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Cortical folding is a hallmark of many, but not all, mammalian brains. The degree of folding increases with brain
size across mammals, but at different scales between
orders and families. In this review we summarize recent
studies that have shed light on cortical folding and
discuss new models that arise from these data. Genetic
analyses argue for an independent development of brain
volume and gyrification, but more recent data on the
cellular development of the cortex and its connectivity
highlight the role of these processes in cortical folding
(grey matter hypothesis). This, and the widely discussed
tension hypothesis, further tested by analyzing the mechanical properties of maturing nerve fibers, synapses,
and dendrites, can provide the basis for a future integrative view on cortical folding.
Cortical folding: a morphological hallmark of many
mammalian brains
Mammalian species have folded (i.e., gyrencephalic) or
smooth (i.e., lissencephalic) cortical surfaces that can be
characterized by their gyrification index (GI). The GI is a
measure of the degree of folding and is the ratio between
the total outer cortical surface (i.e., the superficially exposed portion plus the part buried in the sulci) and the
superficially exposed part of the outer surface. GI measurements clearly show that the human brain is the largest and
most intensively folded primate brain [1–4] (for various
methods used to measure the GI see Box 1). However,
quantitative data on the degree of folding of the larger
brains of cetaceans [5,6], Artiodactyla [4], and elephants [7]
demonstrate that these brains display even more gyrification than the human brain. Such comparisons seem to
support the popular opinion that folding is a consequence
of increasing brain size across mammalian orders
(Figure 1), but they do not consider the substantial differences between orders in the structure and dimensions of
gyri, sulcal patterns, the number and internal organization
of cortical areas, as well as underlying connectivity and
developmental processes during evolution and ontogeny.
Popular hypotheses explained cortical folding as a consequence of the restricted space in the skull ([8,9] for
review of this and various other hypotheses) or, more
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recently, as an effect of the tension exerted by fiber tracts
[10,11] that connect various cortical areas or the cortex
with subcortical sources and targets. Other hypotheses
emphasized the developmental mechanisms of the cortex
[12] or the relation between the thicknesses of supragranular (i.e., cortical layers I–III) versus infragranular layers
(i.e., cortical layers V–VI) as major causes for gyrification
[13]. Given that the degree of gyrification varies widely
among mammals and originates during fetal and early
postnatal development, the developmental perspective
can provide valuable information for understanding the
driving forces behind cortical folding. The current review
addresses the quantitative dimension of gyrification as a
morphological hallmark of brain development. Furthermore, we propose that the mechanistic influence of fiber
tracts and the intrinsic organization and ontogenetic development of the cerebral cortex are related, rather than
alternative, processes that enable the progressive differentiation of the cortex during evolution and ontogeny.
GI: regional and intersubject variability, plasticity, and
impairment by pathology
The GI of human brains is greatest in the prefrontal and
parieto-occipito-temporal association regions, given their
abundant cortico-cortical and callosal connections [1]. The
GI (averaged over the whole cortex) shows considerable
inter-subject variability and ranges between 2.21 and 2.97
(mean GI = 2.56  0.02) in postmortem samples of 61
female and male brains (age range 16–91 years) [1]. In a
different sample of 242 female and male brains (age range
19–85 years), a mean GI of 2.29  0.08 was reported based
on in vivo structural magnetic resonance imaging (MRI)
[14] (Figure 1b). The GI differs significantly between left
and right hemispheres in male but not in female brains in a
postmortem sample [1]. In an in vivo sample of 96 male and
146 female brains [14] the GI was found to differ significantly between males and females. No significant correlations are found between the average GI of the total cortex,
body weight and length, brain weight, or volume of the
cortex [1,14]. In samples of 12 adult rhesus monkeys and 97
baboons (age range 7.3–27.3 years), the mean GIs of the
total cortex (rhesus, 1.88  0.08; baboon, 1.89  0.15) do
not correlate with age, sex, or brain weight [13–15]. In
conclusion, cortical folding does not systematically vary
with brain size within each of these primate species, but is
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Box 1. How to measure cortical folding
Cortical folding is measured by a variety of different methods:
 Contour-based, 2D, manually traced or automated computational
measurements in histological serial sections or MRI of the brain.
The GI increases with an increasing degree of folding. It can be
calculated as ratio averaged over the whole cortex or in defined
regions of the cortex [1,2,4,13,41,44,73,74].
 Various surface-based and graph matching methods for the in
vivo and postmortem analysis of the cortical folding averaged
over the whole cortex or of its regionally specific degree of
folding. The measurements rely on surface reconstructions (e.g.,
triangulated surfaces based on MRI brain data sets)
[14,16,18,25,31,39,45,72,75–85].
 Various stereological approaches for measuring cortical surfaces
in histological sections [5,86,87].
 A surface-based approach that relies in covering both the superficially exposed cortical surface and the part within the sulci with
small pieces of paper or gold foil [7]. This approach provides
valuable data, but the tedious and time-consuming procedure has
been replaced by the methods described above.

correlated with brain size in inter-species comparisons
(Figure 1b). The variability of the GI within a species
indicates a brain size-independent plasticity at this level,
which may be the consequence of individual variations in
developmental processes, functional, or environmental
challenges.
Global and regional-specific changes of GI have been
reported in brains of healthy subjects [16]. For example,
the depth of the central sulcus, and thus the local GI,
increases with the duration and early onset of professional
training as well as motor performance in keyboard players
[17]. A correlation between gyrification and cognitive functions has also been discussed [18,19]. In meditation practitioners, a higher gyrification is found in the anterior insula,
precentral and fusiform gyrus, and right precuneus when
compared to controls [19]. Furthermore, positive correlations exist between the years of meditation and the increase in folding [20]. A significant age-related decline in
the GI was recently reported in the prefrontal cortex of
patients with mental disorders [21]. Changes in gyral
complexity are described not only in malformations [22]
but also in other pathologies. For instance, a decrease in
gyrification occurs in epilepsy [23], attention deficit hyperactivity disorder [24], dementia [25], mental retardation
[26] and dyslexia [27]. By contrast, a thinning of the cortex
accompanied by an increase in gyrification is found in
22q11.2 deletion [28], Williams syndrome [29], autism
[30], and schizophrenia [31,32]. These findings in normal
and pathologically impaired brains suggest not only a
relationship between the intensity of cortical folding and
cerebral function and dysfunction, but also between the
shape and localization of sulci as macroscopic landmarks
and the segregation of the cortex into functional and
cytoarchitectonic areas. A comprehensive discussion of
these relationships, however, would exceed the framework
of this review.
Evolution of cortical folding
Relation of brain size and GI across mammalian orders
Cetacea and elephants have the highest GI, followed by
humans (Figure 1). The GI values for some non-human
primates, Artiodactyla, Perissodactyla, and the seal
2
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(Figure 1a) reach the range for humans (Table 1,
Figure 1b). The gyrification of the different Cetacea, including the low GI of the harbor porpoise (Figure 1a), is
above the GIs of Artiodactyla. The average GI of rodents is
even lower than that of carnivores, although the largebrained Patagonian mara and the capybara (Figure 1a) are
included in the rodent sample.
Artiodactyla and Cetacea show a significant increase of
GI with increasing brain size (Table 1). The slopes of the
regressions, however, differ significantly between both
orders, with the Cetacea having a faster increase in GI
per unit increase brain size than Artiodactyla (Figure 1a).
This difference between orders is also demonstrated using
allometric scaling [4], although future studies at the level
of families may reveal that even there a different scaling
can be detected.
The ratio between the total outer contour of the cortex
(along the pial surface) and the inner contour (along the
cortex/white matter border) provides an interesting perspective on gyrification (different from that of the GI) in
primates, carnivores, Perissodactyla, Artiodactyla, and
rodents [4]. This ratio implicitly takes cortical thickness
into account as a factor possibly influencing cortical folding. Comparing this ratio between four orders, the Artiodactyla have the lowest ratio, the rodents the highest, and
carnivores and primates are found at intermediate positions. In other words, the thinner the average cortical
thickness, the more intensive is the cortical folding. This
conclusion is further supported by studies in Cetacea,
which have the thinnest cortex and the highest GI of all
mammals. The extremely folded cetacean cortex not only
has fewer neurons and lower cell densities than that of
primates with the same brain size, but also has a completely different cytoarchitecture with more prominent layers I
and VI as well as a complete lack of layer IV [6,33,34]. This
deviation from the Bauplan of the neocortex of most other
mammalian orders indicates a different laminar organization [33] and, putatively, changes in the wiring of afferent
and efferent fiber tracts. Thus, the gyrification of the
cetacean cortex is based on different intra-cortical organization compared to primates. Consequently, ‘cortical thickness’ does not signify a homogeneous and comparable
tissue property across mammalian orders, but can comprise largely different organizational types of the cerebral
cortex. In conclusion, cortical folding of mammals
increases with decreasing cortical thickness in an orderspecific scaling [4]. Thinner cortices allow for smaller and
more numerous gyri, which results in more intense cortical
folding relative to brain weight.
The cortical thickness of different areas varies considerably within each species, as well as between species, families, and orders. In addition, the number of cortical areas
increases, and their intrinsic architectonic organization and
connectivity changes as a consequence of cortical evolution
[11,35–37]. Thus, cortical thickness must be broken down
into the underlying tissue properties. Consequently, a recent study suggests that the fraction of cortical neurons
connected through the white matter and the average crosssectional area of axons in the white matter, together with
their mechanical properties, are important determinants of
cortical folding [9]. Accordingly, the different degrees of
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Table 1. Brain size and gyrification index (GI) in various mammalian orders, families, and species
Order

Family

Species

Common name

Monotremata
Didelphimorhia

Tachyglossidae
Didelphidae

Dasyuromorphia
Diprotodontia

Dasyuridae
Macropodidae

Zaglossus bruijni
Marmosa sp.
Didelphis virginiana
Sarcophilus harrisii
Wallabia rufogrisea
Macropus melanops
Trichosurus vulpecula
Loxodonta africana
Castor canadensis
Mesocricetus auratus
Rattus norvegicus
Mus musculus
Dolichotis patagonum
Hydrochaeris hydrochaeris
Dasyprocta leporina
Oryctolagus cuniculus
Vulpes vulpes

Western long-beaked echidna
Mouse opossum
Opossum
Tasmanian devil
Wallaby
Kangaroo
Common brushtail possum
African elephant
North American beaver
Hamster
Rat
Mouse
Patagonian mara
Capybara
Agouti
Rabbit
Fox

Canis latrans
Ursus arctos
Ursus maritimus
Procyon lotor
Martes foina
Mustela putorius
Phoca sp.
Felis domestica

Coyote
Brown bear
Polar bear
Raccoon
Beech marten
Ferret
Seal
Cat

Panthera leo

Lion

Hyaenidae
Herpestidae
Equidae

Crocuta crocuta
Cynictis penicillata
Equus caballus

Hyena
Mierkat
Horse

Camelidae
Suidae

Equus burchelii
Lama glama
Sus scrofa domestica

Zebra
Llama
Domestic pig

Cervidae
Bovidae

Odocoileus virginianus
Bos taurus

White-tailed deer
Domestic cattle

Bos taurus indicus
Ovis aries

Zebu
Sheep

Capra aegagrus hircus
Phocaena phocaena
Pseudorca crassidens
Delphinus delphis
Tursiops truncatus
Tursiops aduncus
Globicephala melas
Globicephala macrorhynchus
Grampus griseus

Domestic goat
Harbor porpoise
False killer whale
Baird’s dolphin
Atlantic bottlenose dolphin
Pacific bottlenose dolphin
Atlantic pilot whale
Pacific pilot whale
Risso’s dolphin

Proboscidea
Rodentia

Phalangeridae
Elephantidae
Castoridae
Cricetidae
Muridae
Caviidae

Lagomorpha
Carnivora

Dasyproctidae
Leporidae
Canidae

Ursidae
Procyonidae
Mustelidae

Felidae

Perissodactyla

Artiodactyla

Cetacea

Delphinidae

Brain
(volume,
weight)
53
1.24
4.25
15
25
39
12.5
4925
39
0.90
2.48
0.65
29
51
17.2
12
45
45
85
350
459
43
27
11
187
31
30
37
259
258
163
15
590
532
521
200
112
180
95
160
540
441
474
118
140
105
455
3650
722
1145
1498
2580
2842
1500

GI a

Refs

1.51
1.01
1.11
1.33
1.23
1.41
1.23
3.81
1.02
1.01
1.02
1.03
1.42
1.30
1.23
1.15
2.01
1.80
1.80
1.99
2.04
1.85
1.86
1.63
2.82
1.65
1.60
1.50
1.94
1.85
1.74
1.35
1.99
2.80
2.94
2.70
2.00
2.18
2.16
2.27
2.54
2.49
2.53
2.29
1.94
1.81
3.00
4.97
3.99
4.47
4.75
5.03
5.55
4.25

[7]
[5]
[5]
[7]
[5]
[5]
[7]
[7]
[4]
[4]
[4]
[4]
[87]
[4]
[4]
[87]
[5]
[87]
[5]
[7]
[4]
[5]
[7]
[7]
[7]
[7]
[87]
[4]
[7]
[4]
[4]
[4]
[7]
[87]
[4]
[4]
[7]
[87]
[4]
[4]
[7]
[87]
[4]
[7]
[87]
[7]
[7]
[5]
[5]
[5]
[5]
[5]
[5]
[5]

a

GI determinations employed histological images from Comparative Mammalian Brain Collections of the University of Wisconsin and Michigan State (contour-based
measurement) in [4]; formalin-fixed brain, histology, calculated from stereological measurement in [5]; formalin-fixed postmortem, measurement by brain surface coverage
with paper in [7]; formalin-fixed brain, histology, calculated from stereological measurement in [87].
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Key:

0.70

Rodena
Arodactyla

log(Gl)

0.60

Carnivora
Cetacea

0.50

Harbor porpoise

Seal

0.40
0.30
0.20

Mara
Capybara

0.10
0.00
2.00

3.00

4.00

5.00

6.00

7.00

log(BW)
(b) 0.45

Key:

0.40
0.35

log(Gl)

0.30

Prosimians
Catarrhini
Great apes

Platyrrhini
Hylobadae
Homo sapiens

Orangutan

Chimpanzee

Gorilla
Bonobo

0.25
0.20
0.15
0.10
0.05
0.00
3.00

3.50

4.00

4.50

5.00

5.50

6.00

6.50

log(BW)

Gl

(c) 3.00
2.90
2.80
2.70
2.60
2.50
2.40
2.30
2.20
2.10
2.00
1000

Key:
Female L
Male L

1100

1200

1300

1400

1500

Female R
Male R

1600

BW [G]
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Figure 1. Relations between gyrification index (GI) and brain weight (BW) in
mammalian
species.
(a)
Allometric
comparisons
for
Artiodactyla
[log(GI) = 0.146log(BW) – 0.513; R2 = 0.465, P = 0.06], Carnivora [log(GI) =
0.088log(BW) – 0.162; R2 = 0.393, P = 0.03], Cetacea [log(GI) = 0.242log(BW) –
0.846; R2 = 0.815, P < 0.001], and Rodentia [log(GI) = 0.044log(BW) – 0.108;
R2 = 0.281, P = 0.13]. The slopes of the regressions differ significantly between
Artiodactyla and Cetacea (ANCOVA; P < 0.001). (b) Allometric comparisons in
primates. Hominidae comprising Homo sapiens, Pongo pygmaeus, Gorilla gorilla,
Pan troglodytes, and Pan paniscus [log(GI) = 0.106log(BW) – 0.245; R2 = 0.573,
P = 0.03], Catarrhini [log(GI) = 0.174log(BW) – 0.592; R2 = 0.573, P < 0.001],
Platyrrhini [log(GI) = 0.17log(BW) – 0.593; R2 = 0.895, P < 0.001], and prosimians
[log(GI) = 0.083log(BW) – 0.235; R2 = 0.605, P < 0.001]. The slopes of the
regressions differ significantly (ANCOVAs) between prosimians and Platyrrhini
(P = 0.006), Catarrhini (P < 0.001) and Hominidae (P < 0.001). In panels (a) and (b)
each point refers to a different species. (c) Relationship between GI and brain
weight within the human brain. Each point refers to a male or a female individual
and the GI of the left or right hemisphere. Data extracted from [1,2,4,5,13,14,87–89].

gyrification across mammals correspond to different combinations of these parameters.
In this context, comparing the relationship between GI
and cortical thickness in the cerebral and cerebellar cortices provides a further insight. The cerebellar cortex is
much more folded than the cerebral cortex, and the cerebellar folds, termed folia, are much thinner than the gyri of
the cerebral cortex. The very high GI of the cerebellar
cortex and the thinning of the folia are possible because
the white matter of the cerebellar folia contains only fibers
from and to extracerebellar brain regions and to cerebellar
nuclei. Thus, the cerebellum lacks the huge amount of
4

long- and short-range cortico-cortical connections [38]
found between the gyri of the cerebral cortex. Consequently, the white matter between the cortical ribbons of the
folia is relatively thinner than that of cortical gyri.
Relationship between brain size and GI within the
primate order
The GI increases significantly with brain size within the
primates order (Figure 2). As such, the GI of prosimians
overlaps with those of new world monkeys, and the latter
with those of old world monkeys (Figures 1b and 2). The
small-brained prosimians show weakly folded to nearly
unfolded cortical surfaces (Figure 3), and only the largerbrained (over 10 g) prosimians have moderately folded
surfaces. When the GI of prosimians surpasses a value
of 1.25 (Figure 2), the intraparietal sulcus becomes visible,
indicating a considerable enlargement of the parietal association cortex between the somatosensory and visual
cortices, and its subdivision into a superior and inferior
parietal lobule (Figure 3). In new world monkeys, the
intraparietal sulcus is regularly present and missing only
in the small-brained common marmoset (Figure 3). The GI
reaches higher values in catarrhines, and is maximal in
human brains (Figures 1b and 2). The slopes of the allometric regressions differ significantly between prosimians
and Platyrrhini, Catarrhini, and Hominidae. The trend
describing GI with respect to brain weight has the steepest
slope for Platyrrhini and Catarrhini, followed by the Hominidae, and finally the prosimians (Figure 1b). Notably, the
increase in GI per volume increase in brain size is not
significantly different between Hominidae and Cercopithecoidae. To our knowledge, the scaling of the GI described
here is based on the largest number of different primate
species ever compared (Figure 2).
A considerable regional difference in cortical folding
with increasing brain size in primates has also been demonstrated (Figure 3). During ontogeny, folding appears
first in the occipital, parietal, and superior temporal
regions. Later, and together with the late increase in size
of the prefrontal and inferior temporal cortex, folding
increases in these regions. The GI averaged over the whole
cerebral cortex should, therefore, be interpreted on the
background of the heterochronous ontogenetic development of the various cortical regions, particularly with
respect to the prefrontal cortex with its late evolving areas.
The heritability of brain size, brain surface area, and GI
differs between primate species, and is much lower in
humans than baboons [14]. Accordingly, only 30% of the
intra-species phenotypic variance can be attributed to
genetic variation among human subjects, but 71% among
baboons. Furthermore, in both species it could be demonstrated by genetic correlation analysis, using the known
pairwise kinship between members of a pedigree and the
individual values for brain size and GI, that the same
genetic changes increase brain volume and surface area,
but decrease GI [14]. In normal brains of 180 adult
baboons, the areas, lengths, and depths of various sulci
showed a degree of heritability of around 40% [15], indicating a greater influence of environmental over genetic
factors to the sulcal phenotype. In line with this, studies in
mono- and dizygotic human twins without a history of
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neurological or psychiatric illnesses support the view that
the pattern and degree of gyrification are determined more
by non-genetic than genetic factors [39,40], whereas brain
size is more strongly controlled by genetic factors. All of
these results highlight the fundamental difference between the brain size–GI relationship across species, families, or orders, in contrast to an analysis between
individuals within the same species. They support the

Infraorder

Family

Species

Galagidae

Galago demidovii
Dwarf galago
4.0
Galago senegalens. Senegal bushbaby
4.0
Otolemur crassic.
Thick-tailed bushbaby 10

1.21 [2]
1.17 [2]
1.26 [2]

Lorisidae

Nyccebus coucang Slow loris
Loris tardigradus
Red slender loris
Perodiccus poo
Poo

12
6.6
13

1.29 [2,4]
1.29 [2]
1.33 [2]

Cheirogaleidae

Microcebus murin.
Cheirogaleus med.
Cheirogaleus major
Daubentonia mad.
Indri indri
Avahi laniger
Lemur albifrons
Lemus caa
Lemur mongoz
Eulemur macaco
Varecia variegata
Propithecus verr.
Lepilemur ruﬁcaud.

Mouse lemur
Fat-tailed dwarf lemur
Greater dwarf lemur
Aye-aye
Babakoto
Wooly lemur
White-fronted lemur
Ring-tailed lemur
Mongoose lemur
Black lemur
Ruﬀed lemur
White sifaka
Sporve lemur

1.9
3.0
6.0
45
38
11
33
22
20
28
32
27
7.4

1.11 [2]
1.11 [2]
1.12 [2,7]
1.25 [2]
1.46 [2]
1.21 [2]
1.46 [2]
1.33 [2]
1.33 [2,4]
1.64 [7]
1.32 [2]
1.35 [2]
1.14 [2]

Tarsius bancanus
Tarsius syrichta

Tarsius
Tarsius

3.0
4.2

1.10 [2]
1.18 [2]

Callithrix jacchus
Saguinus midas
Callimico goeldii
Saimiri sciureus
Cebus albifrons
Cebus apella
Aotus trivirgatus
Ateles paniscus
Alouaa seniculus
Lagothrix lagotricha

Common marmoset
Red-handed tamarin
Goeldi’s monkey
Squirrel monkey
Capuchin monkey
Tued capuchin
Owl monkey
Spider monkey
Howler monkey
Woolly monkey

7.5
10
11
23
71
67
18
111
52
102

1.18 [2,7,87]
1.20 [2]
1.26 [2]
1.55 [2,3,4,87]
1.69 [2]
1.60 [3]
1.29 [2,4]
1.82 [2]
1.47 [2]
1.97 [2]

Cercopithecoidae Pygathrix nemaeus
Colobus badius
Cercopithecus spec.
Cercocebus albig.
Cercocebus atys
Macaca mulaa
Erythrocebus pata
Miopithecus tal.
Papio spec.
Mandrillus sphinx

Red-shanked douc
Western red colobus
Guenon
Mangabey
Sooty mangabey
Rhesus monkey
Patas monkey
Talapoin
Baboon
Mandrill

69
75
87
116
99
88
108
40
163
157

1.64 [2]
1.81 [2]
1.87 [2,7,87]
1.87 [2]
1.84 [3]
1.75 [3,4,13,87]
1.91 [2]
1.74 [2]
2.00 [2,3,14]
2.27 [4,7]

Hylobadae

Hylobates lar

Gibbon

101

2.03 [2,3,7]

Hominidae

Pongo pygmaeus
Gorilla gorilla
Pan troglodytes
Pan paniscus
Homo sapiens

Orang-utan
Gorilla
Common chimp.
Bonobo

370
449
383
311
1230

2.31 [2,3]
2.17 [2,3]
2.31 [2,3,4]
2.17 [3]
2.56 [1]

Strepsirrhini

Lorisiformes

“Prosimians”

Daubentoniidae
Indriidae
Lemuriformes

Lemuridae

Lepilemuridae
Tarsiiformes

Callithrichidae
Haplorrhini

Platyrrhini
Cebidae

Anthropoids

Aodae
Atelidae

Catarrhini

hypothesis of two independent sets of selective pressures
that produce increases in brain size and GI [14].
To the best of our knowledge, comparable studies of the
intra-species variability of brain size and GI are lacking in
other mammalian species. Only one study in dogs of different breeds reports a significant correlation between
brain size and GI [41]. However, different dog races show
large differences in body size, shape of the cranium, and an

Common name

BW

Gl [R]

TRENDS in Neurosciences

Figure 2. Mean gyrification indices and brain weights of primates. References to data sources including sample size and sex are given in square brackets. Formalin-fixed
brains, histological sections from the Stephan Collection and Zilles Collection, Brain Research Institute, University Düsseldorf, Germany, contour-based measurement,
adult animals [2]. In vivo MRI, contour-based measurement, adult and young animal; Saimiri sciureus, 3 males (M), 1 female (F); Cebus apella, 2 M, 2 F; Cercocebus atys, 2
M, 2 F; Macaca mulatta, 2 M, 2 F; Papio cynocephalus, 2 M; Hylobates lar, 2 M, 2 F; Pongo pygmaeus, 3 M, 1 F; Gorilla gorilla, 1 M, 1 F; Pan troglodytes, 3 M, 3 F; Pan
paniscus, 2 M, 2 F [3]. Histological images from Comparative Mammalian Brain Collections of the University of Wisconsin, and Michigan State, contour-based
measurement [4]. Formalin-fixed postmortem, measurement by brain surface coverage with paper [7]. Macaca mulatta, formalin-fixed brains, histology, contour-based
measurement, 12 adult animals [13]. Papio hamadryas, in vivo MRI, surface-based measurement, 46 males, 51 F, age range 7–27 years [14]. Single formalin-fixed brains,
histology; calculated from stereological measurement [87]. GI, gyrification index; R, reference.
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Figure 3. Variability of cortical folding in different primate species. Dorsal (left columns) and lateral (right columns) views of primate brains. Approximate position and size
of motor, somatosensory, auditory, and visual areas are labeled based on published brain maps [90–95]. Brain images: Stephan Collection, C. & O. Vogt Institute of Brain
Research, University of Düsseldorf and the JuBrain website (https://jubrain.fz-juelich.de/); ip, intraparietal sulcus.

exceptionally high 2.4-fold variation of brain size, when
compared to data for human (1.1-fold [14] and 1.6-fold [2]),
rhesus (1.3-fold [13]), and baboon (1.1-fold [14]). The GI
varies only by 1.19-fold in different dogs (i.e., much less
than brain size varies), which further supports the assumption of different control mechanisms for brain size
and folding.
In summary, although the GI correlates positively with
brain size and cortical surface across mammalian orders,
this relationship is not found within a species.
Ontogeny of the GI
In macaque monkeys, mean GI remains low up to fetal day
90, increases drastically from day 100, and reaches adult
value by fetal day 150 (birth date 166  8) [42,43]. Cortical
folding of the human brain starts around the 16th week of
gestation, increases rapidly during the first trimester, and
reaches a transient maximum between weeks 66 and 80
postconception [44]. From this time on, the GI declines by
18% from a maximal value of 3.03 to the adult level, which is
reached at an age of almost 23 years [44] (Figure 4a). An
MRI study confirms this folding overshoot [45]. The mechanisms underlying this developmental course are not sufficiently understood, but it may be speculated that perinatal
pruning with programmed cell death and reduction of cell
numbers and connectivity may lead to the GI reduction [46].
However, the decrease in GI continues into adulthood,
whereas the perinatal overshooting of synaptic density
seems to reach a plateau much earlier than the GI [47].
6

Alternatively, the reduction of GI can be explained by an
increasing gyral width driven by the peak of myelination of
input and output fibers during the postnatal period. The GI
will decrease if the sulcal depths remain constant or start
to decline [48,49]. Furthermore, the white matter continues to grow until the beginning of the third decade
[50]. Thus, the postnatal maturation of nerve fibers and
connectivity may explain the developmental course of
cortical folding.
GI increases with increasing brain size up to a brain
weight of approximately 530 g [44], but from this point a
2.5-fold enlargement of brain weight follows without any
further increase in GI. The increase in brain weight is
mainly driven by a twofold increase in the white matter
volume [50], supporting the hypothesis of a causal relation
between connectivity and GI. Apparently, folding and
increase in brain weight are not controlled by identical
developmental mechanisms.
Cortical folding during fetal and early postnatal development is also an important early marker of latter neurobehavioral development. In vivo imaging of premature
newborns shows a delayed but balanced development of
gyrification and surface in twins compared to singletons
[51]. By contrast, newborns with intrauterine growth
restrictions have a greater reduction in surface area than
in folding [51]. The effect of the increasing brain weight on
cortical volume is largely driven by the increase in cortical
surface area, not cortical thickness [52]. The extent of
cortical surface is probably determined by the number of
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Figure 4. Ontogenetic development of cortical folding in humans. (a) Development
of GI from fetal to adult stages. Age in weeks post-conception (birth 40th week).
Data from [1,44]. (b) Development of the fetal hemispheric wall based on recent
data [12,56,57,59,60,96]. Black, classical bipolar radial glia cells (vRG) in the
ventricular zone (VZ); green, unipolar radial glia cells (oRG) in the outer
subventricular zone (OSVZ); blue, immature neurons migrating along vRG and
oRG cells to the cortical plate (CP); grey, intermediate progenitor cells in the inner
subventricular zone (ISVZ); turquoise, progenitor cells and immature neurons in
OSVC; red, young neurons in CP; IZ, intermediate zone with the first arriving nerve
fibers establishing connection with immature neurons; MZ, marginal zone; SP,
subplate.

cortical columns and neurons, and the growth of dendrites
as well as input and output fibers, including their myelination. Therefore, cortical folding is probably caused by the
synergistic effect of cell generation processes specific for
gyrencephalic species as well as the evolving connectivity
and mechanical properties of the fiber tracts and their
constituents during pre- and postnatal development (discussed below).
Driving forces behind cortical folding
Previous reports [35,36] do not support the assumption of a
simple relationship between gyrification and the total
number of cortical neurons, or cortical volume or thickness,
but underline the importance of the cortical column [53] as
the essential building block. Thus, cell generation and
migration as developmental processes leading to cortical
columns seem to be important for understanding the driving forces behind cortical folding.
The differential growth of cortical layers is also proposed as a driving force of gyrification [54]. The model
predicts folding when the growth of the supragranular
layers exceeds that of the infragranular layers. Although

studies of tissue compartments improved our understanding of the species-specificity of cortical organization [53],
the regionally different proportions between supra- and
infragranular layers have not been comprehensively studied and precisely related to regions of high or low GIs,
although these compartments differ by their mechanical
properties.
The two most widely discussed hypotheses are that
folding is caused by: (i) growth processes during cortical
development (grey matter hypothesis), and/or (ii) mechanical tension in axons (mechanical tension hypothesis). Both
hypotheses will be discussed in the following sections.
Grey matter hypothesis
The subventricular zone of the fetal hemisphere (see [55] for
the revised subdivision scheme of the hemispheric wall in
primates) is subdivided into an inner (ISVZ) and outer
(OSVZ) subventricular zone (Figure 4b) in human and
monkey brains, and in brains of other gyrencephalic mammals, such as ferrets (Table 1) [56,57]. The lissencephalic
brains of rats and mice do not develop a comparably broad
and differentiated subventricular zone. The OSVZ is a
proliferative region outside the ventricular zone that contains a lineage of neural stem and transit-amplifying intermediate progenitor cells [12,56,58–60] and expands
considerably between gestational weeks 11 and 16 in
humans [60], immediately before the onset of cortical folding. Transgenic mice expressing a stabilized version of bcatenin in neural precursor cells develop an increased cortical surface area and gyrification [61]. Thus, the OSVZ
could play a key role in the tangential expansion and folding
of the cerebral cortex, and it becomes the predominant
proliferative zone in the developing human brain. The OSVZ
modifies the trajectory of the migrating immature neurons
by a recently discovered cell type, the unipolar intermediate
radial glia cell (IRGC), which is a self-amplifying progenitor
cell that generates a radially oriented scaffold in addition to
the scaffold formed by the classical bipolar radial glia cells
(vRG) [57,62,63]. In contrast to the latter cell type, most of
the intermediate radial glia cells (oRG in Figure 4b) contact
the pial, not the ventricular, surface. Notably, IRGC-like
cells are also present in lissencephalic mammalian brains,
although they are only found during late stages of cortical
neurogenesis, are sparsely distributed, and do not constitute a distinct germinal layer [62,63]. The scaffold provided
by the IRGCs resembles a fan, and the neurons migrating
along this scaffold considerably increase the cortical surface.
If the proliferation in the OSVZ is experimentally reduced,
the cortical surface area and the cortical folding are also
reduced [57]. Thus, the proliferation of IRGCs could be a
driving force for the early tangential expansion of the fetal
cortex and its folding [12,57,64,65].
The subplate zone (SP) plays a further important role in
gyrification (Figure 4b), a role that was first described [66]
in gyrencephalic mammalian brains. It is characterized by
a slow and long-lasting developmental period [67,68]. SP
has its largest dimension subjacent to late maturing and
folding association cortices. It contains transient corticocortical and callosal connections before they enter the
cortical plate (CP, Figure 4b). The protracted development
and the dimension of the SP can explain the regional
7
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heterochronicity of cortical folding [44] and the numerous,
mainly smaller-sized gyri in the multimodal association
regions, as well as the early interaction between cell
proliferation and migration and the influence of fiber
tension on folding. SP seems to be the structure that links
the mechanisms behind the cellular proliferation and mechanical tension hypotheses.
Tension-based hypothesis
Tension above or below certain thresholds stimulates axonal elongation or retraction, respectively [69]. This finding
is the cellular basis of a widely discussed and accepted
tension-based hypothesis [10,11]. Because axons build the
fiber tracts, gyrification can be explained by connectivity,
more specifically by the 3D courses and the viscoelastic
properties of fiber tracts. The first connections between
cortical and other cortical and subcortical regions are
visible during subplate development, and are maintained
during migration and in the mature cortex via synapses
that provide high adhesiveness of pre- to postsynaptic
structures. There are many more tangentially organized
(relative to the cortical surface) cortico-cortical than radially organized cortico-subcortical connections in the human forebrain. Consequently, the original tension
hypothesis predicted an outward folding caused by strong
cortico-cortical and weak cortico-subcortical connections,
and an inward folding caused by an inverse relationship
[10]. Moreover, folding makes the path between different
interconnected cortical sites as short as possible. This is of
advantage because the time for signal transmission is
minimized within the organizational framework of the
connectome.
A previous study demonstrated that axons are under
considerable tension in the developing ferret brain [70].
However, a causal role of axonal tension for cortical folding
by interpreting microdissection experiments in slices of
ferret cortex and white matter during different developmental stages was not observed. Tension is found in radially as well as tangentially arranged axons in white matter
tracts below gyri and sulci, and in radially arranged axons
in gyri. Contrary to the original tension hypothesis [10],
tension is not found across developing gyri [70]. Thus,
tension cannot pull on the opposite walls of a gyrus and
does not lead to an outward folding during initiation, nor
when sustaining and maintaining folds. Despite this result, regional variations in tension may influence the
region-specific shape of folding patterns and its correlation
with the spatial organization of the connectome [71,72].
Using computational modeling, it was demonstrated that
differential growth of cortical sites drives folding consistent with folding geometry and stress distribution [70]. In
this model, a sulcus appears if a slowly growing cortical site
first constrains the deformation of a neighboring faster
growing site, and then the growth rates are switched for
the generation of a second gyrus (intercortical ‘phased’
growth, [70]).
Future directions
It has been shown that cortical folding and brain size are
correlated across species in order-specific scalings. The
degree of folding is also related to the total number of
8

Trends in Neurosciences xxx xxxx, Vol. xxx, No. x

neurons and their connections. Furthermore, gyrification
is more influenced by non-genetic than genetic factors,
whereas brain size is more strongly controlled by genetic
factors. Further studies of the mechanisms of cortical
development are necessary to understand the different
scaling of brain size and gyrification between different
orders as opposed to the variation between both measures
within a species. To understand the evolution of gyrification, further comparative anatomical studies exploiting
comprehensively stereological and genetic analyses in a
variety of species and orders will be necessary. These
species and orders should be chosen based on hypotheses
on brain evolution, and not determined by the random
effect of availability. To understand the causal mechanisms of gyrification, the grey matter hypothesis and the
mechanical tension hypothesis should not be pursued as
alternatives, but as complementary concepts. Cell proliferation and migration largely precedes the maturation of
the connectivity, but there is a developmental window in
which both processes overlap. Future research on the
cortical and connectional development will be important
for establishing an integrative theory of gyrification.
Modeling and simulation approaches to cortical development will be necessary to understand the complex interactions of cellular biology and mechanical properties as
well as their implementation in the four dimensions of
brain space and development over time.
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