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Abstract. The spatial relationships between brain and braincase represent a major topic in
surgery and evolutionary neuroanatomy. In paleoneurology, neurocranial landmarks are often
used as references for brain areas. In this study, we analyze the variation and covariation of
midsagittal brain and skull coordinates in a sample of adult modern humans in order to
evidence spatial associations between hard and soft tissues. The correlation between parietal
lobe size and parietal bone size is very low, and there is a marked individual variation. The
distances between lobes and bones are partially influenced by the dimensions of the parietal
lobes. The main pattern of morphological variability among individuals, associated with the
size of the precuneus, does not influence apparently the position of the neurocranial sutures.
Therefore, variations in the precuneal size modify the distance between the paracentral lobule
and bregma, and between the parietal lobe and lambda. Hence, the relative position of the
cranial and cerebral landmarks can change as a function of the parietal dimensions. The scarce
correlation and covariation among these elements suggest a limited degree of spatial
integration between soft and hard tissues. Therefore, although the brain influences the cranial
size and shape during morphogenesis, the specific position of the cerebral components is
sensitive to multiple effects and local factors, without a strict correspondence with the bone
landmarks. This absence of correspondent change between brain and skull boundaries
suggests caution when making inferences on the brain areas from the position of the cranial
sutures. The fact that spatial relationships between cranial and brain areas may vary according
to brain proportions must be considered in paleoneurology, when brain anatomy is inferred
from cranial evidence.

Keywords: neuroanatomy, parietal lobes, precuneus, vault, geometric morphometrics,
paleoneurology;
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Introduction

The brain and the braincase are partially integrated through their functional and structural
relationships (Richstmeier et al., 2006). Brain growth generates pressures during
morphogenesis, inducing changes on the elements of the braincase (Enlow, 1990). At the same
time, such forces may be redirected by biomechanical tensors like the meningeal layers (Moss
and Young, 1960) or, on a smaller scale, by the neurons themselves (Van Essen, 1997; Hilgetag
and Barbas, 2005), shaping the braincase and the cortex, respectively. The facial block and the
cranial base exert further constraints on the neurocranial and cerebral system, adding further
factors of correlation (Bookstein et al., 2003; Bastir and Rosas, 2005). In ontogenetic terms, the
neural elements, maturing earlier, influence the basal and facial areas, which mature later
(Bastir et al., 2006). Nonetheless, later changes of the facial block can induce minor changes of
the brain morphology (Neubauer et al., 2009). In evolutionary terms, it is expected that the
bone components influence the brain morphology at the endocranial base, while in the vault
the reverse situation is more likely, with the cortical tissue shaping the bony elements (Bruner,
2015). Integration plays a major role in phylogenetic and ontogenetic changes, but it seems
somehow less decisive in shaping adult intra-specific variation. In adult variability, local factors
still have a major role in influencing the endocranial (Bruner and Ripani, 2008) and cerebral
(Bruner et al., 2010; Gomez-Robles et al., 2014) shape. In both cases, spatial proximity is the
main source of integration suggesting that, at least in morphology, structural factors may be
largely a matter of short range physical interactions. Such local influences and anatomical
dissociation are therefore major forces in cranial evolution (Bookstein et al., 2003;
Mitteroecker and Bookstein, 2008).

The spatial organization of brain and braincase is a relevant issue in medical and evolutionary
fields. In microsurgery, the spatial relationships between cranial and cerebral points can supply
relevant information during craniotomies and for intraoperative identification of the sulcal
patterns (Ribas et al., 2006). The reciprocal influence between soft and hard neurocranial
elements is also essential when dealing with pathological conditions altering the timing of
growth and development, like in craniosynostoses (Aldridge et al., 2002). In paleoneurology,
this information is necessary to provide reliable inferences on brain morphology from
neurocranial osteometric landmarks (Holloway et al., 2004; Bruner et al., 2011; Ogihara et al.,
2015). Previous analyses have been published which investigate the brain midsagittal shape
variation in adult humans by using digital anatomy and geometric morphometrics, this plane
being relevant in terms of biological organization and human evolution (Bruner et al., 2010;
2014a). However, we ignore how these brain morphological variations can influence the
boundaries of the cranial elements, and to what extend the cranial boundaries can be used to
get indirect information on the extension of the underlying brain areas.

The morphogenetic association between vault bones and lobes is due to brain pressure and
endocranial forces redistribution (Moss and Young, 1960; Enlow, 1990) and embryological
processes shared by soft and hard tissues (Jang et al., 2002; Morriss-Kay and Wilkie, 2005).
This leads to a correspondence between brain and bones general morphology and surface
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geometry. Nonetheless, beyond the general vault curvature, we currently ignore to what
extent the expansion of the bone, as delimited by its sutures, is influenced by brain size.

The pattern of suture displacement will depend upon local factors and the precise distribution
of such morphogenetic forces (Fig. 1). A correspondent growth of lobes and bones will involve
proportional changes between these areas. In this case, for example, larger parietal lobes will
involve larger parietal bones, and a proportional displacement of the respective sutures.
Conversely, a non-linear growth, or a growth based on multiple independent factors, will
involve a small or null spatial correlation between cranial and cerebral elements.

To investigate these two alternatives, we analyze the spatial variations of midsagittal cranial
and cerebral landmarks in a sample of adult individuals in order to establish patterns and
constraints associated with the relationships between hard and soft tissues according to the
normal endocranial variability of our species. A null hypothesis is represented by absence of
association between bones and lobes, in terms of dimensions (as measured by diameters) and
spatial position (as measured by landmark coordinates). In this case, larger lobes are not
associated with larger bones, and the brain variations do not influence the dimensions of the
bones and the position of their sutures. Conversely, under a direct and linear relationship,
changes in one of these references (cranial bones or brain lobes) should be associated with
corresponding changes in the others. In this case, the spatial relationships between cranial and
brain landmarks should remain stable. If brain morphology influences directly the growth of
the adjacent bone elements, for example, larger parietal bones should be associated with
larger parietal lobes, and the spatial relationships between lobes and bones should remain
constant.

Materials and methods

One-hundred adult individuals were sampled from the OASIS magnetic resonance (MRI)
database (Marcus et al., 2007). The sample is composed of 50 males and 50 females, with an
age range of 20-40 years. This range was selected to include brains with full maturation and
stable cortical morphology (according to Gogtay et al., 2004), but avoiding the following
decades in which brain shrinking can influence the spatial relationships between brain and
skull topology. MRI signal is based onto the concentration of water or fat, and it is therefore
more suited to reveal the morphology of the soft tissues. Although it is scarcely useful to
reveal the cranial elements, it can however show the position of the cranial sutures, because
of their connective content (Cotton et al., 2005). Using MRI to reveal sutures and bone
boundaries can limit the resolution of the analysis, but nonetheless it represents a useful
operational compromise to deal with soft and hard tissues at once. Integration of tomographic
and resonance data would be more suited for this scope but, at present, it is not feasible for
large samples in terms of costs, logistics, and X-ray exposure. Because of the noise associated
with this operational limit, further researches with different techniques will be surely
necessary to supply more detailed data on this topic.
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We analyzed the midsagittal section because it has many homologous landmarks for both
brain and skull, being largely investigated in evolutionary neuroanatomy (Bruner et al., 2004;
2010). Twenty-three landmarks were sampled in two dimensions from brain and cranial
references (Fig. 2). In particular, the boundaries between frontal, parietal, and occipital bones
and lobes are of interest for this study to evaluate whether the position of the former can be
used to estimate the position of the latter. Landmarks on the vault profile were all sampled
along the endocranial surface, independently upon the presence of meninges and of the
cerebrospinal fluid. Scans are below such degree of resolution, and this minor approximation
does not influence the macroanatomical variations we are interested in this study. Although
this study concerns the midsagittal elements, landmarks have been localized by using the
information available throughout the whole MRI stacks. This approach is useful when dealing
with individual variations, allowing the recognition on a larger scale of sulci and gyri beyond
confounding factors like the presence of connective and vascular components. Bregma
(endobregma) and lambda (endolambda) were localized by following, throughout the whole
MRI stacks, the course of the coronal and lambdoidal sutures. The sutures can be recognized
moving along the stacks through transversal or sagittal sections, and bregma and lambda can
be recognized as the midsagittal meeting point between the left and right sutures. The
position of the lambda compared to the location of the parieto-occipital sulcus and the
position of the bregma compared to the central sulcus were specifically considered, being
generally used to delimit the frontal, parietal, and occipital territories. Landmarks were
sampled by one single researcher (HA). Intra-observer error based on 5 replicas digitized in 5
independent sessions shows a range of 0.4 - 1.8 mm, averaging 0.8 mm. Distances between
bregma, central sulcus, marginal branch of the cingulate sulcus, lambda, and perpendicular
sulcus were quantified by studying the distributions of the their distances. The distance
between the marginal branch of the cingulate sulcus and the parieto-occipital sulcus
represents the length of the precuneus. This diameter is particularly important, considering
previous results on its variation (Bruner et al., 2014; Bruner et al., 2015). The distance between
bregma and lambda represents the length of the parietal bone. The distance between central
sulcus and parieto-occipital sulcus represents the length of the parietal lobe. The distance
between the central sulcus and bregma represents the overlapping area between parietal
bone and frontal lobes. The distance between lambda and the perpendicular sulcus represents
the overlapping area between parietal bone and occipital lobes. This last value can be
negative, considering that in few specimens the perpendicular sulcus can be positioned before
lambda, that is under the occipital bone. A preliminary analysis showed a strong correlation
between precuneus chord and arc (R = 0.997; p = 0.0001) and parietal bone chord and arc (R =
0.962; p = 0.0001). However, both arcs and chords will be used here as proxy of midsagittal
size for bones and lobes in order to take the effect of bulging into account.

First, an analysis based on linear correlation among bones and lobes lengths was aimed at
investigating the overall proportions between hard and soft elements. Second, a shape
analysis was performed to evaluate the role of the bones and lobes boundaries within the
main morphological correlation patterns. Shape variation, as represented by a geometrical
model based on landmark coordinates, was analyzed according to the principles of geometric
morphometrics (Zelditch et al., 2004). Two dimensional coordinates from 23 cerebral and
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cranial landmarks (Figure 2) were normalized by Procrustes superimposition, by translating to
a common centroid, scaling to unitary centroid size, and rotated as to minimize the distance
between corresponding landmarks (Bookstein, 1991). This registration minimizes the spatial
differences within the sample, and the residuals after normalization are available to be
analyzed through multivariate statistics. Shape coordinates were analyzed by Principal
Component Analysis, to describe and quantify the patterns of covariation among the
transformed coordinates. The patterns of variation along the multivariate vectors can be
visualized by coordinate displacement and geometrical models, or by using deformation grids
based on thin-plate spline function, which interpolates the minimum deformation associated
with the differences between configurations or along multivariate axes. As such, shape
changes are strictly referred to relative proportions and spatial relationships, and not to the
overall dimensions.

Correlation between different groups of landmarks (blocks) was also further tested by Partial
Least-Square correlation based on separate superimpositions (Rohlf and Corti, 2000). Statistics
were computed with Morphol 1.06f (Klingenberg, 2011) and PAST 2.17 (Hammer et al., 2001).

Results

Table 1 shows the distribution of the distances between the main anatomical references.
According to these values, the precuneus length is definitely more variable (coefficient of
variation 20.6) than the parietal bone length (coefficient of variation 5.1). The correlation
between parietal lobe and parietal bone lengths is low (chords: R = 0.27; p = 0.01; arcs: R =
0.32; p = 0.001) and the correlation between precuneus length and parietal bone length is
even more modest (chords: R = 0.20; p = 0.05; arcs: R = 0.24; p = 0.02). Hence, although a
larger precuneus is associated with larger parietal bone, this relationship explains only
between 4% and 6% of the latter values, suggesting a considerable individual variation based
on different factors. When considering the whole parietal lobes, its correlation with the
parietal bone explains a little more (7%-10%). There is a moderate negative correlation
between the precuneus length and the separation of the boundaries between the parietal
bone and lobe (R = -0.37 and p = 0.0002 for both metrics, namely the distance between
bregma and central sulcus, and the distance between lambda and parieto-occipital sulcus).
Therefore, the larger the precuneus the more the boundaries of the lobe approach the
boundaries of the bone. This suggests that the extension of the bone is not much sensitive to
or associated with the extension of the lobe.

The scatterplot of the Procrustes coordinates (Fig. 2) shows that, although lambda generally
lies behind the parieto-occipital sulcus, there is some overlapping in the variations of these
two landmarks. In fact, in 10 specimens (10% of the sample), lambda, which is generally
located behind the parieto-occipital sulcus, was found to be positioned beyond it, and hence
the boundary between the parietal and occipital bone trespasses the boundary between the
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parietal and occipital lobes. In contrast, bregma is always very far from the central and
precentral sulci, well above the prefrontal cortex.

A principal component analysis of the Procrustes coordinates shows a first dominant
component and a set of secondary components, showing only minor differences in their
relative weight (Fig. 3). According to a broken stick threshold based on random distribution,
and to a threshold of 5% of variance explained, at least the first six components are significant.
Such minor differences between these secondary components can be interpreted as the result
of the scarce morphological integration described in the skull (Bruner and Ripani, 2008) and
brain (Bruner et al., 2010; Gdmez-Robles et al., 2014) as a whole, and will not be discussed
further. Because of the dominant role of the first component, only this vector will be evaluated
in detail, as a reliable biological pattern of covariation in this study. This first principal
component explains 25% of the variance, and it is associated with dilation/contraction of the
precuneus, displacing anteriorly/posteriorly the central area (Fig. 3). The proportions of the
paracentral lobule do not change. This change only influences brain landmarks and not skull
landmarks. Accordingly, along this vector, the relative position of the brain and cranial
references does change. The dilation (lengthening) of the precuneus mainly occurs anteriorly,
displacing the paracentral lobule towards a more forward position. Therefore, it involves a
reduction in the distance between the central cortical area and the bregma and, to a lesser
extent, increases the distance between the parietal lobes and the lambda. Hence, the position
of the cranial references (bones boundaries) relative to the cerebral references (lobes
boundaries) will depend upon the size of the parietal lobes. The rest of the spatial organization
is not particularly influenced by this main pattern. The result is the same if we analyze males
and females separately.

If we analyze only the outer profile (from the internal occipital protuberance to crista galli) or
only the cortical block (precuneus and paracentral lobule — Fig. 3d) the result is the same: a
first principal component associated with precuneal lengthening/shortening, in which this
change is particularly expressed forward, reducing/increasing the distance between the central
cortical area and the bregma.

A Partial Least-Square correlation between the central cortical block (precuneus and
paracentral lobule) and the rest of the configuration is not significant (p = 0.16), further
evidencing a lack of patent reciprocal association between these blocks.

In summary, we observe a modest correlation between parietal bone and lobe length, a large
individual variation, and a variable spatial organization between cranial and cerebral elements.
Variations of the brain proportions exert a minor influence on the extension of the vault
bones. The reciprocal position of cranial and cerebral elements is not constant, and their
morphology is sensitive to independent factors. The main pattern of variability is associated
with increase of the precuneus size, separating the boundaries between the parietal and
occipital bone and lobe, and approaching the boundaries between the frontal and parietal
bone and lobe.
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Discussion

The spatial relationships between brain and sutures

The spatial relationships between brain and braincase represent a basic issue both in
evolutionary and medical studies. Previous pioneering analyses in neurosurgery have been
performed by dissection of cadavers (Ribas et al., 2006). However, analyses performed with
physical dissections have often limits in the sample size because of the difficulties in
performing these kinds of studies, and limits in the anatomical reliability because tissues are
not observed in their functional conditions. In this study, we analyze the geometric
relationships between major cranial and cerebral landmarks in a sample of 100 adult humans,
by using MRI imaging, bivariate analysis, and geometric morphometric multivariate
approaches. We computed a bivariate analysis to quantify the degree of correlation between
dimensions and position of the cortical and bone elements of the upper braincase. Then, we
computed a shape analysis to investigate the role of these relationships within the major
morphological schemes underlying the phenotypic structure.

The bivariate analysis showed that the correlation between parietal bones and lobes is very
weak. Larger lobes are associated with larger bones, but the correlation is low and there is a
considerable individual variability. In this sense, the null hypothesis is falsified because of the
existence of a correlation, and we can state that larger parietal lobes are associated with larger
parietal bones. However, this correlation is scanty, suggesting the existence of further
independent factors making this association feeble. The parietal lobes contribute to the
extension of the parietal bones, but only to a limited extent, at least when considering intra-
specific adult variability. In individuals with larger parietal lobes, the distance between the
boundaries of lobes (sulci) and bones (sutures) is smaller. Therefore, we can conclude that
there is an allometric pattern in which the enlargement of the parietal bone does not keep the
pace of the enlargement of the parietal lobe and, by consequence, the boundaries of these
two areas get closer. The pattern is however weak, influenced by other factors and by
individual variation. The fact that the two areas do not show a correspondent variation, and
the scarce correlation, suggest that the spatial position of the cranial and cerebral elements is
influenced by independent variables, with a limited integration between hard and soft tissues
in the final phenotype.

Shape analysis was aimed at considering whether these spatial relationships influence the
patterns of correlation which generate the phenotypic variation. In morphometrics, the
covariance structure as revealed through multivariate statistics is able to quantify and
characterize the strength of the correlation schemes constraining the phenotypic variability,
namely the degree and patterns of morphological integration among the anatomical
components (Wagner, 1984). Following these principles, studies in two (Bruner et al., 2010)
and three (Gémez-Robles, 2014) dimensions suggest that the adult brain morphology shows a
modest degree of integration, mostly based on local effects and physical proximity. Our data,
integrating the cranial component with the brain shape geometry, are in agreement with these
previous results, evidencing only one dominant pattern of covariance, followed by many minor

7
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secondary vectors. This main pattern is associated specifically with the relative proportions of
the precuneus, displacing back and forth the paracentral lobule formed by the precentral and
postcentral areas. This same pattern has been described previously by using a different sample
(Bruner et al., 2014a), and that result can be confirmed and reproduced here. This change of
the precuneal area is not only a variation in parietal proportions compared with the rest of the
brain, but it is also associated with an actual enlargement/reduction of the precuneal cortical
surface (Bruner et al., 2015). The current analysis evidence that this major morphological
component, based on precuneus dimensions, involves brain geometry but without influencing
in a corresponding way the bone extension. Therefore, precuneus enlargement/reduction
changes secondarily the reciprocal positions of bones and lobes. The changes at the posterior
boundary are less conspicuous, most of the spatial adjustment being associated with the
displacement of the anterior areas. Once more, these results suggest independence between
the cranial and cerebral elements: as the brain proportions changes, the cranial boundaries do
not change accordingly. Interestingly, no endocranial morphological changes were described in
one case study in which a bregmatic bone was so large to constitute an actual fifth component
of the vault morphogenesis (Barberini et al., 2008). That case suggests a remarkable stability of
the endocranial morphological system, independent from patent changes of the suture
positions and patterns.

Therefore, we conclude that during morphogenesis the bulging of the parietal lobe can
influence the curvature of the parietal bone, but the spatial reciprocal organization of the
cranial and cerebral elements vary according to other independent factors. Hence, we must
probably distinguish a general morphological integration (form integration) from a more
specific spatial integration (relative position of the anatomical elements). It is worth noting
that the parietal enlargement associated with the braincase globularity of our species occurs in
a very early post-natal stage (Neubauer et al., 2009; Neubauer, 2014) and, beyond gross
morphological changes, the parietal cortex matures also very early (Gogtay et al., 2004). In
later stages other brain and cranial districts undergo growth and development, changing the
spatial relationships previously established (Bastir et al., 2006). With this information in mind,
at least two different hypotheses can explain the partial independence between cranial and
cerebral elements that we have described in this study among adult individuals: the changes of
the spatial relationships between parietal bones and lobes can be achieved during the parietal
morphogenesis, or else after this stage (Fig. 4). In the first case, the parietal bulging associated
with the globularization stage specific of our species would change the spatial relationships
between bones and lobes. The growing parietal volume displaces the frontal cortex, and the
central sulcus approaches the frontal bone. In the second case, the parietal bulging would be
associated with a corresponding (isometric) growth of the parietal bone. In this stage, there is
a tighter integration between parietal bone and lobe. Such correspondence is then lost in
successive stages, when the anterior areas (the frontal lobes and the facial block) grow and
develop during later morphogenetic steps. Ontogenetic series will be necessary to evaluate
these two alternatives.

Parietal enlargement and paleoneurology
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Bregma and lambda are the boundaries between the frontal, parietal, and occipital bones. The
central sulcus and the perpendicular sulcus are the boundaries between the frontal, parietal,
and occipital lobes. While bones are real biological units associated with specific
morphogenetic elements, lobes are conventional units, which do not represent actual
neuroanatomical entities. Nonetheless, the correspondence between bones and lobes is often
used as a possible reference in medicine and paleoneurology. In surgery, cranial landmarks are
used as spatial reference to plan and perform operations. In paleoneurology, cranial landmarks
are used to estimate brain areas. In neurosurgery, current biomedical imaging is a form of
direct support to develop and verify a proper map of the relationships between skull and brain
anatomy. In contrast, in paleoneurology, the soft tissues are lost, and brain shape can be only
inferred by using endocranial shape. The current analysis suggests that in modern humans
cranial sutures should not be used as fixed references to make inferences on brain areas, at
least according to their specific position. In this sense, “average” distances between brain and
skull landmarks may not be informative and may be even misleading, because they do not
consider the reciprocal variations of these elements. The overall form of the brain surface (that
is, its size and shape) can actually be extrapolated from the endocranial form, because brain
growth molds the neurocranial bones directly, most of all at the vault (Moss and Young, 1960;
Enlow, 1990). Furthermore, the correspondence between brain morphology and endocranial
surface, although not complete, is also sufficiently reliable to localize major anatomical cortical
traits on endocasts (Kobayashi et al., 2014a). In contrast, the specific extension of the cortical
areas should not be inferred or extrapolated directly from the position of the cranial
boundaries alone.

Quantitative scaling rules derived from the observed variation of relative spatial positions, like
in the present analysis, could be used to extrapolate brain landmarks from cranial landmarks.
Nonetheless, the current study evidences that, beyond such a lack of fixed proportions
between bones and lobes boundaries, there is also an important individual variation
suggesting that multiple factors are involved in the final phenotype. In adult modern humans,
the length of the parietal bone is influenced by the size of the parietal lobes to a very minor
extent (7-10%), and this value is even lower when accounting only for the length of the
precuneus (4-6%). Arcs displayed larger correlations than chords, revealing a role of the
bulging effect, but the increase of variance explained is however scanty (2-3%). This means
that, even if the parietal lobe moulds the shape and surface of the parietal bone (Moss and
Young, 1960), it influences its longitudinal extensions to a much minor degree. Correlations at
inter-specific level are often more pronounced than at intra-specific level, and therefore we
may expect that this value, when comparing different hominids, may be larger. It must be in
fact evidenced that this result refers to intra-specific adult variation. Intra-specific and inter-
specific correlation patterns can be based on very different mechanisms, the former being the
result of normal variation, and the latter of specific adaptations (Martin and Barbour, 1989).
Integration, pleiotropy, and poligeny create important connections between intra- and inter-
specific variability (e.g., Cheverud 1982, 1996). However, results in one of these two domains
should not be strictly intended as results in the other. In this sense, studies in comparative
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primatology will be necessary to evaluate whether the patterns observed in the current
analysis can be extended beyond the species-specific limits. For example, macaques display
more stable relationships between cranial and cerebral references, at least when considering
the coronal suture and cortical references associated with parasagittal elements of the frontal
lobes (Kobayashi et al., 2014b). A similar consideration must be put forward when considering
static variation (that is adult variation, such as in this study) versus ontogenetic variation.
Nonetheless, without this information, we must take into account that vault bones and brain
lobes may share shape (curvature) and surface morphology (sulcal traits), but the reciprocal
position of their anatomical boundaries and extension is more variable and less reliable.

The shape variations described here are particularly important when considering that the
precuneal changes responsible for modern human brain variability are very similar to the
pattern of cranial variation associated with the modern human skull evolution (Bruner et al.,
2014b). These two patterns are so comparable to suggest a relationship between intra-specific
and inter-specific variations. When compared with other hominids, Homo sapiens displays a
distinct and specific increase of the parietal bone diameters (Bruner et al., 2011). Hence, the
pattern described in this study, responsible for the changes in the distances between bones
and lobes, may be the same involved in generating cranial differences between modern and
non-modern humans.

Non-modern human species lacked the parietal bulging described in modern humans, possibly
even presenting a negative allometric trend: the larger the brain, the relatively shorter the
parietal areas (Bruner, 2004). If the mismatch between brain and skull landmarks described in
this study is also effective at evolutionary level, we must infer that Neanderthals, having the
largest cranial capacity among non-modern human species, probably displayed extreme values
along this morphological vector. That is, Neanderthals may have had the bregma which was
more distant from the central sulcus compared with modern humans.

The parietal bone and the occipital bone are strongly integrated, and the bulging of one of
these areas is associated with the flattening of the other (Gunz and Harvati, 2007).
Interestingly, in Neanderthals, the relative shortening of the parietal areas, possibly related to
encephalization and parietal constraints in the human genus, is associated with lambdatic
supernumerary ossicles, suggesting a degree of morphogenetic imbalance in those areas
(Manzi et al, 1996; Bruner, 2014). Taking into account the pattern described in this article, we
may wonder whether such lack of reciprocal adjustment between brain and skull references,
associated with structural limits of a large brain size and the integration between the parietal
and occipital bones, may be involved in those constraints and consequent morphological
instability.

Conclusions
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Paleoneurology aims to reconstruct brain form in fossil species, by analyzing their endocranial
anatomy (Holloway et al., 2004). Unfortunately, cortical imprints on the endocranial surface
may be very faint, and much experience is needed to reveal cortical patterns on the
endocranial mould. Generally, multiple sources of information are necessary to make such
inferences, integrating metric and non-metric inputs from the neighboring cranial and
endocranial characters. Despite such uncertainty, endocranial morphology is the only direct
evidence of brain change in evolutionary neuroanatomy, and we should try to optimize this
resource. This study evidences that, at least when considering the adult intra-specific variation,
the spatial correlation between cranial and cerebral elements is scarce. The main source of
morphological variation, i.e. the size of the precuneus, alters the reciprocal position of neural
and cranial elements. Although the proportions of the parietal lobes are probably crucial in
shaping the brain phenotype in both ontogenetic and phylogenetic terms (Bruner et al.,
2014a,b, 2015), its extension shows only a weak correlation with the extension of the parietal
bone. Local influences and multiple factors associated with a non-linear morphogenetic
process based on different and independent stages are probably the reason of such lack of
strict correspondence in the position of hard and soft tissues. The lack of strong integration
patterns makes any relationship between cerebral and neurocranial boundaries feeble. Scaling
rules can be tentatively investigated to evaluate how those boundaries can vary according to
the variation of specific brain areas such as, in this case, the parietal cortex. Although brain and
braincase shows a reciprocal relationship in terms of size (volume) and shape (curvature), the
position of their anatomical elements is sensitive to independent factors. This independence
must be necessarily considered when evaluating brain reconstruction in fossil species.
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546  Table 1. Distribution of the inter-landmark distances (mm.)

547
St.
Mean Dev. 252  Median 752
Bregma-Central sulcus 57.9 6.8 54.0 57.3 61.5
Lambda-Perpendicular sulcus 10.1 6.9 5.7 10.3 14.5
Parietal bone length 1142 5.8 109.8 114.2 118.8
Parietal lobe length 56.6 7.3 51.5 56.8 61.3
Precuneus length 37.0 7.6 31.3 37.3 41.4
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Figure 1. Parietal bones and parietal lobes share morphogenetic processes, displaying a
correspondence in terms of curvature and size. However, we ignore whether larger lobes
involve proportional larger bone (a) or else if their respective boundaries are not sensitive to
reciprocal variations (b). Position of lambda (Imb), bregma (br), central sulcus (cs) and parieto-
occipital sulcus (pos) are here approximate for graphic purposes.
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Figure 2. In the upper row, configuration of landmarks used in this analysis plotted on the
mean superimposed images from the whole sample, displaying the average brain midsagittal
morphology (left) and showing the spatial relationships between frontal, parietal, and occipital
lobes (FL, PL, OL) and bones (FB, PB, OB). In the lower row, landmark with labels (red: brain
landmarks; blue: cranial landmarks; unlabelled landmarks: semilandmarks)(left), scatterplot
after Procrustes superimposition (center), and map of residual variation after registration (red:
high; blue: small)(right). Labels - bas: basion; br: endobregma; cg: crista galli; cs: central sulcus;
ge: genu; iop: interna occipital protuberance; Imb: endolambda; mcs: marginal ramus of the
cingulate sulcus; nas: nasion; opi: opistion; poi: parieto-occipital sulcus (internal); pos: parieto-
occipital sulcus (external); prc: precentral sulcus; se: sella; sp: splenium. The arrows show the
overlapping of the parieto-occipital sulcus (perpendicular scissure) and endolambda. Cranial
and brain landmarks were sampled on the endocranial surface, independently upon minor
differences due to meningeal thickness, which is nonetheless negligible and not properly
visible at the current resolution.
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578  Figure 3. a) scree plot of the Principal Component Analysis, showing in green the components
579 beyond the broken stick threshold (blue curve) and the 5% variance (violet area); b)
580 deformation grid show the changes associated with the first component, with expansion
581  factors (red: dilation; blue: compression); c) the same pattern showed by wireframes; d)
582  wireframes for the principal component when considering only precuneus, paracentral lobule,
583 bregma (br), and lambda (Imb).

584

neonate

585
586

587 Figure 4. Parietal bulging in modern humans occurs in the early postnatal stage (A), while
588 frontal and facial morphology undergo changes in successive ontogenetic steps (B). The spatial
589  dissociation between cerebral and cranial elements can be the result of the early parietal
590 growth. Alternatively, parietal bones and lobes can be more integrated during this stage, but
591 the spatial association can be lost in the successive steps, after modification of the frontal and
592  facial blocks (digital reconstructions after Neubauer, 2014).
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