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Abstract

A comparative analysis of the brain surfaces and endocasts of 35 hominid specimens including 24 operational taxonomic units was
performedwith the aim to search formorphological transformations of the brain surface that occurred over time throughout the hominid
lineage. Our research was directed at size-independent morphological characters. We found 14 characters dealing with (1) relative
proportions of the frontal lobe, (2) relative proportions of the parietal lobe, (3) relative proportions of the temporal lobe, (4) extension
of the occipital lobe and position of the parieto-occipital sulcus, and (5) morphology and proportions of the frontal bec. We described
and mapped these characters onto a reference phylogeny of Hominidae including 4 ape species and 20 operational taxonomic units
belonging to bipedal hominins (species Australopithecus, Paranthropus, andHomo) to infer character states at the ancestral nodes. At
themacroscopical level, we found that (a) the occipital lobe changed its inclination at the Pan-Australopithecus transition; (b) the frontal
lobe increased its roundness during the transition between Australopithecus/Paranthropus and Homo; (c) the parietal lobe increased
its relative length in a hominin clade including Homo erectus, H. floresiensis, H. cepranensis, H. neandertalensis and H. sapiens; and
(d) the distal border of the temporal lobe increased its height and the posterolateral border of the temporal lobe acquired a ventrally
concave outline in the clade including H. neandertalensis and H. sapiens. These observations are important in the broader context of
the inference of the relationships of paleoneurology and behavioral outputs in extinct hominid species.
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1. Introduction
According to morphological and genetic studies, the Hominidae
clade includes both apes and humans and encompasses a range
of different morphological and physiological characters enabling
hominid species to live in a wildly diversified set of habitats [1].
Apes, humans, and their extinct relatives known by their fossil
record are characterized by a range of morphological differences
that comprise both skeletal and soft tissues including the brain.
In particular, the latter represents the most prominent diagnostic
character for defining our species, Homo sapiens, in the common
thought of non-scholars in the field because of its relative size.
The human brain, indeed, is particularly large with respect to the
whole-body mass and this fact may be quantified by the Encephal-
ization Quotient (EQ) originally developed by Jerison [2]. The EQ
variation across mammal groups has been analyzed in the last
fifty years, showing that in modern humans, the EQ ~ 6.7 and is
higher than those of all the other mammalian species [3]. Surpris-
ingly, even though apes are the most closely related mammalian
species to Homo, they are not particularly encephalized. Apart
from humankind, the most encephalized mammals include five
species of dolphins [4] whose EQ ranges from 5 to 5.7 and whose
encephalization reached human-like EQ values already during the
Miocene, about 15 million years ago [4, 5].

In the last half century, many papers were published dealing with
EQ evolution in mammals, primates, and other vertebrates, but

relatively few were about the evolution of brain morphology. Up to
about ten years ago, most papers dealing with the characteristics
of the brain of fossil species had to rely on natural or human-made
skull endocasts, but presently, the availability of non-invasive tech-
niques allows the digital reconstruction of three-dimensionalmod-
els of endocasts of intact skulls, and this availability is generating a
wealth of new data about the morphological evolution of the brain
in all vertebrates (e.g., [6, 7]). Techniques like CT scans and mag-
netic resonance analysis provide a lot of new information about en-
docranial anatomy, the morphology of the complex formed by the
brain and meninges including part of the endocranial vasculature
(e.g., [8, 9]), and the sensory anatomywith special emphasis on the
inner ear (e.g., [10, 11]).However, a new synthesis ofmorphological
data from natural and digital endocasts has not been attempted on
primate brain evolution up to now. Such a synthesis would be of
great benefit because it would allow the eventual changes in the
surface morphology of the main brain characters to be visualized,
which, in turn, could contribute to explaining aspects related to the
evolution of human cognition.

To better explain this point, it is necessary to remark that the
surface morphology of the brain is characterized by an intricate
folding of the external cellular layer where the bodies of the
cortical neurons are located; this layer is known as the cortex or
gray matter. The folding is not chaotic but genetically organized,
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showing a repetitive sulcal pattern that is shared in part with
non-primate mammals [12]. Different areas of the brain surface
can be structurally and functionally separated based on spatial dif-
ferences in their cytoarchitectures [13]; these areas are responsible
for different cognitive, sensory, and motor functional outputs. The
mosaic of these areas may show some differences in the brains of
different species as some areasmay be absent from certain taxa and
overdeveloped in others. Some of these areas can be observed in
natural and digital endocasts and the origins of their morphologies
and topological relationships can be traced back in time thanks to
the paleontological record as far as the brain surface is concerned
(e.g., [12, 14]). These observations represent the theoretical ground
of our work aimed at determining the evolution of the cerebral
surface through the geological time of hominid evolution.

Towards this goal, here, we perform an analysis of the distribution
of characters of both the brains and the skull endocasts of four ape
species (Pongo pygmaeus, Gorilla gorilla, Gorilla beringei, and
Pan troglodytes) and several australopithecine and human species
in the context of a morphology-based phylogenetic hypothesis of
hominid evolution [see below, Section 2]. Our objective is to indi-
viduate the eventual occurrence of morphological transformations
of the brain surface in Hominidae over the last 7–10 million years,
a time that represents the inferred divergence date of the hominins
(including australopithecines and humans) from their sister group.
Our search is about characters that are thought to be unrelated to
the evolution of absolute brain size and is aimed at providing new
information about the last stages of the assembly of the brain of our
species.

2. Materials and methods

2.1. Phylogenetic hypothesis

To base our comparative analysis, we adopted a simplified phyloge-
netic hypothesis of hominid relationships based on recent research
(Figure 1A). In that simplified phylogeny, we included three ape
species with four species (Pongo pygmaeus, Gorilla gorilla, Go-
rilla beringei, andPan troglodytes). The relationships of these taxa
were those inferred by ref. [15]; the divergence dates of the ape taxa
are from ref. [16]. The hominins not belonging to Homo included
most of the species belonging to Australopithecus and Paranthro-
pus. The relationships of these taxa were obtained from ref. [15]
including the sister group relationships ofAustralopithecus sediba
andHomo. The divergence date of bipedal hominins from apes was
from ref. [17]. The relationships of the species belonging to Homo
presented in Figure 1A were a synthesis of the more detailed
analyses published by refs. [18–22]. We report a specimen-based
version of the simplified phylogeny in Figure 1B showing the
specimens used in the comparative analysis (Figure 1B). We un-
derstand that there is not a full consensus about the relationships
of at least some of the human species described up until now
and, for this reason, we adopted a phylogenetic hypothesis that
is a compromise of some of the results coming from the recent
literature. Data on the specimens used here and their stratigraphic
and geographic ranges are provided in Table 1 together with
the literature used for the comparative analysis of brains and
endocasts.

Figure 1 • Cont.
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Figure 1 • The reference phylogeny used in the present paper. (A) Species phylogeny. (B) Specimen-based phylogeny.

Table 1 •Morphological sample used in present paper.

N. Taxonomy Specimen Stratigraphic age Geographic range
Brain
volume
(cc)

References on
brains and
endocasts

1 Pongo pygmaeus Recent East Asia 323 1 [23, 24]

2 Gorilla gorilla Many
specimens Recent West Central Africa 504 [25]

3 Gorilla beringei Many
specimens Recent Central Africa 450 [25]

4 Pan troglodytes Recent Central and Eastern
Africa 320–370 1 [26]

5 Pan troglodytes YN-77-111 Recent Central and Eastern
Africa 388.96 [25]

6 Pan troglodytes YN-92-115 Recent Central and Eastern
Africa 364.8 [27]

7 Pan troglodytes Recent Central and Eastern
Africa 320–370 1 [28]

8 Australopithecus
afarensis DIK-1-1 Mid-Pliocene (c. 3.3 Ma) East Central Africa 275 [26]

9 Australopithecus
africanus Taung child Latest Pliocene (c. 2.8 Ma) South Africa 382 [29, 30]

10 Australopithecus
africanus Sts 5 Latest Pliocene (c. 2.5 Ma) South Africa 475 [31, 32]

11 Australopithecus
sediba MH1 Middle Pleistocene (c. 1.8 Ma) South Africa 420 [33]

12 Paranthropus
robustus DNH 7 Early-Middle Pleistocene (c.

2.3–1.2 Ma) South Africa 450 [34]

13 Homo rudolfensis KNM ER 1470 Early Pleistocene (c. 2 Ma) North-Eastern
Africa 752 [35, 36]

14 KNM ER 3733 KNM ER 3733 Early-Middle Pleistocene (c.
1.7 Ma)

North-Eastern
Africa 848 [9, 36]
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Table 1 • Cont.

N. Taxonomy Specimen Stratigraphic age Geographic range
Brain
volume
(cc)

References on
brains and
endocasts

15 KNM ER 3883 KNM ER 3883 Early-Middle Pleistocene (c.
1.5 Ma)

North-Eastern
Africa 804 [9, 36]

16 Homo habilis KNM ER 1813 Early Pleistocene (c. 1.9 Ma) North-Eastern
Africa 510 [9, 36]

17 OH9 OH9 Early-Middle Pleistocene (c.
1.4 Ma) East Central Africa 1067 [36, 37]

18 Homo ergaster KNMWT
15000

Early-Middle Pleistocene (c.
1.5 Ma)

North-Eastern
Africa 880 [9, 37]

19 Homo georgicus D2280 Earliest Pleistocene (c. 1.8 Ma) Central Asia 790 [9]

20 Homo naledi DH1 Late-Middle Pleistocene (c.
0.33–0.36 Ma) South Africa 555 [38]

21 Homo naledi DH3 Late-Middle Pleistocene (c.
0.33–0.36 Ma) South Africa 460 [38]

22 Homo naledi DH4 Late-Middle Pleistocene (c.
0.33–0.36 Ma) South Africa ? [38]

23 Homo erectus Sangiran 17 Middle Pleistocene (c. 0.7 Ma) East Asia 1004 [9, 37]

24 Homo erectus Zkd V Late Pleistocene (c. 0.29 Ma) East Asia 1140 [37]

25 Homo erectus Zkd XII Late Pleistocene (c. 0.075 Ma) East Asia 1030 [37, 39]

26 Homo floresiensis LB1 Late Pleistocene (c.
0.19–0.054 ka) East Asia 417 [38, 40]

27 Daka BOU-VP-2/66 Middle Pleistocene (c. 1 Ma) East Central Africa 1000 2 [41]

28 Buia Middle Pleistocene (c. 1 Ma) East Central Africa 800 [8, 9]

29 Homo
cepranensis

Late Middle Pleistocene (c. 0.5
Ma)

Central-Southern
Europe (Italy) 1185 2 [22, 42]

30 Homo
neandertalensis Saccopastore I Late Pleistocene (c. 0.13–0.1

Ma)
Central-Southern
Europe (Italy) 1174 [43]

31 Homo
neandertalensis Krapina 3 Late Pleistocene (c. 0.13 Ma) Central Europe

(Croatia) 1255 [43]

32 Homo
neandertalensis Circeo I Latest Pleistocene (c. 0.05Ma) Central-Southern

Europe (Italy) 1350 [35, 44]

33 Homo
neandertalensis La Ferrassie I Latest Pleistocene (c. 0.05Ma) Central-Western

Europe (France) 1268 [35, 45]

34 Homo sapiens Cro-Magnon 1 Latest Pleistocene (0.03 Ma) West Europe
(France) 1514 3 [14]

35 Homo sapiens Recent Worldwide 1478 [14, 28]
1 Mean values from [28]; 2 original data in mL converted in cc by us; 3 mean value from N = 13 individuals from [14]. The symbol “?” indicates that the
value was not provided in the literature and is unknown.

2.2. Endocasts and brains

The comparativemorphological diversity of brains and of their cor-
responding endocasts was richly illustrated in the past (e.g., [46]).
The vertebrate brain includes several portions that are character-
ized by different morphological characters that can be scored for
comparative purposes; the human brain is not different from those
of other mammals, in this sense. The human brain includes the
telencephalic hemispheres, the cerebellum, the hindbrain, several
internal structures and nuclei, and the cranial nerve roots. Even
limiting our attention to the telencephalic hemispheres, we observe
that different parts are individuated by human anatomy including
lobes, fissures, and sulci (e.g., [28, 35]). Most of these structures
cannot be observed in the endocasts, because the meninges cover
the brain surface. For this reason, here, we focus on a small number

of characters that can be observed in both the brain and its corre-
sponding endocast (Figure 2).

In particular, we focus on the following structures: (a) position
and shape of the central sulcus (i.e., the fissure of Rolando), (b)
morphology of the frontal bec, (c) morphology and position of the
temporal lobe, (d) morphology and relative extension of the parietal
lobe, (e) position of the parieto-occipital sulcus, (f) position and
morphology of the occipital lobe, (g) position of the imprint of the
coronal suture in the endocast, and (h) morphology of the orbital
surface of the frontal lobe. These characters can be observed in both
brains and most endocasts and, together with the overall outline of
the telencephalic hemispheres in dorsal, lateral, posterior, and an-
terior views, contribute to provide a morphological characterization
of the brain’s general shape as covered by the meninges.
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Figure 2 • Gross morphologies of the human brain and differences with the corresponding endocast. (A) The schematic brain in right
lateral view. (B) The scheme of the corresponding endocast. (C) The schematic brain in dorsal view. (D) The scheme of the corresponding
endocast.

We obtained schemes from the original images of brains and endo-
casts in lateral, dorsal, anterior, and posterior views from the nu-
merous sources listed in Table 1. The schemes for modern Homo
sapiens and Gorilla were derived from the endocast morphologies
that were published in the references provided in Table 1. In
particular, the scheme for Gorilla was derived from the following
procedure: we made a line drawing of the external outline of the
two brains mentioned in the ref. of Table 1 and then we traced
the lines corresponding to the Sylvian fissure, the central sulcus,
and the parieto-occipital sulcus in the corresponding positions
based on the photographic plates provided by the above paper. We
realized the scheme for the chimp by following the same method.
We realized the schemes with a Wacom Intuos graphic tablet in
Adobe Photoshop 2024.

The morphologies of brains and endocasts included in the present
workwere compared independently from their absolute size but we
added the inferred or measured brain sizes in Table 1 for compar-
ative purposes. We made our observations size-free by comparing
schemes of the specimens depicted with the same length between
the anterior and the posterior ends of the telencephalic hemi-
spheres; this allowed us to discern eventual relative morphological
and size changes in different brain districts.

2.3. Character mapping

The character states individuated through the comparative analysis
were described and subsequently coded in the taxon x character

matrix of Table 2, which was analyzed by MESQUITE 3.61 [47]
against the simplified phylogenetic hypotheses of Figure 1A,B. By
means of this analysis, we analyzed the distribution of the character
states against the adopted phylogenetic hypothesis to trace the
character history and to infermorphological transformations at an-
cestral nodes. Towards this goal, we used the maximum likelihood
(ML) algorithm under the Mk1 model of character distribution as
implemented in the software.

3. Results

3.1. Brain and endocast diversity in hominids

The sample used in the present paper is illustrated in Figure 3,
Figure 4 and Figure 5. In lateral view, the outline of the dorsal
border of the telencephalic hemispheres appears homogeneously
convex in apes, Homo rudolfensis, H. georgicus, and H. naledi; in
all the other species, the posterior portion of the hemispheres shows
a higher inclination with respect to the horizontal axis. In lateral
view, the posterior portion of the hemispheres (corresponding to
the occipital lobe) shows a higher dorsoventral development and
the posterolateral border of the hemispheres is ventrally concave in
KNM ER 3733, KNM ER 3883, OH9, Homo erectus, H. neander-
talensis, and H. sapiens (Figure 3). In Australopithecus, Paran-
thropus, Homo habilis, H. rudolfensis, H. georgicus, H. naledi,
and Daka, this ventral development of the occipital lobe is not
observed and the posterolateral border of the hemispheres posterior
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to the temporal lobe is straight. In lateral view, the central sulcus
is dorsoventrally straight to anteriorly convex in apes, Australo-
pithecus, Paranthropus, Homo habilis, H. rudolfensis, H. naledi,
and Buia; in other human species, it may be anteriorly concave or
convex. However, in Homo neandertalensis, H. sapiens, H. heidel-
bergensis/cepranensis, and the previously mentioned species, the
dorsal-most portion of the central sulcus is located more posteri-
orly than the ventral-most portion. This pattern demonstrates an
anteroposterior expansion of the dorsal portion of the frontal lobe
in H. neandertalensis, H. erectus, H. heidelbergensis/cepranensis,
and H. sapiens with respect to the other human and non-human
hominids. In lateral view, it can be observed that the orbital portion
of the frontal lobe (black arrowheads in Figure 3) is higher in
humans than in non-human specimens, being more developed in
H. sapiens,H. neandertalensis,H. heidelbergensis/cepranensis,H.
erectus (Zkd XII), and OH9.

In dorsal view, we observe that the external outline of the telen-
cephalic hemispheres is uniformly convex in apes,Australopithecus,

Paranthropus, Homo rudolfensis, H. naledi, Buia, and H. geor-
gicus (Figure 4). In Homo ergaster, H. erectus, H. heidelber-
gensis/cepranensis, KNM ER 3733, KNM ER 3883, OH9, H. ne-
andertalensis, and H. sapiens, the lateral outlines of the cerebral
hemispheres are sigmoid because of a lateral protrusion of the
anterior portion of the temporal lobe that is anteriorly bounded by
a lateral concavity that can be observed in dorsal view (white ar-
rowheads inFigure 4). In dorsal view, it is possible to observe that
the parieto-occipital sulcus is located more anteriorly in apes and
more posteriorly in hominins; thismeans that the distance between
the parieto-occipital sulcus and the central sulcus is comparatively
shorter in apes than hominins as far as the dorsal portion of the
parietal lobe is concerned (this is exemplified by comparison with
the brain of Pan troglodytes in Figure 6). As the ventral-most
portion of the central sulcus is located anteriorly in hominins,
the anteroposterior length of the parietal lobe is comparatively
longer in Paranthropus and Homo, reaching its maximum in H.
neandertalensis,H. sapiens,H. heidelbergensis/cepranensis, and
someH. erectus specimens (i.e., Zkd XII).

Table 2 • The taxon x character matrix used in the present paper to infer brain and endocast characters at the ancestral nodes.

N. Species Specimen(s) Character states

1 Pongo pygmaeus See Table 1 00000000000000

2 Gorilla gorilla See Table 1 00000000000000

3 Gorilla beringei See Table 1 00000000000000

4 Pan troglodytes YN-77-111+ YN-92-115 + specimen in Table 1 11000000000000

5 Australopithecus afarensis DIK-1-1 1101000000002?

6 Australopithecus africanus Taung child 11000001000000

7 Australopithecus africanus Sts 5 11100001000020

8 Australopithecus sediba MH1 ???1001100010?

9 Paranthropus robustus DNH 7 1112??01100001

10 Homo rudolfensis KNM ER 1470 11000010000110

11 KNM ER 3733 KNM ER 3733 1100??0?011110

12 KNM ER 3883 KNM ER 3883 1111??0?011020

13 Homo habilis KNM ER 1813 110211000?01?1

14 OH 9 OH 9 1101??010111?0

15 Homo ergaster KNMWT 15000 110?011???01?0

16 Homo georgicus D2280 11110001100100

17 Homo erectus Sangiran 17 111?1101??11?0

18 Homo erectus Zkd XII 1112??0?111120

19 Homo floresiensis LB 1 111?000?1?11?0

20 Homo naledi DH1+DH2+DH3 1000??00000000

21 Buia Buia 11120101111120

22 Daka BOU-VP-2/66 ?1?101?11???2?

23 Homo cepranensis See Table 1 11021111 2 110121

24 Homo neandertalensis Circeo I+ Saccopastore I+La Ferrassie I+Krapina 3 12 1 12??11110120

25 Homo sapiens Cro-Magnon 1 12121111110121

26 Homo sapiens modern 12121111110121
1 Among the specimens of Homo neandertalensis studied in the present paper, Krapina 1 does not show evidence of a strong ventral protrusion of the
posterior border of the telencephalic hemispheres; as we found a strong protrusion in all the other examined specimens, we coded the protrusion as
strong (state 2) for this species. 2 InHomo cepranensis, the dorsal end of the central sulcus is not well-defined; we coded it in state 1 based on the overall
shape of the preserved portion of the central sulcus and on comparisons with other hominins. We applied the same method to score Homo erectus Zkd
XII in which the ventral end of the central sulcus is not well-defined. The sign “?” indicates characters that are not preserved in the specimen and that
cannot be inferred from comparative analysis.
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Figure 3 •Themorphological dataset. Left column: schemes of the brains of four ape species in right lateral view. All the other columns:
schemes of the endocasts of bipedal hominins including Australopithecus, Paranthropus, and Homo species. Dashed lines represent
reconstructed portions; dotted lines represent the coronal suture. The black arrowhead indicates the posterodorsal depression observed
in the endocasts of Homo erectus, H. floresiensis, Daka, Buia, KNM ER 3733, and KNM ER 3883. The brains and the endocasts are
drawn with the same anteroposterior lengths.

In anterior view, the frontal bec is comparatively longer in Aus-
tralopithecus, Homo rudolfensis, H. georgicus, Daka, and Buia,
whereas it is shorter and difficult to distinguish in Homo sapi-
ens, H. erectus, and H. heidelbergensis/cepranensis (Figure 4).
In anterior and posterior views, the outline of the telencephalic
hemispheres is uniformly convex and rounded in Australopithe-
cus afarensis, A. africanus, Paranthropus, Homo rudolfensis, H.
georgicus,H. erectus (ZkdV),H. floresiensis, andH.heidelbergen-
sis/cepranensis (Figure 4 and Figure 5). In Sangiran 17, Homo
neandertalensis, andHomo sapiens, a distinctive apex is observed
at the dorsolateral corner of the parietal lobe (gray arrowheads in
Figure 4 and Figure 5) that gives a more squared shape to the
external outline. Moreover, in Homo sapiens, the lateral parts of
the external outline are straighter and more vertical, giving a more
pentagonoid shape to the external outline (Figure 5).

3.2. Descriptions of character states

Based on the above comparisons, we individuated fourteen charac-
ters thatwe thenmapped on the reference phylogenies of Figure 1.
In the following text, we describe these characters and their vari-
ation; the resulting distribution of character states is presented in
the taxon x character matrix of Table 2 on a specimen basis.

Character 1. Inclination of outline of posterior portion of endocast
and brain posterior to maximum height in lateral view (Figure 3):
(0) posterior outline continuously convex; (1) steep inclination of
posterior outline and irregular outline with change in inclination of
outline individuating a posterodorsal angle of the parietal lobe. A
posterodorsal angle is evident in Pan troglodytes and several other
hominins but is absent in Pongo and Gorilla.

Character 2. Ventral extension of occipital lobe: (0) absent; (1)
present; (2) strong (Figure 3). A ventrally protruded occipital lobe
(state 3) is evident in Homo erectus, H. neandertalensis, and H.
sapiens (in these species, the posterolateral border of the temporal
lobe is visibly concave and the posterior end of the occipital lobe
is approximately at the same height as that of the anterior end
of the posterolateral border of the temporal lobe, as described in
Character 3). In Pan troglodytes, Australopithecus afarensis, A.
africanus, Paranthropus, Homo georgicus, KNM ER 3733, and
KNM ER 3883, the occipital lobe shows a slight ventral projection
(state 1). In Pongo, Gorilla, and Homo naledi, we do not find any
evident ventral protrusion of the occipital lobe. There is apparently
no univocal relationship between the ventral protrusion of the
occipital lobe and the degree of concavity of the posterolateral
border of the temporal lobe, and, for this reason, we coded these
two characters separately.
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Figure 4 • The morphological dataset. Left column: schemes of the brain of four ape species in dorsal view. Note that one of the chimp
brains is shown in posterodorsal view. All the other columns: schemes of the endocasts of bipedal hominins. Dashed lines represent
reconstructed portions; dotted lines represent the coronal suture. The white arrowhead indicates the irregular outline of the lateral
surface of the endocasts in mostHomo species.

Character 3. Outline of posterolateral border of temporal lobe in
lateral view (Figure 6A,B): (0) straight-to-slightly concave with
posterior end clearly higher than anterior end; (1) evidently con-
cave with posterior and anterior ends at approximately the same
height. InPongo,Gorilla, andPan, the outline of the posterolateral
border of the temporal lobe is straight-to-slightly concave and the
posterior end of the occipital lobe is clearly higher than the anterior
end of the border. In Figure 6E, the green curve shows this char-
acter in the lateral view of the brain of Pan troglodytes. The same
pattern is observed in Australopithecus, Paranthropus, Homo
habilis, H. rudolfensis, H. georgicus, H. naledi, H. floresiensis,
H. heidelbergensis/cepranensis, and Daka (compare images in
Figure 4). InHomo erectus,H. neandertalensis, andH. sapiens,
the posterolateral border is ventrally concave, and the posterior
end of the occipital lobe is approximately at the same height as

that of the anterior end of the border (compare specimens in
Figure 3).

Character 4. Position of parieto-occipital sulcus (Figure 3 and
Figure 4): (0) anterior (on an imaginary vertical line crossing
the cerebellum approximately at its mid-length); (1) posterior (on
an imaginary vertical line crossing the cerebellum in the posterior
half); (2) very posterior (on an imaginary vertical line that does
not cross the cerebellum, because it is completely posterior to it).
The position of the parieto-occipital sulcus is related to the relative
development of the occipital lobe and represents an important
point in the study of hominid brain evolution as this character can
be observed in several endocasts of fossil species. Fundamentally,
in Pongo, Gorilla, and Pan, the parieto-occipital sulcus is located
anteriorly, and, in all the other hominins in which this structure
can be observed, it is positioned significantly posteriorly.
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Figure 5 • The morphological dataset. (Left half): Endocasts in anterior view. (Right half): Endocasts in posterior view. The dotted
line represents the trace of the coronal suture; the arrowhead shows the dorsolateral corner observed in the endocasts that gives the
endocasts a pentagonoid shape in anterior and posterior views.

Figure 6 • Comparative plate showing differences between the brain of Homo sapiens and that of Pan troglodytes. (A) A scheme of
the chimp brain in dorsal view. (B) A scheme of the human brain in dorsal view. (C) A scheme of the chimp brain in right lateral view.
(D) A scheme of the human brain in right lateral view. (E) A scheme of the chimp brain in lateral view. (F) A scheme of the human
brain in lateral view. The red double-arrow headed line indicates the relative medial anteroposterior length of the parietal lobe; the blue
double-arrow headed line indicates the relative lateral anteroposterior length of the parietal lobe. The red curve indicates the relative
extension of the dorsal edge of the parietal lobe in lateral view; the blue curve indicates the relative roundness and anteroposterior
extension of the frontal lobe in lateral view; the green curve indicates the relative degree of ventral concavity of the posteroventral
border of the temporal lobe; the yellow curve indicates the relative size of the distal border of the temporal lobe in lateral view.
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Character 5. Comparative length of frontal bec in anterior view
(Figure 5): (0) long; (1) short. Unfortunately, we were able to
find only a few examples of endocasts in anterior view, and this
limited the extent of our comparison. Nevertheless, we observe the
presence of an elongate frontal bec in Australopithecus afarensis,
A. sediba, and A. africanus; we also observe an elongate frontal
bec in Homo rudolfensis, H. georgicus, Daka, Buia, and Homo
floresiensis. Comparatively shorter frontal becs are observed in
Homo habilis,H. erectus, andH. sapiens.

Character 6. Width of the base of the frontal bec in anterior
view (Figure 5): (0) narrow; (1) wide. Narrow frontal becs are
observed in Ausralopithecus afarensis, A. sediba, A. africanus,
Homo rudolfensis,H. georgicus, andH. floresiensis. Wider frontal
becs are observed in Daka, Buia, Homo erectus, and H. sapiens.
The shape and comparative length of the frontal bec seem uncor-
related (for instance, Daka shows a long but wide frontal bec) and,
for this reason, we coded these characters separately.

Character 7. Relative size of anterior portion of temporal lobe: (0)
small; (1) large. We observe an evident difference in relative size in
the anterior portion of the temporal lobe when comparing Homo
sapiens and Pan troglodytes in Figure 6A,B. In that comparison,
the distal portion of the temporal lobe of H. sapiens is visibly
higher than that of P. troglodytes, suggesting a corresponding
size increase in the temporal lobe of our species with respect to
the chimpanzee. We observe a non-homogeneous distribution of
this character in our sample as H. sapiens, H. neandertalensis,
H. heidelbergensis/cepranensis,H. eregaster,H. rudolfensis, and
possiblyAustralopithecus africanus show comparative size expan-
sion in the anterior portion of the temporal lobe but not the other
hominins and great apes.

Character 8. Shape of the central sulcus in lateral view: (0) dorsal
end more anterior than ventral end or on the same dorsoventral
imaginary line in lateral view; (1) dorsal end more posterior than
ventral end in lateral view. The great apes show an anteriorly
convex or dorsoventrally straight central sulcus in lateral view
(compare images in Figure 3; in Figure 6, this character is
shown in the brain of Pan troglodytes) that corresponds to a
relative shortness of their frontal lobe. This pattern is also observed
in Australopithecus afarensis, A. sediba, the young A. africanus
(Taung’s child), Paranthropus, Homo habilis, and H. rudolfensis.
An anteriorly concave central sulcus is observed in all the other
members of the genus Homo and in the adult Australopithecus
africanus, suggesting that this character may show a significant
change during ontogeny.

Character 9. Extension of parietal lobe in lateral and dorsal views
(Figure 3 and Figure 6A,B): (0) short; (1) long. An elongated
parietal is present in all those hominin species in which the cen-
tral sulcus shows an evident anterior concavity and a posterior
displacement of the parieto-occipital sulcus: Homo sapiens, H.
neandertalensis, H. heidelbergensis/cepranensis, H. erectus, H.
habilis, and H. georgicus. In all the other species of our sample,
the parietal lobe is comparatively smaller.

Character 10. Outline of hemispheres in dorsal view (Figure 4):
(0) uniformly convex; (1) irregular outline. The irregular outline,
where present, is due to the lateral protrusion of the temporal
lobe observed inH. sapiens,H. neandertalensis,H. heidelbergen-
sis/cepranensis, H. erectus, H. rudolfensis, H. ergaster, KNM ER
3733, and Buia. The irregular shape marks a peculiar size increase
in the temporal lobe that could be related to the relative expansion

of the distal border of the temporal lobe described in character 7.
We test this hypothesis in the following chapter.

Character 11. Concavity in the dorsal border of the cerebral
hemisphere in lateral view in posterior portion of parietal lobe
(Figure 3, black arrowhead): (0) absent; (1) present. We observe
this concavity in KNM ER 3733, KNM ER 3883, OH9, Buia,Homo
floresiensis, and Homo erectus. In the other specimens, the con-
cavity is absent.

Character 12. Outline of posterodorsal portion of the frontal lobe
in lateral view: (0) straight-to-slightly convex; (1) uniformly convex
and round. The evident roundness of the frontal lobe in lateral view
is observed in Australopithecus sediba, in all the members of the
genus Homo but H. naledi, KNM ER 3883, and, interestingly, in
the Taung child but not in Sts 5.

Character 13. Orientation of medial portion of central sulcus in
dorsal view: (0) projects transversely; (1) shows an anteriorly con-
cave outline; (2) projects anteriorly. In the great apes, the central
sulcus projects transversely in dorsal view and shows an anteriorly
convex outline, and the same pattern is observed in the Taung
child, Australopithecus sediba, and Homo georgicus. In the other
australopithecines, Paranthropus, and the other species of Homo
but H. georgicus, the shape of the central sulcus is different. In
Australopithecus afarensis, the adult A. africanus (Sts 5), KNM
ER 3883, Daka, Buia, Homo erectus, H. neandertalensis, and H.
sapiens, the central sulcus projects anteriorly in dorsal view in a
sharp manner.

Character 14. Comparative height of cerebral hemispheres in lat-
eral view: (0) low; (1) high. We find that in Homo sapiens, H. hei-
delbergensis/cepranensis,H. habilis, andParanthropus robustus,
the cerebral hemispheres are comparatively higher than in the
other specimens examined. This character is unlikely to provide a
phylogenetic signal given its disparate distribution, but we test this
hypothesis in the next paragraph.

3.3. Character mapping at ancestral nodes

The distributions of the fourteen character states described above
on the phylogeny of Figure 1 are shown in Figure 7, Figure 8
andFigure 9. Themaximum likelihood algorithm implemented in
MESQUITE found that the posterior outline of the cerebral hemi-
spheres in lateral view is not uniformly convex (character 1) and
a ventral protrusion of the occipital lobe (character 2) originated
within apes as these characters are present in all hominids with
the exclusion of Pongo and Gorilla. The only character that can
be related to the origin of bipedal hominids is the posteroven-
tral placement of the parieto-occipital sulcus (character 4) that is
present in all the australopithecines, Paranthropus, and Homo.
However, judging from ourmaps, the distribution of this character
state in the present sample is not unambiguous and the character
could be the result of parallel evolution in australopithecines and
Homo. There are no evident apomorphic characters able to support
the eventual monophyly of Australopithecus; therefore, our pale-
oneurological work confirms the paraphyly of this hominid genus;
however, given that the australopithecine sample size is very lim-
ited and that some of the analyzed australopithecine endocasts are
incomplete, we suggest that further work is necessary to provide
a robust morphological support to a hypothesis of paraphyly of
Australopithecus.
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Figure 7 • The distribution of character states 1–6 on the reference phylogeny based on maximum likelihood. White circles represent
state 0, orange circles represent state 1, and red circles represent state 2.
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Figure 8 • The distribution of character states 7–12 on the reference phylogeny based on maximum likelihood. White circles represent
state 0, orange circles represent state 1, red circles represent state 2, and gray circles represent states that could not be inferred.
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Figure 9 • The distribution of character states 13–14 on the reference phylogeny based onmaximum likelihood.White circles represent
state 0, orange circles represent state 1, red circles represent state 2, and gray circles represent states that could not be inferred.

We observe different character states within Australopithecus
africanus by comparing the Taung child with Sts 5; in partic-
ular, characters 3 (outline of posterolateral border of temporal
lobe) and 13 (orientation of medial fissure in dorsal view) suggest
that morphological changes occurring during the late ontogeny
of Australopithecus africanus may be responsible for differences
observed in these specimens. Character 13 is related to the shape of
the central sulcus which is related to the expansion of the primary
sensory and the primary motor cortices. Here, we suggest that
the adult shape and, by implication, the adult extension of these
cortices were reached after a postnatal ontogenetic transformation
process in Australopithecus africanus.

We did not find any evident apomorphic characters supporting the
sister group relationship of Paranthropus and the clade formed
by Australopithecus sediba + Homo. Rather, we found that the
sister group relationship of Australopithecus sediba and Homo
is supported by characters 6 (wide base of frontal bec) and 7
(comparatively large size of the anterior portion of the temporal
lobe).

The earliest members of the genus Homo show a change in the
orientation of the central sulcus in dorsal view (character 13); in
particular, in Homo rudolfensis and KNM ER 3733, we observe
that the central sulcus shows an anterior concavity in dorsal view
differing from that of australopithecines and apes that project
transversely.However, this character cannot be used to support the
monophyly of Homo, because in later species (like Homo erectus,
H. sapiens, H. neandertalensis, etc.), we observe a reversal of this
character to a shape already observed in the adultAustralopithecus
africanus and A. afarensis (central sulcus projects anteriorly in a
sharp manner).

Paleoneurological characters support the monophyly of later
Homo species. A wider frontal bec (character 6), a remarkable
anteroposterior elongation of the parietal lobe (character 9), and
a sharp anterior projection of the central sulcus (character 13) are
shared by a clade including Buia, Homo georgicus, H. erectus, H.

heidelbergensis/cepranensis,H. neandertalensis, andH. sapiens.
Character 10 (sigmoid outline of cerebral hemispheres in dorsal
view) supports the sister group relationship of OH9 and a clade
including all the other Homo species with the exclusion of H.
rudolfensis, H. habilis, KNM ER 3733, and KNM ER 3883. Char-
acters 2 (strong ventral extension of occipital lobe) and 7 (large
distal portion of temporal lobe) support the monophyly of Homo
neandertalensis andHomo sapiens.

4. Discussion
The evolution of the human brain represents the main avenue of
scientific research for obvious reasons. Several comparative mor-
phological works have been published on this topic in the last two
decades (e.g., [3, 35, 48, 49]) togetherwith numerous articles about
encephalization and other quantitative indices able to describe the
increase in brain volume typical of our species with respect to the
other mammals (e.g., [37, 39, 50]). Studies on cranial endocasts
provide fundamental evidence about the morphology of the brain
covered by the meninges of extinct human species with the well-
known limits of this kind of research (e.g., [51]). As difficult as
they are to interpret, endocasts still represent unavoidable sources
of morphological data, sources that are now supplemented by
the increasing number of three-dimensional renderings of virtual
endocasts obtained through CT scans. In the end, both natural
and virtual endocasts provide morphological data about aspects of
brain shape and size that would be impossible to obtain in other
ways for extinct species.

We compared several endocasts of apes and bipedal hominins to
obtain a synthetic view of the evolutionary changes that occurred
in the gross morphology of the brain in the phylogenetic lineage
leading to the modern humans. Given that we are aware of the
limits of themorphological data presented by endocasts, we limited
our analysis to only a few evident characters able to represent the
main transformations of the hominid brains over the last 15million
years.
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The comparative analysis allowed us to identify and describe four-
teen morphological characters in about 24 operational taxonomic
units including four ape species and twenty bipedal hominins
including Australopithecus, Paranthropus, and Homo. We then
mapped the character states onto a reference phylogeny obtained
from a detailed study of the literature and reconstructed endocast
characters at ancestral nodes and, in so doing, we inferred a trans-
formational path of the brain within Hominidae.

Our results agree with some previous works in that we observed
that the posteroventral placement of the parieto-occipital sulcus
is one of the earliest steps of brain modification that occurred at
the transition between Pan and Australopithecus (e.g., [26]). We
observed that in lateral view, the roundness of the brain increased
in two separate phases: (1) at the transition between Pan and
Australopithecus, and (2) at the transition between Australopithe-
cus and Homo. We observed that a peculiar enlargement of the
parietal lobe occurred in the clade formed by Homo georgicus, H.
sapiens, their common ancestor, and all the descendants of this
ancestor, and that amarked enlargement of the distal portion of the
temporal lobe occurred in the clade formed by Homo sapiens+H.
neandertalensis. A synthesis of these transformations is presented
in Figure 10.

We can find a limited number of key transformations in the wide
variation observed in the sample of endocasts analyzed in the
present paper; those transformations are listed in the previous
chapter and shown in Figure 10. Interestingly, these key changes
were about the evolutionary history of specific portions of the
brains in different times of human evolution. Apparently, the first
important step in hominin brain evolution was the reorganiza-
tion of the occipital lobe by the ventromedial placement of the
parieto-occipital sulcus; this character probably has something to
do with (1) the anteroposterior expansion of the parietal lobe, (2) a
reorganization of the visual cortex at the transition between Pan
and Australopithecus, and (3) a redistribution of weight within
the cranial cavity in response to the origin of bipedalism. Unfortu-
nately, there is no evidence of the endocast morphology of earlier
and more primitive bipedal hominins like Orrorin, Ardipithecus,
Sahelanthropus, Kenyanthropus, Australopithecus ramidus, Au.
anamensis, andAu. garhi. For this reason, we cannot know exactly
when the parieto-occipital sulcus moved posteroventrally; we can
state that this transformation occurred at the divergence of Pan
andAustralopithecus between the latest Tortonian and the earliest
Piacenzian.

After that phase, we observe a massive adaptive radiation of early
Homo species including H. rudolfensis, H. habilis, H. ergaster,
KNMER 3733, KNMER 3883,Homo naledi, andHomo georgicus
in a time interval of about 600 ka between about 2.4 and 1.8
Ma. During this phase, several transformations occurred in the
brain of bipedal hominins including an increased roundness of the
frontal lobe and new orientations of the central sulcus (reasonably
related to a reorganization of the primary motor cortex). While
the increased roundness could be related to a reorganization and
size increase of the premotor cortex, interestingly, this morpho-
logical and functional change is not in good agreement with the
archeological record as stone tools begin to become common, in
the stratigraphic record, starting from more than 3 million years
ago [52]; their origin, therefore, pre-dates the modifications of
the primary motor cortex and of the premotor cortex. Whether
the hypothesis that australopithecines were the earliest stone tool

manufacturer is accepted or not [53], itmust be accepted that stone
tool manufacture was possible without a marked modification of
the motor cortex with respect to the great apes. There are several
interesting implications following this logical reasoning that take
into consideration the ability of extant apes to prepare wood and
leaf instruments (e.g., [54]) and to make stone tools [55].

Three transformations occurred in the hominin brain in the lineage
providing the common ancestor of Homo georgicus, H. erectus,
H. floresiensis, H. neandertalensis, H. sapiens, H. heidelbergen-
sis/cepranensis, Daka, andBuia. These transformations include an
anteroposterior expansion of the parietal lobe, a new orientation of
the central sulcus, and a widening of the frontal bec. The first and
the second transformations could be put into relation with changes
in size and shape of the primary sensory cortex and with peculiar
changes in the sizes of areas located in the parietal lobe. These
include areas 7 and 39 that are collectively referred to as posterior
associative areas and have to do with attention mechanisms and
the associative processing of sensorial stimuli (e.g., [56–58]).More
detailed analyses could help in understanding the exact amount of
anteroposterior expansion of the parietal lobe in these species and
the results could be used to test eventual associations between the
relative size of the parietal areas and the origin of the Acheulean
technology [56]. Such a test is outside the scope of the present
paper.

The difference in size between the prefrontal cortices of H. nean-
dertalensis and H. sapiens is not clearly detectable in the fossil
data. Holloway, at first [59], tried to show that Neanderthals had
a smaller frontal lobe than modern humans, but changed his mind
later [60]. A refined geometric morphometrics analysis [61] could
not find a significant difference in the roundness of the forebrain.
More recently, ref. [62] found that the two largest-brained species
have both experienced a non-allometric increase in the frontal
width. Still, Neanderthals have the most apparent latero-lateral
frontal enlargement, even when compared withH. sapiens.

A subtle or no difference in frontal lobe size and shape
emerges when morphometric computational anatomy (surface-
displacement-based morphometry, d-bm) is used to compare the
surface morphology and size between NT and MH in the frontal
region [45]. Conversely, endocast morphometry and d-bm show
significant morphological differences in the cerebellar, parietal,
occipital, and medial temporal regions.

Some studies [63, 64], on the other hand, seem to agree that
Neanderthals had a larger occipital region, likely due to a more
developed visual cortex. Considering that the proportion of the
parieto-occipital cortical block remains relatively constant across
apes and humans [65], a comparatively larger occipital cortex
would likely be accompanied by a relatively reduced parietal cortex.

García-Tabernero et al. [66] observed (a) a deviation in the occip-
ital pole fossa from the mid-sagittal plane in Homo neandertalen-
sis, (b) a deviation in the occipital portion of the brain, and (c) an
inclinationof the supra- and infracalcarine fossae compared with
H. sapiens, which might suggest differentiated patterns between
these two species.

Fromour analysis, the brains ofmodern humans andNeanderthals
show changes in the relative size of the distal portion of the tempo-
ral lobe and amarked ventral protrusion of the occipital lobe, giving
the posterolateral border of the temporal lobe a ventrally concave
outline. It is not to be excluded that these transformations provided
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increased capacity for memory and emotive control. In particular,
on the left side, the enlargement of the temporal lobe is to be related
to an increase in memory and language-related capacities, and, on
the right side, to capacities required for improvement in emotional
functions. A functional asymmetry in the human brain is reflected
to some extent in morphological (and morphometric) asymmetry.
These subtle differences can be found at both macroscopic and
microscopic levels (distribution of nerve cells, connectivity, and
neurochemistry). In a comparative context, however, endocranial
asymmetry is not a human prerogative, but it is shared with all the
great apes. This is true for some of the asymmetry patterns pre-
viously described as prerogative on Homo: not only humans, but
also chimpanzees, gorillas, and orangutans exhibit the asymmetry
pattern previously described as uniquely human. Specifically, the
left occipital lobe, the right frontal lobe, and the right temporal pole
and right cerebellar lobe project more prominently toward their
contralateral counterparts. On the other hand, another study [67]
was able to detect a much more variable asymmetry compared
to other great apes with high species-specific variation. A recent
study [68] does not appear to support the hypothesis [69], which,
based onMRI data, suggested that modern humans possess a right
temporal lobe that is not only absolutely but also relatively larger
in proportion to the right hemispheric volume when compared to
that of other anthropoid apes. In any case, we must hypothesize
that a positive association between brain transformations and the
complexity of stone tool assemblages must be hypothesized as H.
neandertalensis and early H. sapiens are related to the spreading

of the Middle Paleolithic stone tool technology, to burial-related
ritualistic behaviors, and to the manufacture of ornamental items
(e.g., [70]).

The lunate sulcus (LS) marks the front boundary of the primary
visual cortex (V1) and its position in the occipital lobe has been
used to assess evolutionary brain changes. In apes, it is posi-
tioned more anteriorly, while in humans, it is more posterior. In
Australopithecines, debate exists over whether the LS had shifted
posteriorly, indicating early brain reorganization, or remained in
an ape-like anterior position. Researchers like Falk [71] argue that
it remained anterior, suggesting a brain size increase came first,
while Holloway ([72] and the literature therein) contends that
it was already posterior, implying that reorganization occurred
without size change.

It is important to note that the controversy surrounding the po-
sition of the lunate sulcus extends beyond the paleoneurology of
the human clade and encompasses extant species. In general, the
position of the lunate sulcus appears to be significantly more vari-
able in humans than in apes and does not consistently demarcate
the anterior boundary of the occipital lobe. Intriguingly, several
scholars have questioned whether the lunate sulcus observed in
anthropoid apes is truly homologous to that found in humans [73].
In any case, the morphology of LS appears variable in humans
because of substantial brain enlargement and reorganization, with
a functional dissociation from the visual cortex [74].

Figure 10 • Synthetic representation of the main morphological transformations of the hominid brain in the last 15 million years. The
fucsia silhouettes represent schemes of brains showing the principal morphological characters studied in the present paper. Caption: C.,
Calabrian; G., Gelasian; H., Holocene; PLEISTOC., Pleistocene. The light blue rectangle indicates the Early PleistoceneHomo radiation.
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5. Conclusions
In the end, our work provides a framework about the evolution of
the grossmorphology of the hominid brain.We identified a limited
number of morphological changes that occurred in the hominin
brain since the chimp–australopithecine divergence, showing the
origin of key characters in determinate periods of hominid evo-
lution. We confirm previous works about mosaic evolution of the
brain surface in hominins and show key transformations possibly
related to functional outputs that can be tested against the arche-
ological record of hominin behavior. The limits of our work are
in the reduced number of endocasts used in our analyses and in
the quality of the endocast preservation that can be insufficient
to warrant observation of anatomical details. The inclusion of
additional specimens to our dataset will refine our conclusions and
help in deciphering the side evolutionary trends observed in extinct
hominin species.
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