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Abstract

Diploic veins are part of the circulatory system of the head. They transport

venous blood and cerebrospinal fluid and are housed in diploic channels

(DCs). DCs are highly variable in terms of their position, extension, and size.

These parameters were hypothesized to be related to the variations in cranial

vault thickness (CVT). For the first time, we analyzed the spatial relationship

between CVT and DCs in a sample of eight H. neanderthalensis and H. sapiens

cranial fossils. Using micro-CT scanning data, we constructed color maps of

the CVT and visually inspected whether the regional thickness variation was

associated with the morphology and distribution of the DC branches. The

results showed that when regional bone thickness was below a certain thresh-

old, no DCs or scattered small DC branches were present. Larger DC branches

appeared only when the thickness exceeded the threshold. However, once the

threshold was reached, further increases in thickness no longer resulted in more

or larger DCs. This study also found that our sample of H. neanderthalensis and

H. sapiens have different distribution patterns in thin areas, which may affect

how their DCs connect with different branches of the middle meningeal vessels.

This preliminary study provides evidence for the discussion on the interaction

between the cranium, brain, and blood vessels. Future research should include

more hominin fossils to better document the variation within each species and

possible evolutionary trends among hominin lineages.
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1 | INTRODUCTION

The diploic channels (DCs) course between the compact
layers of the cranial bones, bridging the extracranial and
intracranial vascular networks (Breschet, 1829; García-
Gonz�alez et al., 2009; Hershkovitz et al., 1999; Lachkar

et al., 2019). DCs play an important role in the transport
of venous blood and cerebrospinal fluid (Tsutsumi
et al., 2015, 2014; Yamashiro et al., 2021). Previous stud-
ies have hypothesized that DCs are associated with brain
evolution because they are involved in brain metabolism
and heat management (Falk, 1990; Kunz & Iliadis, 2007;
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Rangel de L�azaro et al., 2016, 2020). Thus, identifying the
evolutionary trajectory and variable morphology of DCs
across hominin specimens should provide a better under-
standing of the interaction between the brain and cranial
circulatory system during human evolution.

Although there are limited studies on DCs, most have
noted high variability in this vascular network (García-
Gonz�alez et al., 2009; Hershkovitz et al., 1999; Rangel de
L�azaro et al., 2020; Tsutsumi et al., 2013). However, the
factors associated with the variations in DCs remain
unclear. A possible factor frequently discussed is the cra-
nial vault thickness (CVT) (Eisov�a et al., 2016; Rangel de
L�azaro et al., 2020). The cranial bones provide space for
DC extension. Thicker bones allow for expansion of the
DC system in terms of both size and complexity. Concur-
rently, the morphology of DCs can influence the blood
flow volume and drainage pathways in the bones where
they run, which may affect bone mineralization, matura-
tion, and metabolism (Eisov�a et al., 2016; Marks &
Odgren, 2002; Percival & Richtsmeier, 2013). Therefore,
thicker bones may require adaptations to the DC system.

Hershkovitz et al. (1999) compared two groups of
extant adult humans with developed and undeveloped
DC systems and showed that the developed group had
slightly thinner midfrontal regions and slightly thicker
mid parietal regions. Eisov�a et al. (2016) tested the rela-
tionship between parietal CVT and DC diameter in
extant human populations and found no patent correla-
tion between them. In contrast, Rangel de L�azaro et al.
(2020) studied the growth rates of DCs and cranial bones
in dry skulls with estimated age ranges (including non-
adults) and found that CVT was a major determinant of
DC morphology, although the growth rates of DCs and
cranial bones were different. Rangel de L�azaro et al.
(2020) hypothesized that CVT was a threshold factor. In
other words, the DC system can develop only after the
bones have reached their minimum thickness.

Current evidence is insufficient to determine whether
there is a correlation between DC systems and CVT. In
addition, previous studies measured the average thick-
ness of entire bones, although we know that each cranial
vault bone varies in thickness across its area. We do not
yet know whether uneven thickness distribution within a
cranium influences the spatial distribution of DCs, and if
so, how. Furthermore, hominin species exhibit various
CVT distribution patterns (Balzeau, 2007, 2013; Beaudet
et al., 2018; Gauld, 1996). We hypothesize that if CVT is a
major determinant of DC morphology, hominin species
would vary in their DC systems, which could reflect vari-
ations in the configuration of the cranial circulatory
system.

We test these ideas by comparing Homo neandertha-
lensis with the fossil Homo sapiens. H. neanderthalensis is

characterized by an abundance of cranial fossil remains,
many of which have well-preserved diploic layers. The
size of the samples and preservation of the diploe are
important for collecting adequate data to test the hypoth-
eses about DC morphology, its relationship with CVT,
and to allow comparison with H. sapiens. Additionally,
H. neanderthalensis has a similar brain size to H. sapiens
(Aiello & Dean, 1990; Schwartz et al., 2002). This allows
us to minimize the influence of cranial size, which is
another factor hypothesized to be associated with the
morphology of the DC system (Eisov�a et al., 2016, 2022;
Hershkovitz et al., 1999; Rangel de L�azaro et al., 2020).
Therefore, the present study compares the distribution
patterns of CVT and the relationships between local CVT
and DC systems in several key H. neanderthalensis and
H. sapiens fossils. The aims of this study are to (1) deter-
mine whether the regional thickness of the cranium is
related to the distribution and morphology of the DC sys-
tem and (2) explore whether the differences in the DC
system between our sample of H. neanderthalensis and
fossil H. sapiens are related to their distinct distribution
patterns of the CVT.

2 | MATERIALS AND METHODS

Our samples comprised four H. neanderthalensis and four
H. sapiens cranial fossils (Table 1). Fossil specimens were
discovered in Western Europe and curated at the French
National Natural History Museum and Royal Belgian
Institute of Natural Sciences. All fossils date back to the
Late Pleistocene (Devièse et al., 2021; Douka et al., 2020;
Henry-Gambier, 2002; Raynal & Pautrat, 1990; Semal
et al., 2009), and are relatively well preserved. The micro-
tomography platform “RX Solutions EasyTom 150” was
applied to scanning the Spy 1 and Spy 10 crania, and the
platform “Phoenix Vjtomejx L240” was used to scan all
other crania (Hui & Balzeau, 2023). The voxel thicknesses
of all the Micro-CT images of the sample were below
0.15 mm, which allowed the reconstruction of even the
microscopic structures.

In this study, we used the 3D models of DCs from our
previously published work (Hui & Balzeau, 2023), in
which we detailed the criteria for identifying DCs and
the protocols for 3D modeling. In this previously pub-
lished work, the DCs were identified by visually inspecting
the micro-CT images and translucent 3D models of fossil
crania using the software 3D Slicer v4.13 (Fedorov
et al., 2012). If visual inspections revealed a structure in
the diploe with a vascular-like shape and connections with
other vessels or DCs, we classified this structure as a
DC. The 3D modeling of DCs in the previous study was
conducted continually in 3D Slicer (Hui & Balzeau, 2023).

2 HUI and BALZEAU
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For most DC branches, the gray levels of their voxels were
distinct from those of the surrounding bones. Thus, the
“Flood filling” function in the software could distinguish
those DCs from the bone and automatically conduct the
segmentation in this previous study. Still, the gray levels of
a few branches were similar with those of bones, and we
in this previous study used the “Paint” function to seg-
ment these branches manually. After segmentation, the
3D Slicer automatically displayed the DC models as three-
dimensional visualizations.

Through qualitative inspection, we in this current
study estimated the distribution, pathway, amount, and
size of DC branches in the crania. Like in the previous
study (Hui & Balzeau, 2023), a DC with more offshoots
and longer pathway and diameter was considered “more
developed” in our subsequent qualitative descriptions.
Conversely, a DC branch could be described as “narrow”
or “small” if qualitative inspection found its diameter or
length to be shorter than those of the majority of DC
networks.

This study was also able to reconstruct 3D models of
both the endocasts and external surfaces of the crania
using 3D Slicer. We then used the “Surface distance”
function of Avizo v9.0 (FEI, Hillsboro, Oregon) to esti-
mate the distances between the endocast and external sur-
face. For the neurocranium, this distance is equal to the
bone thickness (i.e., CVT). The “Surface Distance” function
automatically generated 3D color maps, in which the color
representing distance values ranged from light blue (lower)
to yellow (higher). By referring to the color scale, we esti-
mated the local values of the neurocranium. This study was
limited to the frontal, parietal, and occipital bones, where
DCs are usually distributed. Additionally, as in some speci-
mens, the thicknesses of some regions were distorted by the
artificial filling materials, and these affected regions were
excluded from the color map.

For comparison, we used a color scale ranging
between 2 and 22 mm for all specimens. Lowering the

lower limit to 2 mm ensured that the most extremely thin
regions could be included within the analysis range. To
cover the thickest part of the neurocranium (the supraor-
bital ridge and frontal crest), the upper limit was raised
to 22 mm. Regions with distance values <2 mm were
uniformly shown in white, whereas regions with distance
values >22 mm were uniformly shown in yellow. Thus,
the facial parts (except the supraorbital ridge) that had
high values were all displayed in yellow and were
excluded from the analysis. For our specimens, this scale
(2–22 mm) was sufficient to show the details of the varia-
tion in the neurocranial CVT. Additionally, as this scale
has been applied in many studies (Balzeau, 2013; Balzeau
et al., 2017; Balzeau & Charlier, 2016), using a unified
scale would benefit future comparisons among indepen-
dent studies.

Finally, we qualitatively compared the general thick-
ness of each bone to the size and amount. We also identi-
fied the relatively thin and thick areas within each bone
to estimate the spatial relationship between these areas
and the DC network. Statistical analysis was not possible
because of the sample size and variable completeness of
the specimens.

3 | RESULTS

3.1 | Homo sapiens

3.1.1 | Cro-Magnon 1

The thickest area of the frontal bone is the supraorbital
ridge (ranges from 14.5 to 21.5 mm), which houses many
narrow DCs (Figures 1 and 2). Most of the frontal DC
network is housed in the thick frontal squama. The upper
part (5.0–15.5 mm) of the frontal squama is thicker than
the lower part (7.5–12.5 mm), but the upper part does not
display more DC branches. The lower part of the

TABLE 1 The inventory of the

materials.
Species Specimen Locality Material source

H. sapiens Cro-Magnon 1 Dordogne, France MH

Cro-Magnon 2 Dordogne, France MH

Cro-Magnon 3 Dordogne, France MH

Abri-Pataud Dordogne, France MH

H. neanderthalensis La Chapelle-aux-Saints 1 Corrèze, France MH

La Quina H5 Charente, France MH

Spy 1 Namur, Belgium RBINS

Spy 10 Namur, Belgium RBINS

Abbreviations: MH, Musée de l'Homme (a department of the French National Natural History Museum),
Paris, France; RBINS, Royal Belgian Institute of Natural Sciences, Brussels, Belgium.

HUI and BALZEAU 3
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temporal fossa of the frontal bone is very thin
(2.0–5.0 mm) and there are no DC (Figure 3). A patholog-
ical area exists in the frontal squama where the diploic
layer has been damaged; thus, we cannot judge whether
any DCs ever existed there. However, the surrounding
DC branches do not show a tendency to enter pathologi-
cal areas. The thickness of the parietal bones is generally
comparable to that of the frontal squama, which have
numerous DCs. The upper third of the parietal bones is the
thickest portion (4.5–14.5 mm), but the DCs are not rela-
tively more developed in this area. In the bregmatic area
and the lower third of the parietal bones (adjacent to
the squamosal suture), there are relatively thin areas
(<4.5 mm). The main DC branches bypass these thin areas
and only a few narrow DCs extend to their edges. The
occipital bone is generally thinner than the parietal and
frontal bones, and displays a less developed DC network
(Figures 3 and 4). Most occipital DCs are located along the
midline, which is the thickest area (7.5–13.5 mm) of the
occipital bone, although narrow DC branches also present
in the relatively thinner areas (6.0–9.0 mm).

3.1.2 | Cro-Magnon 2

The supraorbital ridge (ranges from 9.0 to 14.0 mm) and
frontal crest (9.5–11.5 mm) are the thickest areas of the
frontal bone, but there are no DC in either area
(Figures 1 and 2). The majority of the frontal DC network
is distributed in the middle and upper frontal squama.
Unlike Cro-Magnon 1, the most abundant area of DCs is
adjacent to, but not in, the thickened area of the frontal
squama (the center of the squama, ranges from 7.5 to
11 mm). Interestingly, we find that the bone is relatively
thin (<4.5 mm) on both sides of the temporal line
(Figure 3), while the temporal line itself is thicker
(5.0–8.5 mm). In this area, the DCs course only along
and beneath the temporal line, bypassing the relatively
thin areas on both sides. The parietal bones are similar in
thickness to the frontal squama and have comparably
developed DC networks. Most parietal DCs are restricted
to the relatively thick upper part (6.0–10.0 mm). They
extend in the superoinferior direction and stop when
approaching the boundary of the thin areas of the bone

FIGURE 1 The anterior views of the DCs and surface-distance color maps. (a–d) Cro-Magnon 1, Cro-Magnon 2, Cro-Magnon 3, and

Abri Pataud; (e–h) La Chapelle-aux-Saints 1, La Quina H5, Spy 1, and Spy 10. The areas affected by artificial filling materials are excluded

and marked in gray. DCs, diploic channels.

4 HUI and BALZEAU
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(3.0–6.0 mm), which correspond to the anterosuperior
and lower parts of the parietal bone. The thickest areas of
the parietal bones are located above the parietal emi-
nence, reaching a maximum of 10.0 mm; they do not dis-
play the most abundant DCs. The DCs in the occipital
bone are restricted in the relatively thick paralambdoid
areas (5.5–7.0 mm) and the groove of the transverse sinus
(5.0–10.5 mm, Figures 3 and 4). The extension of the
occipital DCs stops before entering the thinnest area
(3.0–3.5 mm) located in the cerebral fossa.

3.1.3 | Cro-Magnon 3

The thickest area of the frontal bone is the supraorbital
ridge (ranges from 11.0 to 17.0 mm), where only a few
narrow DCs pass through (Figures 1 and 2). The lower
edge of the frontal squama (5.0–7.0 mm) houses rich DC
branches and it is considerably thinner than the adjacent

supraorbital ridge. The most long and wide DC branches
are distributed in the thicker areas of the frontal squama,
whereas the thickest areas (peak at 10.0 mm) did not pos-
sess the most abundant branches. The thinnest area
(<3.0 mm) of the frontal bone is located below the tem-
poral line and shows no DC branches (Figure 3). There is
an apparent difference in thickness between the two sides
of the coronal suture. The anterior side (located on the
frontal bone, 4.0–6.5 mm) is thicker, while the posterior
side (located on the parietal bone, 3.0–5.5 mm) is thinner.
In general, the entire paracoronal region contains only
scarce DCs. The preserved part of the parietal bone is
thinner than that of the frontal bone. The upper part of
the parietal bones (3.5–8.0 mm) is slightly thicker than
the lower (2.0–7.0 mm), but they both house comparable
DC networks. The thinnest areas of the parietal bones
correspond to the groove of the middle meningeal vessels
(3.0–5.0 mm) and the area above the middle squamosal
suture (2.0–3.5 mm). The latter does not exhibit DVs.

FIGURE 2 The superior views of the DCs and surface-distance color maps. (a–d) Cro-Magnon 1, Cro-Magnon 2, Cro-Magnon 3, and

Abri Pataud; (e–h) La Chapelle-aux-Saints 1, La Quina H5, Spy 1, and Spy 10. The areas affected by artificial filling materials are excluded

and marked in gray. DCs, diploic channels.
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In the preserved part of the occipital bone, most DCs are
distributed along the midline (6.5–10.5 mm) and the
groove of the transverse sinus (5.5–9.0 mm), which are
the thickest areas (Figures 3 and 4). The extension of DC
branches stops when approaching the edge of the thinner
areas (3.5–4.5 mm) in the cerebral fossa.

3.1.4 | Abri-Pataud

The thickest areas of the frontal bone are the supraorbital
ridge (9.0–13.0 mm) and the frontal crest (8.0–9.5 mm),
where there are no DC branches (Figures 1 and 2). The
frontal DCs bypass the thick center of the frontal squama
(5.0–8.5 mm) and concentrate in the lateral part of the
frontal bone (4.0–7.0 mm). In addition, frontal DCs
bypass the thinnest area (<3.5 mm) located below the
temporal line (Figure 3). The parietal bones are generally
thicker than the frontal squama and house wider and lon-
ger DC branches. The sagittal suture (3.5–6.0 mm) and the
anterior (<5.5 mm) and inferoposterior (<4.0 mm) parts of
the parietal bones are the thinnest areas. Parietal DCs
extend only to the boundaries of these thin areas without
entering. The thickest area (peaks at 10.5 mm) of the parie-
tal bone is located above the parietal eminence; however, it
does not contain the most abundant branches. The thick-
ness of the occipital bone is comparable to that of the
parietal bone; however, only few DCs are observed in
the occipital bone (Figures 3 and 4). The cerebral fossa

(4.0–6.0 mm) is thin and has no DCs. The occipital DCs are
distributed along the groove of the transverse sinus (includ-
ing the confluence of sinuses, 6.0–12.5 mm), which is the
thickest area of the occipital bone.

In general, the thinning of the temporal fossa and the
anterosuperior and inferior parts of the parietal bone was
observed in the H. sapiens sample. A lack of DC branches
in these relatively thin areas is also observed among
H. sapiens specimens. In addition, the thinning and
lack of DCs in the cerebral fossa is a pattern shared by
Cro-Magnon 2, 3, and Abri-Pataud.

3.2 | Homo neanderthalensis

3.2.1 | La Chapelle-aux-Saints 1

The supraorbital ridge (>14.0 mm) is the thickest area of
the frontal bone and contains many narrow DCs
(Figures 1 and 2). The entire frontal squama is also a
thick area (5.5–14.0 mm), compared with other areas in
the whole neurocranium, and contains abundant large
DC branches. The thinnest areas (<4.5 mm) of the frontal
bone are located below the temporal line and no DCs are
found (Figure 3). The overall thickness of the parietal
bone is similar to that of the frontal squama and has a
highly developed DC network. The thickest regions of
the parietal bones have a rich network of DCs—they are
the central area of the parietal bone (7.5–9.5 mm), the

FIGURE 3 The lateral views of the DCs and surface-distance color maps. (a–d) Cro-Magnon 1, Cro-Magnon 2, Cro-Magnon 3, and Abri

Pataud; (e–h) La Chapelle-aux-Saints 1, La Quina H5, Spy 1, and Spy 10. The better-preserved side of each specimen is presented. The areas

affected by artificial filling materials are excluded and marked in gray. DCs, diploic channels.
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areas near the lambdoid (6.5–9.0 mm), and the area
above the squamosal suture (6.0–9.5 mm). The thinnest
area of the parietal bone is the anterosuperior region
(<4.0 mm), with only scattered small DC branches. The
occipital bone is also thick, although fewer DCs are
observed than in the frontal and parietal bones (Figures 3
and 4). Most occipital DCs are distributed in the cere-
bral fossa (5.0–7.5 mm) and the asterional region
(5.0–9.0 mm), while there are only a few narrow DCs
scattered along the midline (7.5–10.0 mm), which is the
thickest part of the occipital bone.

3.2.2 | La Quina H5

The thickest part of the frontal bone is the supraorbital
ridge (11.0–21.5 mm), where a few narrow DCs pass
through (Figures 1 and 2). The general frontal squama is
relatively thin, with the thinnest areas located below the
temporal line (<3.0 mm, Figure 3) and at the center
of the frontal squama (excluding the frontal crest,
3.0–5.5 mm). These thinnest areas display no DCs or only
scattered narrow DCs. Most of the frontal DCs are

distributed in the lateral part of the frontal squama
(3.5–7.5 mm), an area where thickness is slightly higher
than the thinnest areas. The DCs and thicknesses of the
parietal bones are comparable to those of the frontal
squama. The thick areas of the parietal bone are the para-
sagittal (4.5–6.5 mm), central (4.0–6.5 mm), and lower
(3.5–7.0 mm) regions, where the DCs are also mainly dis-
tributed. Thin areas (<4.0 mm) appear in the anterosuper-
ior part of the parietal bone, where there is no distribution
of large DC branches. The thickness of the occipital bone
is similar to that of the parietal bone. However, there are
fewer and smaller DCs in the occipital bone (Figures 3
and 4). While there are no main branches along the mid-
line (5.0–8.0 mm), the thickest area, most of the occipital
DCs are distributed in the relatively thinner asterional
region (4.0–7.0 mm) and the cerebral fossa (3.5–6.0 mm).

3.2.3 | Spy 1

The thickest part of the frontal bone is the supraorbital
ridge (>14.0 mm), which displays no DCs (Figures 1 and 2).
The DCs in the frontal squama (4.5–14.0 mm) are

FIGURE 4 The posterior views of the DCs and surface-distance color maps. (a–d) Cro-Magnon 1, Cro-Magnon 2, Cro-Magnon 3, and

Abri Pataud; (e–h) La Chapelle-aux-Saints 1, La Quina H5, Spy 1, and Spy 10. The areas affected by artificial filling materials are excluded

and marked in gray. DCs, diploic channels.
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generally evenly distributed. The thinnest area
(<4.5 mm) appears below the temporal line where there
are no DC manifested (Figure 3). The thickness of the
parietal bones is similar to that of the frontal squama;
however, the parietal bones have a more developed net-
work of DCs. The thickest areas of the parietal bones are
in the central part (peak at 10.5 mm), but DCs are not
the most abundant. The most developed DCs appear in
the lower half of the parietal bones (5.5–7.5 mm). The
thinnest area (5.5–7.0 mm) is located in the anterosuper-
ior part of the parietal bones, where there are scattered
narrow DCs. The thickness of the occipital bone was sim-
ilar to that of the parietal bone; however, the occipital
bone contains fewer and smaller DCs (Figures 3 and 4).
There are a large number of DCs in the thickest area
(9.5–11.5 mm) below the lambda, and there are also
many branches distributed in the cerebral fossa
(6.5–9.5 mm) and the asterional region (7.0–10.5 mm).

3.2.4 | Spy 10

The thickest area of the frontal bone is the supraorbital
ridge (>10.0 mm); however, there are only a few DCs in
this area (Figures 1 and 2). The frontal squama center
(4.5–5.5 mm) and the two sides of the temporal line
(4.0–6.0 mm) are thin and only have scattered DCs
(Figures 2 and 3). In contrast, the other parts of the fron-
tal squama are thicker (5.0–10.0 mm) and contain most
of the large DC branches. The exception is the bregmatic
area (6.5–8.0 mm), which is thick but does not display
DCs. The parietal bones have a similar thickness and
well-developed DC network as the frontal squama. The
relatively thin areas of the parietal bone are located in
the anterosuperior part (3.0–5.0 mm), the paralamb-
doid region (3.5–6.0 mm), and the asterional region
(4.5–5.5 mm). The asterional region is rich in DCs,
whereas the other thin areas have only a few narrow
DCs. The center (5.5–10.0 mm) and parasagittal area
(5.0–9.5 mm) of the parietal bone are thicker, and most
of the DCs are distributed there. The thickest point (peak
at 10.0 mm) of the parietal bone is at the center; however,
DCs could not be observed because of taphonomic dam-
age. The thickness of the occipital bone is similar to that
of the parietal bone but with fewer and smaller DCs. The
occipital DCs are mainly distributed in the midline
(8.5–10.5 mm), the asterional region (6.5–10.5 mm), and
the groove of the transverse sinus (4.5–9.0 mm), which
are the thick areas (Figures 3 and 4). Additionally, some
DCs extend into the edge of the relatively thin cerebral
fossa (4.5–7.0 mm).

In comparison with the H. sapiens fossils (Figure 3),
all H. neanderthalensis specimens also show thinning in

the temporal fossa of the frontal bone and the anterosu-
perior part of the parietal bone, where DC branches are
absent or scarce. However, the inferior part of the parie-
tal bone and cerebral fossa in most H. neanderthalensis
specimens is relatively thick and possesses many DC
branches, which is different from H. sapiens fossils.

4 | DISCUSSION

Our study presents a comparative analysis of CVT and
DCs in samples of H. neanderthalensis and fossil
H. sapiens to explore the potential relationship between
CVT and DC distribution and morphology. Furthermore,
we investigate whether the distinct CVT patterns of these
two samples contributed to their DC characteristics.

Theoretically, there is an association between DC and
CVT. Cranial vascular networks are involved in bone
growth and metabolism (Eisov�a et al., 2016; Marks &
Odgren, 2002; Percival & Richtsmeier, 2013). As DCs
are part of the vascular system, a thicker cranial bone
may require a more developed DC system for support.
In addition, DCs may require a sufficiently thick bone
to provide sufficient space for vascular extension. How-
ever, previous studies on the correlation between DC
and CVT remain inconclusive, with contradictory find-
ings (Eisov�a et al., 2016; Hershkovitz et al., 1999;
Rangel de L�azaro et al., 2020).

Our samples of H. sapiens and H. neanderthalensis
both exhibit a lack of DCs in relatively thin regions of the
neurocranium. Notably, the DC branches from thicker
areas terminate when approaching the edges of thin
regions or circumvent them. However, outside these
thin areas, CVT does not show an observable influence
on the DCs. Specifically, regions with the highest CVT
values, such as the supraorbital ridge, frontal crest, and
the area above the parietal eminence, do not necessarily
exhibit the highest density or largest diameter of DCs. In
addition, when the frontal squama, parietal bone, and
occipital bone have similar overall thicknesses, their DCs
differ in both number and size. Notably, despite posses-
sing an overall thickness comparable to that of the parie-
tal bone, the occipital bone consistently has fewer and
smaller DC branches.

Based on this evidence, it can be concluded that when
the regional thickness is below a certain threshold, no
DCs or scattered small DC branches are present. Larger
DC branches appear only when the thickness exceeds a
certain threshold. However, once the threshold is
reached, further increases in bone thickness no longer
result in more or larger DCs. This finding is in consistent
with the “threshold hypothesis” proposed in a previous
study (Rangel de L�azaro et al., 2020), and it also explains
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why previous statistical analyses find insignificant linear
correlation between the DCs and CVT (Eisov�a
et al., 2016). However, the threshold value varies among
individuals. For instance, regions in the Cro-Magnon
1 cranium do not display DCs when the thinness falls
below 4.5 mm. In contrast, in the Cro-Magnon 3 neuro-
cranium, many large DC branches are in regions thinner
than 4.5 mm, and the DCs only disappear when the local
thickness decreases to approximately 3.5 mm. This may
be related to the globally thinner vault in the latter than
in the former. The threshold may be a specimen depen-
dent in relation to the global thickness of the skull.

As previously explained, a more developed DC system
may support a thicker cranial bone. However, it is impor-
tant to note that the development and metabolism of cra-
nial bones are supported by a complex network of
vessels, both within and outside the skull, including the
superficial temporal arteries, veins, middle meningeal
vessels, and dural sinuses (Aiello & Dean, 1990;
Grimaud-Hervé, 2002; Lang, 1983; Yu et al., 2016). There-
fore, the cranial bones do not rely solely on DCs for nutri-
tional or mechanical support.

Additionally, our study describes the characteristic
distribution patterns of relatively thin regions of the neu-
rocranium in H. neanderthalensis and fossil H. sapiens.
Specimens of both species show relatively thin regions of
frontal bone inferior to the temporal line. All specimens
have a thin anterosuperior portion of the parietal bone.
However, the specimens differ in the inferior portions of
the parietal bone. The inferior portion of the parietal
bone in our sample of H. sapiens demonstrated evident
thinning, whereas the inferior portion of the parietal
bone in H. neanderthalensis specimens is comparably
thicker. In addition, the H. sapiens specimens (except
Cro-Magnon 1) display evident thinning of the cerebral
fossa of the occipital bone, whereas the H. neanderthalensis
specimens (except Spy 10) possess a relatively thick cerebral
fossa.

Previous research has suggested that thinning of the
anterosuperior part of the parietal bone is a prevalent
characteristic in both H. sapiens and H. neanderthalensis
and claimed that thinning is associated with compression
from the frontal ascending gyri, particularly with the
course of the anterior ramus of the middle meningeal sys-
tem (Balzeau, 2013). Studies of extant human populations
have revealed that thinning of the inferior portion of the
parietal bone is a common trait in H. sapiens (Eisov�a
et al., 2016; Jung et al., 2003; Marsh, 2013). This is also
evident in our sample (Figures 1–4). The thinning corre-
spond to the junction between the posterior and upper-
most extensions of the temporal gyri and the basal area
of the second parietal convolution. The inferior parietal
lobule forms a marked relief in our H. sapiens specimens

on the endocasts. This relief is directly linked to the
observed thinning of the bone in the corresponding area.
In contrast, the corresponding area in our sample of
H. neanderthalensis shows different combinations of fea-
tures. The Neanderthal inferior parietal lobule forms a
less pronounced relief, and the endocast and cranial vault
in this area display a more rounded shape than the rela-
tively more vertical orientation observed in H sapiens. Thus,
CVT is relatively higher in this area in H. neanderthalensis
specimens.

Within the relatively thin regions of the frontal bone
and the anterosuperior part of the parietal bone, we
observe either no DCs or only small and scarce DCs in
both samples. The lack of DCs in the corresponding
regions may potentially affect communication between
DCs and the anterior branch of the middle meningeal
vessels. Similarly, the thin areas in the inferior parietal
and occipital bones in H. sapiens specimens either do not
display DCs or only displayed small DC branches, again
potentially affecting the communication between the DC
and posterior branches of the middle meningeal vessels.

These observations suggest that the different distribu-
tion patterns of CVT between hominin samples may con-
tribute to the differences in DC morphology and
distribution, possibly influencing the configuration of the
cranial circulatory system. However, it is difficult to pre-
dict how this morphological variation may affect the
functions of the cranial vascular system and brain. As
the DC and MMV networks possess extensive anastomo-
ses, even if the drainage pathways are reduced in specific
areas, collateral routes can compensate for any potential
disruption, thereby maintaining the overall blood circula-
tion within the cranial region.

Future work should expand this study to include
more H. sapiens and H. neanderthalensis fossils to better
document the variation within each species, as well as to
other human species to identify different characteristics
during evolution. However, it is important to pioneer this
field by this current study, comparing two closely related
species to identify possible differences in the relationship
between CVT and DC. This will provide a better under-
standing of the variation in DCs and the relationship
between the skull, cranial circulatory system, and brain.
Additionally, while our study focuses on total bone thick-
ness, the three layers of the cranial bone (i.e., the outer
table, diploe, and inner table) are not equally thick. Fur-
ther studies are warranted to estimate the relationship
between DCs and the thickness of each layer.
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