of local regions (i.e., 34 regions of interest), and some 
regions can be merged together to form individual lobes, for which 
the total surface area can also be computed. All the measurements 
were corrected to reflect true size in real world using the uniform 
scaling factor previously computed in FSL.

2.3 | Statistical analysis

At each location along the antero‐posterior axis, the width and pe‐
rimeter of the left and right hemispheres were compared using paired 
two‐sample t tests (two‐tailed). The locations (i.e., slices) were con‐
sidered to be significantly asymmetric only if the normalized inter‐
hemispheric difference was greater than 2% and the result passed 
the significance level alpha of 0.01 and survived the Bonferroni cor‐
rection for multiple comparisons. The sex difference of the width 
and perimeter asymmetries was examined using two‐sample t tests 
(two‐tailed) with alpha set to 0.05 without multiple corrections. 
A lower threshold was used for the analysis of sex‐differences on 
account of the relatively small size of the groups.

The global and lobar brain surface areas were compared be‐
tween hemispheres using paired two‐sample t tests (two‐tailed) and 
Bonferroni corrected for multiple comparisons. The effect of sex and 
age on the asymmetry was tested using multivariate analysis of vari‐
ance (MANCOVA) with inter‐hemispheric difference as dependent 
variable, sex as between group factor and age as covariate.

3  | RESULTS

3.1 | Brain global and lobar surface area

From Table 1, the right hemisphere of the human brain showed 
significantly greater surface area than the left both globally 
(t	=	−4.10,	p < 0.001) and in the frontal (t	=	−4.27,	p < 0.001), pa‐
rietal (t =	−9.26,	 p < 0.001), occipital (t =	−2.48,	 p = 0.015), and 
insula (t =	−5.22,	 p < 0.001) lobes, but not in the temporal lobe 
(t = 10.19, p < 0.001) where a leftward asymmetry was found. The 
results survived Bonferroni corrected for multiple comparisons. TA
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In contrast, there was no significant global surface area asymme‐
try in the chimpanzee brain. However, rightward asymmetry was 
found in the frontal (t =	−3.01,	p < 0.001) and parietal (t =	−4.32,	
p < 0.001) lobes. According to MANCOVA tests, neither sex 
(F(6,83) = 0.56, p = 0.763) or age (F(6,83) = 1.20, p = 0.314) showed 
significant effect on the asymmetries in humans and similar results 
(F(6, 63) = 1.46, p = 0.206 for sex; F(6,63) = 1.59, p = 0.164 for age) 
were found in chimpanzees.

3.2 | Cross‐sectional width and perimeter 
asymmetries

The slice‐wise inter‐hemispheric width difference together with 
the width measures of each hemisphere over the antero‐posterior 
expansion are displayed in Figure 2. From the left panel, human 
width asymmetries, referring to the magenta dot plot, showed a 
significant right frontal and left occipital pattern of torque. The 
anterior part of the brain from the frontal pole to the precentral 

gyrus demonstrated a rightward asymmetry and the posterior part 
of the brain from the parietal lobe to the occipital pole showed 
a leftward asymmetry, denoted by the orange circles above the 
width differential profile. The direction of width asymmetry 
changed from right to left at about the 42nd slice which is in the 
region of Heschl’s gyrus. In addition, the slice with maximal width 
is positioned significantly more posterior on the left (~36th slice) 
compared to the right (~34th slice) according to paired t tests 
t(90) = 3.20, p = 0.002, one‐tailed. According to paired t tests, the 
maximal width of the right hemisphere (68.2 ± 3.2 mm) is signifi‐
cantly larger than that of the left (67.8 ± 2.8 mm), (t(90)	=	−1.82,	
p = 0.036, one‐tailed). Furthermore, according to Pearson’s cor‐
relation test, the difference between the maximal width of the 
left and right hemispheres is positively correlated with global 
inter‐hemispheric surface area asymmetry by a coefficient of 0.21 
(p = 0.041).

In the case of the chimpanzee brain the right frontal and left oc‐
cipital pattern of width asymmetry is not present in the chimpanzee 

F I G U R E  3   Hemispheric perimeter asymmetry profile of the human (left) and chimpanzee (right) brain. The x‐coordinate corresponds 
to brain section number along the antero‐posterior axis. The y‐coordinate corresponds to the perimeter difference between the two 
cerebral hemispheres with error bar computed as the standard deviation from the average asymmetry at the associated section as well as 
the perimeter profiles for the left (in red) and right (in blue) hemispheres, respectively. Positive asymmetry indicates a leftward perimeter 
asymmetry while negative for rightward. The purple and orange circles on the average width difference profile highlight the slices where 
the asymmetry is significant (p < 0.01/60) and the normalized interhemispherical difference is greater than 2%. A lateral view of the average 
surface of the left cerebral hemisphere of each species is displayed above the width plots. The segments of the profile which exhibit 
significant width asymmetries are marked by dashed lines. The values of human and chimpanzee brains reflect the brain size in native space. 
In order to present the perimeter and perimeter asymmetry in the same plot, the perimeter difference value was multiplied by 10
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brain (see Figure 2, right panel). In particular, the width difference 
between hemispheres is completely absent in the occipital lobe al‐
though interestingly, a short segment in the region of Broca’s area 
showed asymmetries resembling in part the rightward frontal width 
asymmetry of the human brain. Similar to that of the human brain, 
the slice with maximal width significantly shifted posteriorly in the 
left (37th slice) compared the right (35th slice) according to paired 
t tests t(77) = 5.30, p < 0.001, one‐tailed. The maximal width is 
44.5 ± 2.0 mm in the left cerebral hemisphere and 44.1 ± 2.0 mm on 
the right. Significant leftward rather than rightward asymmetry was 
found between the maximal width measures of the two hemispheres 
(t(77) = 4.00, p < 0.001, one‐tailed).

The inter‐hemispherical perimeter asymmetry along the antero‐
posterior axis and the perimeter profile of each hemisphere for both 
species are depicted in Figure 3. Similar to the result of the width 
measurements, a greater right frontal and left occipital torque pat‐
tern was observed in the human brain but not the chimpanzee.

3.3 | Sex difference

After the sexes were separated, human females showed a signifi‐
cantly increased leftward width asymmetry posteriorly (Figure 4, 
left panel) relative to males (p < 0.05). Similarly, sexual dimorphism 
was also found in the perimeter asymmetry measure (p < 0.05), 
which overlaps with the region found in the width asymmetry meas‐
ure (Figure 4, right panel). For chimpanzees no significant sex differ‐
ence in width or perimeter asymmetry was found.

4  | DISCUSSION

The results of the present study confirm that opposing asymme‐
try in the frontal and occipital regions, typically referred to as the 

cerebral torque pattern, is present only in the human brain. In ad‐
dition, the location of the slice with the maximal width was found 
to be more posterior in the left hemisphere compared to the right 
cerebral hemisphere and which is compatible with the greater pos‐
terior sheer of the temporal and occipital regions of the left cerebral 
hemisphere reported in our previous work (Xiang et al., 2018). On 
the contrary, profiles of both the cross‐sectional width and perime‐
ter appeared identical in both cerebral hemispheres of the chimpan‐
zee brain. These finding do not support the reports of the presence 
of the torque in great ape brains (Hopkins & Marino, 2000; LeMay, 
Billig, & Geschwind, 1982) but is consistent with studies that con‐
cluded that the brain asymmetry is a new feature in the hominin line‐
age (Holloway & De La Costelareymondie, 1982; Xiang et al., 2018, 
2019; Zilles et al., 1996).

Some of the differences between the results from previous stud‐
ies may relate to the fact that different methods have been used 
and where the measurement was performed on 2D axial sections 
(Guerguerian & Lewine, 1998; Hopkins & Marino, 2000), the result 
is less likely to accurately represent the morphology of 3D features. 
Furthermore, in some studies the measurement of lateral tissue dis‐
tribution asymmetry did not control for the hemispheric shift in the 
antero‐posterior direction (Barrick et al., 2005; Good et al., 2001; 
Hopkins et al., 2008; Luders et al., 2004; Watkins et al., 2001). In 
other cases where the asymmetries were computed with respect 
to the inter‐hemispheric fissure, the approximation of the curved 
surface by a 2D line or 3D plane is likely to introduce inaccuracy 
in the measurement (Hopkins et al., 2008; Xiang et al., 2018). In 
addition, study of different types of specimens may lead to differ‐
ent results. For example, even though they serves as a good proxy 
for brain shape, there is incomplete correspondence between en‐
docranial casts taken from skulls and the brain (Balzeau & Gilissen, 
2010; Holloway & De La Costelareymondie, 1982; LeMay, 1976) and 
shrinkage and distortion of postmortem brains (Hopkins & Marino, 

F I G U R E  4   The sex difference of left‐right width (left panel) and perimeter length (right panel) asymmetries in humans. The x‐coordinate 
denotes the brain number along the antero‐posterior axis. The y‐coordinate corresponds to the inter‐hemispheric difference with error bar 
computed from standard deviation from the average asymmetry at the associated slice location with female in red and male in blue. Positive 
values indicate leftward asymmetry and negative values rightward asymmetry. The magenta diamond refers to sections where the sex 
difference is significant (p < 0.05). The chimpanzees show no sex difference in either width or perimeter asymmetry
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2000; Hopkins et al., 2008) may alter brain morphology. The advan‐
tage of the present study is three‐fold. Firstly, the relative antero‐
posterior shift of the right and left cerebral hemispheres has been 
controlled for and the measurement of width and perimeter at each 
cross section is independent of the location of the MSP. Secondly, it 
is advantageous to perform the same analysis on MR images in vivo 
for both the chimpanzee and human brains obtained using an almost 
identical protocol. Thirdly, the asymmetry of the external surface of 
the brain was computed fully automatically without human inter‐
vention and therefore the result is reproducible for any individual 
subject. Overall, this comparison study of relatively large cohorts of 
91 human and 78 chimpanzee brains challenges the view that the 
former species has undergone similar asymmetric re‐organizations 
as the later and casts doubt on the suggestion that tissue distribu‐
tion asymmetry is an attribute of the common ancestor of humans 
and great apes.

Language and average right handedness have been suggested 
to be unique to the human species (Chance & Crow, 2007; Warren, 
1980), and so, according to our recent findings (Xiang et al., 2018, 
and the present study) is the cerebral torque. Gratiolet and Leuret 
(1839) reported there to be a greater gyrification of the left frontal 
and right occipital regions relative to the contralateral hemisphere 
and Best (1988) later proposed the existence of three growth gra‐
dients that emerge early in the embryo. The growth gradients along 
the dorso‐ventral and antero‐posterior axes have been found to be 
specific in the human brain in our previous work (Xiang et al., 2019). 
The present study additionally suggests that asymmetry in the left‐
right direction is also of late origin in the past 6 million years.

Sex difference of brain asymmetry along the antero‐posterior 
axis has been reported previously. For example, Guerguerian and 
Lewine (1998) reported that for healthy control subjects males 
showed reduced torque compared to females whereas for patients 
with schizophrenia males showed increased torque compared to fe‐
males. Highley et al. (1998) reported that asymmetry of the length 
from the frontal pole to the central sulcus measured dorsally over 
the external surface of the brain on both hemispheres, showed a 
gender by diagnosis interaction. Female controls had a left‐greater‐
than‐right asymmetry, and male controls had a right‐greater‐than‐
left asymmetry. This pattern was reversed in schizophrenia. In the 
present study, a sex difference was observed in the posterior pari‐
etal and occipital regions such that greater leftward asymmetry was 
found in females than males, in agreement with the observation of 
(Guerguerian & Lewine, 1998).

One limitation of the present study is the lack of full knowledge 
of handedness in the healthy participants, although no significant as‐
sociation was identified between brain asymmetries and handedness 
in a meta‐analysis of a large database of 17,141 healthy individuals 
(Kong et al., 2018). In addition, the finding in the present study was 
based on the captive Yerkes chimpanzee group, which may not fully 
reflect the natural populations of chimpanzees and other great apes. 
With regard to the asymmetries found in the frontal and parietal 
lobes in the chimpanzee brains, the effect of the human template 

bias derived the FreeSurfer surface parcellation scheme needs fur‐
ther evaluation (Kong et al., 2018).

In conclusion, the results of the present study show that asymme‐
try favoring the right frontal and left occipital regions of the brain is a 
characteristic that separates humans from chimpanzees and may thus 
be considered a species‐defining characteristic, or autapomorphy. The 
finding provides new evidence to support a saltational jump as com‐
pared to the classical Darwinian concept of gradual transition in specia‐
tion and therefore the study has implications for evolutionary theory.
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