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Abstract Cortical folding pattern analysis is very impor-

tant to understand brain organization and development.

Since previous studies mostly focus on human brain cortex,

the regularity and variability of cortical folding patterns

across primate brains (macaques, chimpanzees and human)

remain largely unknown. This paper presents a novel

computational framework to identify common or unique

gyral folding patterns in macaque, chimpanzee and human

brains using magnetic resonance imaging (MRI) data. We

quantitatively characterize gyral folding patterns via hinge

numbers with cortical surfaces constructed from MRI data,

and identify 6 common three-hinge gyral folds that exhibit

consistent anatomical locations across these three species

as well as 2 unique three hinges in macaque, 6 ones in

chimpanzee and 14 ones in human. A novel morphology

descriptor is then applied to classify three-hinge gyral

folds, and the increasing complexity is identified among the

species analyzed. This study may provide novel insights

into the regularity and variability of the cerebral cortex

from developmental perspective and may potentially

facilitate novel neuroimage analyses such as cortical par-

cellation with correspondences across species in the future.

Keywords Cortical folding � Primate brains � Magnetic

resonance imaging � Three hinges

Introduction

Convoluted cortical folding pattern successively emerges

and delineate neocortex into gyri and sulci during brain

development in most mammals with large brains. Since

crucial information of brain development (Dubois et al.

2008; Giedd and Rapoport 2010; Li et al. 2014), cytoar-

chitecture (Fischl et al. 2008; Heimann and Meinzer 2009),

and normal/abnormal cognitive functioning (Thompson

et al. 2004; Tortori-Donati et al. 2005; Bullmore and

Sporns 2009; Honey et al. 2010) were shown to be

embedded in cortical folds, both the regularity and the

variability of cortical folding pattern are of great research

interest. For example, abnormal cortical folding has been

associated with neurodevelopmental disorders such as lis-

sencephaly (Landrieu et al. 1998), polymicrogyria (Bar-

kovich 2010), schizophrenia (Sallet et al. 2003; Harris et al.

2004), and autism (Hardan et al. 2004; Harris et al. 2004;

Nordahl et al. 2007). As the emerging of cortical folds was

shown to be influenced by multiple neurogenesis progress
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such as neuron wiring (Van Essen 1997; Nie et al. 2012)

and cortical expansion (Richman et al. 1975), its com-

plexity is also suggested to be a good indicator of brain

maturation (Dubois et al. 2008; Giedd and Rapoport 2010)

and neurodegenerative processes (Rosas et al. 2002; King

et al. 2010; Pereira et al. 2012). Therefore, quantitative

representation of cortical folding complexity (Zilles et al.

1988; Luders et al. 2006; Yu et al. 2006; Li et al. 2010) is

of fundamental importance for the future understanding of

brain functional architecture (Schoenemann 2006; Honey

et al. 2009; Liu 2011) and the underlying mechanism that

regulates neocortex convolution (Welker 1990; Van Essen

1997; Toro and Burnod 2005; Hilgetag and Barbas 2006;

Nie et al. 2012; Bayly et al. 2014).

From the perspective of interspecies brain analysis, to

understand the mechanism of human brain, macaque and

chimpanzee are often selected as a model system (Rilling

and Insel 1999; Passingham 2009). To compare and cor-

relate brain functions across species, correspondence

between brain anatomy and functional map is first needed.

To establish interspecies correspondence, one strategy is to

correlate functional networks detected by functional mag-

netic resonance imaging (fMRI) (Passingham 2009). For

example, the default mode network, which has been well

identified in human brain as an activity decreased network

during task states (Greicius et al. 2003) has been repro-

ducibly identified in macaque brain (Mantini et al. 2011).

However, due to the limited availability of fMRI data, most

studies still rely on cortical morphology to establish cor-

respondence. For instance, based on surface representation,

Van Essen and his colleagues have successfully established

anatomy and functional correspondence between macaque

brain and human brain in visual cortex (Van Essen 2002)

and cerebellar cortex (Van Essen et al. 2001). For such

purpose, reliable brain morphology descriptor that can

capture and establish interspecies and intersubject corre-

spondence is also of great demand.

However, the brain morphology of human, chimpanzee,

and macaque brains are different in many ways, which

makes it challenging to establish reliable correspondence.

Besides the obvious differences in brain size, allometric

analysis also showed that human brain is not simply allo-

metrically scaled version of other anthropoid brains (Ril-

ling 2006; Smaers and Soligo 2013). For example, the

human brain is still 4.8 times the size of the monkey brain

even if we scaled the brain size by body weight (MacLeod

et al. 2003) and the size of human brain neocortex and

temporal lobe are larger-than-expected in comparison with

other primates (Rilling 2006). Nevertheless, in spite of the

challenges, the interspecies differences create a valuable

chance to investigate brain functional mechanism (Rilling

and Seligman 2002; Barton 2006; Dunbar and Shultz

2007). Since the specialization of brain organization could

be related to the specialization of brain functions, species-

specific cortical folding pattern may tell us potential

explanation of the specific capability of a species.

Facing previously discussed demands, a desired cortical

folding pattern descriptor should be able to quantify the

complexity, the regularity, and the variability of cortical

convolution simultaneously. In previous studies, two major

streams of descriptors have been proposed by far to model

and represent cortical folding patterns, which is a multi-

scale phenomenon (Li et al. 2010). One is based on the

local-scale descriptor of curvature and its derivations (Neal

et al. 2007), which identifies the small neighborhood of the

examined cortical foci. Another is a global one. For

instance, gyrification indices (GI) (Zilles et al. 1988; Har-

dan et al. 2004), spherical wavelets (Yeo et al. 2008), and

intrinsic curvature (Ronan et al. 2013) were applied to

analyze the folding pattern of the entire cortical surface or

a certain lobe. However, most of these descriptors focus on

quantifying cortical complexity. It is difficult to quantify

the variation of folding patterns and infer anatomy corre-

spondence of the cortical landscapes based on those

excessively local-scale and global-scale descriptors.

Therefore, in this study, we adopt a meso-scale descrip-

tor—hinge-based gyral representation—to represent cortical

folding patterns and analyze the regularity and variability of

cortical folds across human, chimpanzee, and macaque

brain. The hinge-based descriptor is initially proposed in our

previous work to study human brain (Li et al. 2010; Chen

et al. 2014). In brief, this is a hybrid parametric and profiling

method in the sense that it combines the advantages of both

parametric method (achieving compact representation of

morphology pattern) and profiling method (achieving flexi-

bility of arbitrary morphology representation). We particu-

larly focus on the gyral region where more than one gyral

crests joint, namely three-hinge gyral folds, as they are rel-

atively easier to identify without ambiguity and can better

serve as a meso-scale anatomical landmarks. In addition,

they are the linkages of gyral systems from multiple direc-

tions, such that they could be a proxy of the overall cortical

folding landscape as well. In practice, we developed a novel

computational framework to identify common three-hinge

gyral folding patterns across primate brains based on MRI

data. Then, a novel morphology descriptor was applied to

further quantitatively analyze folding pattern of three-hinge

gyral folds by classifying them into the combination of five

basic folding types (Yu et al. 2013) and quantify the level of

convolution complexity among the three species. In addition,

the cortical folds that uniquely appear in certain species were

also identified. The comparative study based on the quanti-

fied folding patterns can shed light on brain functional dif-

ferences across primates and specialization of the human

brain and the three-hinge gyral fold descriptor presents a new

metric for brain development studies.
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Methods

Neuroimaging data and pre-processing

Human brain imaging

64 human brains from the Q1 release of WU-Minn Human

Connectome Project (HCP) consortium (Van Essen et al.

2012) were used in this study. The T1-weighted structural

MRI had voxels with 0.7-mm isotropic, three-dimensional

acquisition, T1 = 1000 ms, TR = 2400 ms, TE = 2.14

ms, flip angle = 8�, image matrix = 260 9 311 9 260.

Pre-processing included brain skull removal and tissue

segmentation via FSL 2.0 (Jenkinson et al. 2012). To

facilitate the comparison and analysis, all subjects were

aligned to the same space of randomly selected template

human subjects by flirt 6.0 in FSL (Jenkinson and Smith

2001; Jenkinson et al. 2002). Cortical surface reconstruc-

tion was then performed to reconstruct inner cortical sur-

face of white matter (WM) (Liu et al. 2008).

Chimpanzee brain imaging

The chimpanzees were from a colony in the Yerkes

National Primate Research Center (YNPRC) at Emory

University in Atlanta, Georgia. All imaging studies were

approved by the IACUC of Emory University. Prior to

scanning, the subjects were immobilized with ketamine

injections (2-6 mg/kg, i.m.) and were subsequently anes-

thetized with an intravenous propofol drip (10 mg/kg/h)

according to standard veterinary procedures used at

YNPRC. The subjects remained sedated for the duration of

the scans as well as the time needed for transportation

between their home cage and the scanner location. After

completing scans, chimpanzees were temporarily housed in

a single cage for 6–12 h to allow effects of anesthesia to

wear off before being returned to their home cage and cage

mates. The veterinary staff and research staff assessed the

general well-being (i.e., activity, food intake) of the

chimpanzees twice daily after the scan for possible distress

associated with aesthetic accesses. T1-weighted MRI scans

obtained from 16 adult female chimpanzees were used for

this study.

The pre-processing is similar to human brain data which

include skull removal, tissue segmentation, WM cortical

reconstruction, and linear registration to the template space

of a randomly selected subject. Since we will not compare

the brain volume size in this paper and some of the

methods proposed are sensitive to the size of brain, we

scaled the chimpanzees’ brain to the same size as human

brain.

Macaque brain imaging

The macaque subjects were members of a colony at

YNPRC. All scans were approved by IACUC of Emory

University. Prior to scanning, the subjects were immobi-

lized with ketamine injections (2–6 mg/kg, i.m.) and were

subsequently anesthetized with an intravenous propofol

drip (10 mg/kg/h) following standard veterinary proce-

dures used at YNPRC. The macaques remained sedated for

the duration of the scans as well as the time needed for

transportation between their home cage and the scanner

location. After completing scans, macaques were tem-

porarily housed in a single cage for 6–12 h to allow the

effects of anesthesia to wear off before being returned to

their home cage and cage mates. The veterinary staff and

research staff observed the general well-being (i.e., activ-

ity, food intake) of the macaques twice daily after the scan

for possible distress associated with anesthetic accesses.

T1-weighted MRI data from 20 subjects were used for this

study. The pre-processing is similar to human brain data

which include skull removal, tissue segmentation, WM

cortical reconstruction, linear registration to the template

space of a randomly selected subject, and scaling to the

same size as human brain.

Three-hinge gyral fold extraction

In this work, we adopted the methodology of describing

cortical gyral folding patterns via hinge numbers (Li et al.

2010; Chen et al. 2014). Basically, a gyral hinge was

defined as the region at the top of gyrus with the maximal

folding curvature. When connecting hinges along a gyral

crest, a gyral hinge curve could be traced. When multiple

hinge curves encountered at a cross-point, the number of

hinge curves connecting to this cross-point could be used to

characterize and describe folding pattern of this gyrus

(Fig. 1) (Li et al. 2010). To automatically identify cross-

point vertices of the three-hinge folds, we adopted and

adjusted the method proposed in our previous work (Li

et al. 2010). The method was initially designed to profile

cortical folding in human brain. We adjusted the method to

make it more precise and flexible for both macaque brain

and chimpanzee brain. We first profiled on each vertex on

the surface to get features of each vertex and then we did

second profiling on the corresponding inflated surface to

find three-hinge centers.

First profile (Fig. 2a–d)

First, all vertices on the surface need to be classified into

two groups, gyri and sulci. Here, we briefly introduce the
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method (Li et al. 2010) to profile and extract features of

each vertex on the whole surface. A 3D coordinate system

was built for every vertex on the cortical surface, as there

exists a normal direction as the Z direction, as well as a

tangent plane represented by a 2D polar coordinate system.

The initial direction in the polar coordinate system was

randomly selected. Then we sampled every vertex’s sur-

face patch into 72 evenly distributed spokes (5 degree

interval) from the initial direction (Fig. 2b). Each spoke

was 20 mm long and 20 points were evenly sampled along

it. After that a power function was applied to fit the model

of each spoke:

y ¼ bþ y0ðx=x0Þn ð1Þ

Here, (x, y) is the 2D Cartesian coordinate of a profile

according to the 2D polar coordinate system; x0, y0,

n, b are parameters to describe a profile. The parameters of

this model were evaluated in a least-square sense with

Levenberg–Marquardt algorithm (Marquardt 1963) and the

values of these parameters could be used to extract features

of any vertex on the surface. These features include aver-

age ratio, average concave, average convex and sulci or

gyri. Average ratio measures the average ratio between y0
and x0 of all samples. Average concave measures the

average ratio between y0 and x0 for all profiles that corre-

spond to local minima at the ratio curve, while average

convex corresponds to local maxima at the ratio curve.

Sulci or gyri classify one vertex to a sulci vertex or a gyri

vertex according to the result whether it had more profile

points below its tangent plane (Fig. 2c). With these

extracted features, we can classify each vertex into two

categories: gyri or sulci (Fig. 2d).

Second profile (Fig. 2e–i)

Then, an inflated surface was generated by FreeSurfer

(Fischl et al. 1999) without changing the surface topology

such as the number of vertices and gyro-sulcus patterns,

and the correspondence between inflated surface and

original surface retains (Fig. 2d, f). The second profile of

each point was then generated on the inflated surface. For

each cortical vertex, the profile process was the same as

the first profile on the origin surface with 72 evenly

distributed spokes (5 degree interval) (Fig. 2g). Each

spoke was 20 mm long and 20 points were evenly sam-

pled along it. Each point was projected onto the inflated

surface and could be classified to gyri or sulci group. Our

goal is to identify three hinges on gyri; therefore, only the

profiles of vertices on gyri are considered (blue dots in

Fig. 2h). Then the spokes were classified into two

types—either all points are on gyri or only part of them is

on gyri. For the profile of a vertex, the adjacent all-gyri

spokes were clustered into a group and the vertex

involving three all-gyri spoke groups was taken as three-

hinge vertex. Finally, we clustered the adjacent three-

hinge vertices and each cluster was taken as three hinges.

The vertex closest to the center of the cluster was taken as

the center vertex of three hinges (Fig. 2i).

Morphology descriptor of three-hinge gyral fold

We applied our prior method (Yu et al. 2013) to describe

gyral folding patterns of each three-hinge fold by

describing single hinge with five basic morphology pat-

terns. For each three-hinge fold, a local coordinate system

Fig. 1 Illustration of three-hinge gyral folds in three species (from

left to right are macaque, chimpanzee and human brain, respectively).

A three-hinge gyral fold consists of three hinges along the connected

cortical gyri and their junction (the yellow spheres in Fig. 1). It can be

seen that the cortical surfaces of human brain and chimpanzee brain

are more convoluted than that of macaque brain, and that the three-

hinge gyral folds are more symmetrically distributed in chimpanzee

brain and macaque brain in comparison with human brain
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was defined such that the z-axis was the average surface

norm of three-hinge patch (Fig. 3a). Then, three hinge lines

were extracted such that each hinge line was the gyral crest

of the combination of any two hinges of three hinges

(Fig. 3b). For consistent measurement and classification

across three hinges and species, each hinge line was: first,

projected to the x–y plane of the local coordinate system;

second, rescaled such that the total length of the hinge line

is 100 mm; third, re-sampled evenly into 50 nodes such

that the distance between adjacent nodes along a hinge line

is the same. Then, two sets of features were computed to

quantitatively measure the morphology patterns of hinge

lines as follows.

1. The average determinant of an orientation matrix O as

a measurement of curvedness.

Fig. 2 Illustration of automatic three-hinge gyral fold extraction. a A

reconstructed WM cortical surface. b Profiling every voxel on the

surface. c Cortical features detected after profiling. d The cortical

surface profiled by sulcus (red) or gyrus (blue). e The corresponding

inflated surface which has the same number of points with (a). f Map

of the sulcus and gyrus feature on the inflated surface. g Second

profile on a sulcus vertex. h Profile spokes labeled by sulcus or gyrus.

i Cortical surface with the detected centers of three hinges (yellow

dots)
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For a node vi on the hinge line L, its curvedness ci is

defined as:

ci ¼
Pj¼1

w detðOðvi; j; LÞÞ
w

ð2Þ

where w is the maximum window width of the segment

centered at vi, det(O(vi, j, L)) is the determinant of the

orientation matrix with span j. Denote (xi, yi) as the

coordinate of vertex vi, then

O vi; j; Lð Þ ¼
1 xi�j yi�j

1 xi yi
1 xiþj yiþj

2

4

3

5 ð3Þ

As shown in Fig. 3b, ci reflects not only curvedness but

also the direction that hinge line bends.

2. The Euclidean distance over the geodesic distance

along the hinge line between the terminals of a hinge

line as a measurement of its straightness.

Based on these two features, we can classify those

hinge lines into different types (Fig. 3c). Since the

length of the hinge line has been normalized to 100 mm,

it is intuitive that the hinge line will be relatively

straight if the Euclidean distance between the terminals

is close to 100 mm, otherwise it will be relatively

curved. Thus, empirically, if the Euclidean distance

between terminals is larger than 90 mm, the hinge line

will be taken as ‘I’ morphology pattern. For the rest of

the ones, we then look into the curvedness measure-

ments. If the hinge line only bends at the center of three

hinges (only 1 extreme with absolute value larger than

20 in curvedness), it will be classified as either ‘U’

pattern or ‘V’. The ones that have a wide-open terminals

(Euclidean distance larger than 60) will be classified as

‘V’ pattern and the rest will be classified as ‘U’ pattern.

For the hinge lines bending to the opposite directions on

both sides of the cross point (two extremes in curvedness

and one is larger than 15 and one is smaller than -15),

they will be classified as ‘S’ morphology pattern. The

rest ones that cannot be classified into four previously

mentioned types were classified as other types repre-

sented by ‘O’. The classification process can be sum-

marized and solved by the decision tree shown in

(Fig. 3c).

Since each three-hinge gyrus can be decomposed into

three hinge lines, the morphology patterns of a three-hinge

gyrus can be described by the combination of the sub-types

of its hinge lines. We used the combination of letters of the

hinge line sub-types to represent the combination pattern of

three-hinge gyri. Taking the one in Fig. 3b, for example,

‘SUI’ indicates that the three-hinge gyri is composed of

one ‘U’ pattern hinge line, one ‘S’ pattern hinge line and

one ‘I’ pattern hinge line.

Fig. 3 Illustration of morphology descriptor and an example. a An

example of gradient map of altitude in the local coordinate system of

a patch. b Examples of decomposing a three-hinge gyrus into hinge

lines and the hinge line morphology classification. The three hinges

are of ‘SUI’ morphology patterns as the three hinge lines of it are ‘S’,

‘U’ and ‘I’. c Decision tree for hinge line classification
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Results

By applying the computational approaches described in

‘‘Three-hinge gyral fold extraction’’ and ‘‘Morphology

descriptor of three-hinge gyral fold’’ to the neuroimaging

datasets listed in ‘‘Neuroimaging data and pre-processing’’,

we visually and quantitatively assessed the consistency of

three-hinge gyral locations (‘‘Three-hinge gyral folds’’,

‘‘Commonly preserved three-hinge gyral folds’’, ‘‘Species-

specific three-hinge gyral folds’’) and their folding pattern

profiles (‘‘Morphology analysis of three-hinge gyral fold’’)

across human, chimpanzee, and macaque.

Three-hinge gyral folds

By applying the method proposed in ‘‘Three-hinge gyral

fold extraction’’, initially three hinges were identified on

reconstructed cortical surfaces. Then, the automatic results

were visually inspected. The false-positive three-hinge

folds were eliminated and the missing ones were manually

added. In total, 85% automatically detected three hinges

were accepted by visual inspection (precision) and 94%

finally accepted three hinges were identified by proposed

automatic approach (sensitivity). The precision and the

sensitivity are similar across three species examined.

The average number of three hinges identified per sub-

ject within each species is listed in Table 1a. It is not

surprising that the number of three hinges identified in

human brain is 2.5 times more than the ones identified in

chimpanzee brain and 7.8 times more than the ones iden-

tified in macaque brain. Intriguingly, though the number of

three hinges linearly increased with the size of brain vol-

ume across these three species, further investigation did not

show clear link between brain size and three-hinge num-

bers. As shown in Fig. 4, there is no clear correlation

between three-hinge numbers and brain volume sizes

within each species. The correlation coefficients between

the brain volume size and the three-hinge numbers in

human/chimpanzee/macaque brains are -0.10/0.49/-0.12,

respectively.

All three hinges were aligned and visualized in the

template space (Fig. 5). During visual inspection, we

noticed that some three hinges could be consistently

identified in the same anatomical regions across subjects.

For instance, among most subjects, there were always three

hinges on the joint of precentral gyrus and superior frontal

gyrus. We defined such three hinges that retain in the same

brain region across individuals with high confidence as

anatomically consistent three hinges. Based on the spatial

coherent and anatomical information, we identified 8

anatomically consistent three hinges in macaque brains, 12

anatomically consistent three hinges in chimpanzee brains,

and 20 anatomically consistent three hinges in human

brains. Those three hinges are highlighted by specific

colors in Fig. 5.

Commonly preserved three-hinge gyral folds

Among the anatomically consistent three-hinge gyral

folds, the ones located on the same anatomical area

across species were identified as commonly preserved

three-hinge gyral folds. In total, we identified six com-

monly preserved three-hinge gyral folds across three

species of primate brains (those highlighted by black

circles in Fig. 5). Our identified preserved three hinges

are bilaterally located at the interface of same gyri

across species including interface of superior frontal

gyrus and precentral gyrus, interface of middle frontal

gyrus and precentral gyrus, as well as interface of post-

central gyrus and superior parietal gyrus as shown in

Fig. 6. These gyri are preserved and easily identified in

macaque, chimpanzee and human brain. The consisten-

cies of these commonly preserved three-hinge gyral

folds are given in Table 1b. It should be noted that the

Table 1 The numbers of three-

hinge gyral folds across

primates and their distributions

Macaque Chimpanzee Human

Number of subjects 20 16 64

(a) Average number of three hinges identified per subject

Automatically identified three hinges 10.5 31.6 80.7

Correct three hinges identified automatically 8.9 28.1 67.3

Final three hinges after manual correction 9.5 29.3 74.2

(b) The percentage of commonly preserved three-hinge gyral folds identified in all subjects

Right postCentral gyrus (rPoG) 95% 100% 96.88%

Middle right preCentral gyrus (rMPrG) 100% 87.5% 90.63%

Dorsal right preCentral gyrus (rDPrG) 95% 93.75% 93.75%

Left postCentral gyrus (lPoG) 100% 93.75% 96.88%

Middle left preCentral gyrus (lMPrG) 100% 100% 90.63%

Dorsal left preCentral gyrus (lDPrG) 100% 100% 92.19%
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six consistent three-hinge gyral folds are not necessarily

found on the cortical surface of all subjects. The

absences of some of the three-hinge gyral folds in

certain subjects were attributed in part to the limitation

of image quality and tissue segmentation accuracy, and/

or by the normal variability between individuals.

Fig. 4 The correlation of brain

size and identified three-hinge

numbers in three species. The

three graphs from top to bottom

are, respectively, associated

with the correlation of macaque,

chimpanzee and human brain

size with their identified three-

hinge numbers. Human subjects

are categorized by age
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Species-specific three-hinge gyral folds

Besides those three-hinge gyri with commonly preserved

consistency, as illustrated in Fig. 5, some other anatomi-

cally consistent three hinges were identified in specific

species. In total, two anatomically consistent three hinges

bilaterally located on supramarginal gyrus were consis-

tently identified on macaque brain and chimpanzee brain

only, four anatomically consistent three hinges were

identified on both chimpanzee brain and human brain, and

ten other anatomically consistent three hinges were only

identified on human brain (Table 2).

Morphology analysis of three-hinge gyral fold

Using the approach proposed in ‘‘Morphology descriptor of

three-hinge gyral fold’’, the hinge lines were extracted from

three hinges and classified based on its morphological

Fig. 5 Illustrations of all of the identified three-hinge gyral folds in

the brains of three species (a–c macaque, chimpanzee and human,

respectively). Each sphere represents a three-hinge gyral fold of a

subject. All subjects in each species were linearly aligned to the space

of randomly selected subject before visualization. The three-hinge

gyral folds with correspondences were labeled in the same colors, as

annotated at the bottom. The same color was assigned to the

corresponding commonly preserved three hinges. These gyri in the

black circle and shown in red text are commonly preserved three

hinges

Fig. 6 The six consistent three-hinge gyral folds highlighted by different colors on example brains for each of three species, respectively
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feature. Specifically, we compared the folding composition

of three hinges across species (Table 3). In macaque’s brain,

the relatively straight patterns ‘I’ (30%) and ‘V’ (53%) are

the most dominant morphology patterns among five mor-

phology patterns. In chimpanzees and human brain, though

there is still a considerable amount of ‘I’ and ‘V’morphology

patterns, the percentage of more convoluted morphology

patterns such as ‘U’ and ‘S’ increased significantly. More-

over, the most dominant morphology pattern in human brain

is the ‘O’ (27%) pattern which cannot be classified into the

four basic morphology patterns we designated.

We then examined the pattern of the combination of

hinge line morphology patterns of three hinges. The total

number of different combinations in three species was

counted and is shown in Fig. 7. Again, the relatively simple

morphology pattern combinations ‘VVV’ (16.25%) and

‘VVI’ (40.625%) dominate in macaque brain. In chim-

panzee brain, there are more different types of combina-

tions, while the major combination includes the relatively

straight morphology pattern ‘VVI’ (13.54%), and more

convoluted pattern ‘VIU’ (11.46%) and ‘VIO’ (9.9%).

However, the pattern is more diverse in human brain. Not

only are there more combinations of morphology patterns,

but also these combinations are evenly distributed. Among

them, the convoluted morphology patterns ‘VIO’ (8.13%)

and ‘IUS’ (8.13%) dominate. Examples of different mor-

phology pattern combinations in different species on left

dorsal precentral gyrus are shown in Fig. 8. It can be seen

that even the three-hinge gyral folds located at the same

area have very different morphology patterns.

Table 2 The numbers of

species-specific three-hinge

gyral folds across primates and

their distributions

Macaque Chimpanzee Human

Number of subjects 20 16 64

Rate of the subjects detected species-specific three hinges in all subjects

Right supramarginal gyrus 100% 100% 31.25%

Left supramarginal gyrus 100% 93.75% 39.06%

Right lateral precentral gyrus 25% 100% 96.88%

Left lateral precentral gyrus 30% 100% 96.88%

Right superior frontal gyrus 0% 100% 95.31%

Left superior frontal gyrus 5% 93.75% 92.19%

Left middle frontal gyrus 0% 12.5% 93.75%

Right middle superior frontal gyrus 0% 0% 90.63%

Left inferior frontal gyrus 15% 12.5% 93.75%

Right inferior frontal gyrus 25% 6.25% 98.44%

Left middle superior frontal gyrus 0% 0% 96.88%

Left superior parietal lobule 0% 18.75% 98.44%

Right superior parietal lobule 0% 12.5% 95.31%

Right inferior parietal lobule 0% 0% 96.88%

Left inferior parietal lobule 0% 0% 96.88%

Right angular gyrus 0% 0% 92.19%

Table 3 The percentage of each morphology descriptor appears at center type gyrus

Macaque Chimpanzee Human

V

(%)

I

(%)

U

(%)

S

(%)

O

(%)

V

(%)

I

(%)

U

(%)

S

(%)

O

(%)

V

(%)

I

(%)

U

(%)

S

(%)

O

(%)

rMPrG 60 28 3 0 8 31 27 13 8 21 16 13 26 21 24

rDPrG 78 18 2 0 2 52 27 6 8 6 32 21 12 15 20

rPoG 60 22 3 7 8 50 21 15 6 8 22 19 23 14 22

lMPrG 60 32 5 0 3 33 25 10 15 17 13 16 27 16 28

lDPrG 72 25 3 0 0 65 19 4 2 10 25 25 15 15 21

lPoG 70 23 2 2 3 48 15 23 4 10 24 20 21 9 26

Commonly

preserved

67 25 3 1 4 47 22 12 7 12 22 19 21 15 23

All 53 30 7 3 8 39 22 15 9 14 20 18 19 14 27

Brain Struct Funct

123



Discussion and conclusion

In this paper, we introduced, evaluated, and applied a novel

computational framework to quantify cortical gyral folds in

three primate species—macaque, chimpanzee, and human

being. Specifically, our analysis focused on the joint area of

gyri—three-hinge gyral folds. A computational framework

has been proposed to automatically detect three hinges on

reconstructed WM cortical surface. Then, the three hinges

that were group-wise and anatomically consistent within or

across species were identified. Based on a newly proposed

scheme of morphology classification, the morphology pat-

tern of identified three hinges were further analyzed and

compared across species.

Fig. 7 Histogram of three-

hinge morphology pattern

combinations in each species.

Each bar represents a specific

combination that appears and

the combinations were ordered

such that the ones on the right

is more convoluted than the

ones on the left
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On average, human brain has more three hinges than

chimpanzee and macaque brain. Based on spatial and

anatomical locations of three hinges across subjects,

anatomically consistent three hinges were identified.

Again, more anatomically consistent three hinges were

identified in human brain. However, the consistent three

hinges in human brain only took a small portion of the

three hinges totally identified in comparison with chim-

panzee and macaque suggesting higher variability of cor-

tical folds between human individuals. For example, we

can find about 74 three hinges in human cortical surface on

average, while only 20 of them are consistent across

individuals. In macaque brain, there are only 9.5 three

hinges identified on average and 8 of them were shown to

be anatomically consistent across individuals.

By comparing the anatomically consistent three hinges

across species, both commonly preserved three hinges and

species-specific three hinges were identified. Notably, all

of the six preserved three hinges are identified on precen-

tral and post-central gyri. This observation agrees with the

current neuroscience knowledge that the precentral gyrus

and the post-central gyrus are among the most well-pre-

served gyrus across mammalians (Roland and Zilles 1996).

Despite those commonly preserved gyral folds, we also

identified species-specific gyral folds that can only be

consistently found in one or two primate species we

analyzed. Specifically, we found 14 species-specific gyral

folds in human brain, 6 in chimpanzee brain, and 2 in

macaque brain. Most of these three-hinge gyral folds are

either on frontal lobe or on parietal lobe. However, it is

intriguing that even though human brain has more three

hinges than the other two primates, three hinges located on

supramarginal gyrus can only be identified in macaque and

chimpanzee brain consistently. On the other hand, four

other three-hinge gyral folds bilaterally located on parietal

lobule were only identified in human brain. As for frontal

lobe, two three-hinge gyral folds were consistently identi-

fied in chimpanzee brain and human brain at the superior

frontal gyrus, while human brain has four more anatomi-

cally consistent three hinges than chimpanzee. Moreover,

though we can identify anatomically consistent three hin-

ges that are only common between macaque and chim-

panzee brain or between chimpanzee and human brain,

there is no such overlapping between macaque and human

brain. It is possible that such anatomical specialization is

related to the functional specialization of brains across

species (Van Essen et al. 2001; Van Essen 2002; Rilling

et al. 2008; Passingham 2009). Further experiments on the

brain activity in the corresponding area are needed to

validate this hypothesis. If those anatomically consistent

three hinges also preserve functional consistency across

subjects, they can be further applied to identify anatomical

Fig. 8 The example of different

morphology pattern appeared at

left dorsal precentral gyri,

which is a consistent three-

hinge gyral fold. There are two

main morphology pattern

combinations in macaque and

four in chimpanzee, but there

are more than six appeared in

human brain
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and functional correspondence across species and can be

employed as important landmarks for across-species

registration.

In addition to the increased variability of spatial distri-

bution of three hinges, the variability and the complexity of

gyral morphology patterns in human neocortex are also

higher in comparison with the macaque and chimpanzee

brains. To quantify the shape complexity, we empirically

defined five basic types of the gyral crest line and use the

combination of these five basic patterns to describe the

morphology of three-hinge gyral folds. Our analysis

showed that the gyral crest of macaque brain is relatively

straight and the three-hinge gyral folds are composed of a

few simple patterns. Meanwhile, human brain cortical

morphology is the most complicated given that it is com-

posed of highly diverse patterns. However, it should be

noted that this heuristic three-hinge morphology classifi-

cation approach has limited description power. It is purely

designed based on our observations. When applied to

quantify complicated human brain morphology, some

patterns cannot be described accurately. For example, in

human brain, 27% gyral crests cannot be classified by the

four simple patterns we defined and thus were classified as

‘‘other type (O)’’. Moreover, since the classification is

based on five basic types, the problem could be oversim-

plified and some sub-types of three-hinge morphology are

overlooked. For a more comprehensive classification of

three-hinge gyral fold morphology, data-driven approaches

should be designed in the future to generate clusters of

three-hinge patterns.

Nevertheless, the proposed meso-scale folding pattern

descriptor will also shed light on brain developmental

studies. So far, there are numerous works reporting the

hypothesized cortical folding regulators including the roles

of radial growth (Smart and McSherry 1986a, b), internal

tension in neuronal fibers (Van Essen 1997), and differ-

ential expansion of the cortex (Richman et al. 1975). These

hypotheses have been quantitatively evaluated by the direct

measurements of brain morphological parameters based on

biomechanical/developmental data and the computational

simulation of mathematical models (Van Essen 1997;

Hilgetag and Barbas 2005, 2006; Toro and Burnod 2005;

Toro 2012; Bayly et al. 2014; Tallinen et al. 2016).

Although plausible in one way or another, most studies

only investigated possible mechanisms by focusing on

basic gyro-sulcal pattern in 2D space. Very few studies in

the literature are found to report an effective way to infer

possible reasons underlying the overall landscapes of

folding in 3D space. The models with realistic initial

morphology are needed (Nie et al. 2010; Tallinen et al.

2016). The three-hinge gyral folding pattern examined in

this paper is defined in 3D space and well preserved across

subjects and multiple species. However, its emerging

process as well as its driven mechanical factors has been

rarely explored in the literature so far. From the develop-

mental perspective, all the six commonly preserved three

hinges are around central sulcus which emerges at

21 weeks in human fetus when brain is relatively flat

(Nishikuni and Ribas 2013). Since the brains of human,

chimpanzee, and macaque are in similar flat shape in this

stage, we hypothesize that the convolution process of these

three hinges follow similar rules across species.

In future works, further investigations are needed to

unveil the mechanisms that regulate the development of

three hinges as well as their functional roles. Although the

identified commonly preserved three-hinge gyral folds are

consistent in anatomical location, significant differences on

their folding morphology patterns were also identified

between species which cast doubts on whether these three-

hinge gyral folds show structural and functional corre-

spondence across species. To clarify such doubt, it requires

further examination via other approaches such as micro-

structure of neuroanatomy using morphological study

(Buxhoeveden et al. 2001), functional activation with

functional magnetic resonance imaging (Orban et al. 2004),

or joint analysis on axonal connectivity using diffusion

tensor image (Chen et al. 2013; Zhang et al. 2013). In

addition, the three-hinge pattern examined in this paper

missed a lot of information of cortical anatomy. A unified

framework for further joint analysis of different cortical

area (gyral and sulcus), wiring pattern, and brain functional

activity is needed to fully investigate brain differences and

its mechanism across species.
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