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Abstract

Purpose Brain expansion during ontogeny has been identified as a key factor for explaining the growth pattern of neurocranial
bones. However, the dynamics of this relation are only partially understood and a detailed characterization of integrated mor-
phological changes of the brain and the neurocranium along ontogeny is still lacking. The aim of this study was to model the
effect of brain growth on cranial bones by means of finite-element analysis (FEA) and geometric morphometric techniques.
Methods First, we described the postnatal changes in brain size and shape by digitizing coordinates of 3D semilandmarks
on cranial endocasts, as a proxy of brain, segmented from CT-scans of an ontogenetic sample. Then, two scenarios of brain
growth were simulated: one in which brain volume increases with the same magnitude in all directions, and other that includes
the information on the relative expansion of brain regions obtained from morphometric analysis.

Results Results indicate that in the first model, in which a uniform pressure is applied, the largest displacements were local-
ized in the sutures, especially in the anterior and posterior fontanels, as well as the metopic suture. When information of
brain relative growth was introduced into the model, displacements were also concentrated in the lambda region although
the values along both sides of the neurocranium (parietal and temporal bones) were larger than under the first scenario.
Conclusion In sum, we propose a realistic approach to the use of FEA based on morphometric data that offered different
results to more simplified models.

Keywords Computed tomography - Endocast - Shape variation - Neurocranium

Introduction

The growth of vault bones is closely related to the
increase of brain volume during early ontogeny [13,
24]. The pressure exerted by the brain would be, at least
partially, responsible for this interaction with the skull
[19]. Although the specific mechanisms are still not well
understood, different studies suggest that mechanical
pressure resulting from brain expansion stimulates bone
cells to proliferate and differentiate, as well as to produce
extracellular matrix [22]. This is specially the case of
intramembranous bone formation in the sutures of vault
bones. The influence of soft tissues on neurocranium
becomes evident in the context of different pathological
malformations, such as microcephaly and macroceph-
aly, which primarily affect brain development but also

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00276-020-02466-y) contains
supplementary material, which is available to authorized users.

P< Paula N. Gonzalez
paulan.gonza@gmail.com

Consejo Nacional de Investigaciones Cientificas y
Tecnoldgicas, La Plata, Argentina

ENyS, Estudios en Neurociencias y Sistemas Complejos,
CONICET-HEC-UNAJ, Buenos Aires, Argentina

Facultad de Ciencias Naturales y Museo, Universidad
Nacional de La Plata, La Plata, Argentina

Centrum fiir Naturkunde, University of Hamburg,
Martin-Luter-King-Platz 3, 20146 Hamburg, Germany

Institut Catala de Paleontologia M. Crusafont, Universitat
Auténoma de Barcelona, Cerdanyola del Valles,
08193 Barcelona, Spain

produce morphological alterations on skull bones [19].
Moreover, some features of the human skull are thought
to be a result of the expansion of the brain along hominin
evolution [2]. Consequently, the study of the structural
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and functional relations between the brain and skull along
ontogeny is relevant in biomedical as well as evolution-
ary contexts.

The responses of cranial bones to changes in brain size
and shape can be approached by models that simulate the
interactions between these two structures under different
conditions. Such models can contribute to broaden the
current knowledge on morphological changes of the skull
along human evolution but also to the diagnosis and treat-
ment of pathologies affecting craniofacial development,
such as the premature fusion of sutures (craniosynosto-
sis) and the alteration of normal brain growth (micro,
macrocephaly), among others [1, 13, 19]. In this sense,
finite-element analysis (FEA) is a promising alternative
as was shown in studies that model infant cranial bones
with the aim of simulating the response of the growing
skull to mechanical pressure and hits in utero [11]. How-
ever, the use of FEA to assess the effect of brain growth
on the skull has not been fully explored yet [10, 12, 15].

The aim of this study was to assess by means of the
finite-element method the influence of brain expansion
on cranial bones during early postnatal ontogeny under
two different scenarios of brain growth. In the first sce-
nario, brain volume increases with the same magnitude
in all directions, while the second one takes into account
the relative growth of the different brain regions. Here,
geometric morphometric techniques were used to quan-
tify morphological variation in endocasts of a postnatal
ontogenetic sample. Endocasts have been widely used in
paleontological studies and contexts, where soft tissues
are not preserved, and they proved to be a good proxy of
overall brain size and shape [5]. The captured variation
was then used as an input for generating a finite-element
model of cranial bone displacements under the effect of
brain growth.

Materials and methods
Sample composition

We analyzed computed tomography (CT) images of the skull
of 23 subadult individuals. They belong to the Bosma Col-
lection [26]. The skulls were scanned in the Johns Hopkins
University of Baltimore (USA) using a GE Medical Sys-
tems Genesis Jupiter scanner and the following parameters:
512 %512 matrix size, 0.039 mm voxel size and 1.5 mm slice
thickness [18]. Images were generously shared by Dr. Joan
Richtsmeier (Department of Anthropology, College of the
Liberal Arts, Pennsylvania State University).

Age was estimated in each case by examining the patterns
of dental formation and eruption [6]. According to these esti-
mations, the age at death of these individuals range between
0 and 12 years (Table 1).

Analyses of morphological variation
of the endocasts

With the aim of estimating the magnitude and pattern of
morphological variation during postnatal growth in the
brain, we manually segmented the endocranial cavity of each
specimen and obtained a 3D endocast of the neurocranium
(Fig. 1). This procedure was performed manually using 3D
Slicer [8].

Size changes in the brain along ontogeny were analyzed
using the volume of the endocasts, while shape changes were
described by a set of landmarks and semilandmarks. First, 21
landmarks were digitized on each virtual endocast, following
definitions summarized in Table 2 and illustrated in Fig. 1b
[3]. Since the endocranium is characterized by extensive sur-
faces lacking identifiable homologous discrete landmarks,
a complementary set of surface semilandmarks was used
to improve the coverage of the structure of interest. For this

Table 1 Sample composition.

T X : 0-0.9 years 1-4.9 years 5-9.9 years 10-14.9 years
Original identifier (ID) number
and estimated age are indicated ID Age ID Age (years) ID Age (years) ID Age (years)
1 Neonate 8 1.5 16 6.5 24 13
Neonate 10 4 18 6 28 13
7 Neonate 11 4.5 22 5.5 29 11
12 3 23 9 30 12
13 4 27 9.5
14 4.5
17 3.25
19 4.5
20 3
21 3.75
25 4.5
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a

Fig.1 Steps for segmentation and reconstruction of endocasts from
CT images and landmark digitization. a From the CT scan of each
skull, the internal cavity of the neurocranium was identified in each

stack and b the endocasts were reconstructed in 3D. Points: land-
marks placed on each endocast. Numbers correspond to definitions in
Table 2. ¢ Semilandmarks placed along the endocranium

Table 2 Landmarks digitized in the endocasts. For definitions of landmarks 1-5, 7-11, 14-16, and 18, we followed [3]

Number Name Definition

1 Foramen caecum Anterior end of olfactory bulb in the sagittal plane

2 Anterior sphenoid spine Posterior end of olfactory bulb in the sagittal plane

3 Anterior cranial fossa Most posterior point of anterior cranial fossa in the sagittal plane

4 Endobasion Internal point in the anterior margin of the foramen magnum in the sagittal plane
5 Endopistion Internal point in the posterior margin of the foramen magnum in the sagittal plane

6 (left) 13 (right)
7 (left) 14 (right)
8 (left) 15 (right)
9 (left) 16 (right)
10 (left) 17 (right)
11 (left) 18 (right)
12 (left) 19 (right)
20

21

Lateral frontal lobe
Optic canal

Pyramidal apex

Internal acoustic meatus
Lateral foramen magnum
Pyramidal root
Endoasterion
Endobregma
Endolambda

Most inferior point in the orbital surface of the frontal lobe
Inferior border of the optic canal

Most prominent point in the petrous apex

Point at the inferior posterior border of the auditory meatus

Most lateral point at the foramen magnum

Maximum curvature point between transverse and petrous curve
Intersection of the parietal, temporal and occipital lobes
Intersection of the frontal and parietal lobes at the sagittal plane
Intersection of the parietal and occipital lobes at the sagittal plane
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purpose, 2500 semilandmarks were obtained from one of
the meshes using the Poisson Disk Sampling and Element
Mesh Sampling functions in MeshLab (Fig. 1c). These semi-
landmarks were projected from the reference to the target
surfaces—aligned by their homologous landmarks—using
the placePatch function in Morpho package [25]. Finally,
the set of 2521 points were aligned by a Generalized Pro-
crustes superimposition and the semilandmarks slid by the
minimum Procrustes distance criteria. In sum, the set of 21
landmarks was first used to align the semilandmarks and,
then, landmarks and semilandmarks were used jointly to
describe morphological changes in the endocranium. Since
we expect brain effect on cranial bones to be due to size and
shape changes, we analyzed variation in form by multiply-
ing superimposed coordinates (describing shape) by cen-
troid size (describing size). On these coordinates of form,
we performed a principal component analysis (PCA). These
analyses were carried out using geomorph package for R.

Finite-element analysis

A structural static analysis using the FEA Package ANSYS
17.1 in a Dell Precision™ Workstation T5500 with 48 GB
and 5.33 GHz was performed in the youngest specimen
(Bosma 2). To study the deformation of the neurocranial
bones of a neonate individual we simulated the effect of
brain growth using two different loading scenarios (see skull
reconstruction in Online Resource 1).

First, the segmented model was converted to a CAD
model. During this step, the irregularities in the surface that
were due to the scanning process were repaired using refine-
ment and smoothing tools from Geomagic (3D Systems).
The sutures were also defined in the cranial vault (Fig. 2).

Second, we created the FEA model to compute the dis-
placements in the two different neurocranial bones loading

I Cortical bone

P Sutures

conditions, which reflect two different simulated scenarios.
In the first scenario, the growth was simulated by applying
a pressure of 1 MPa perpendicular to the inner surface. In
this scenario, a non-homogeneous effect is expected due to
the geometry of the neurocranium and to the differences in
the properties of bone and sutures. In the second scenario,
different perpendicular pressures were applied in relation
to the relative growth of brain regions: temporal, parietal
(superior and inferior), occipital, frontal and cerebellum
(Fig. 2). To obtain growth vectors for each brain region,
we performed a superimposition of the mean configura-
tion of points of neonates with a 1.5-year-old individual.
The coordinates were separated into six regions: temporal
lobe, frontal lobe, occipital lobe, superior and lateral pari-
etal lobe and cerebellum. A superposition was performed
through Protest without correction by size and the mean
of the residuals by region was estimated to describe the
magnitude of change in form, or relative growth, between
0 and 1.5 years. In the post-processing stage, we obtained
displacement measures from the values in each node of
the mesh.

For the two scenarios, boundary conditions were
defined to represent the loads and fixed displacements.
We established fixed displacements in the occipital con-
dyles needed to avoid movements in the model when the
pressures are applied (Fig. 2). Elastic, linear and homo-
geneous material properties were assumed for the bone
using values from previous studies [10, 17]. For bone we
used E (Young modulus) = 1300 MPa and v (Poisson coef-
ficient) =0.28, and for sutures we used E (Young modu-
lus) =200 MPa and v (Poisson coefficient) =0.28.

Finally, the neurocranial skull was meshed using an
adaptive mesh of hexahedral elements [16] with 123.338
elements describing vault and cranial base bones as well
as sutures was generated.

i

A\ Fixed displacements

Fig.2 Model created for the finite-element analysis including the fixed displacements and the regions with bone and sutures
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Fig.3 a Age against endocast
volume. b Age against scores
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Results

Endocast volume increased strikingly during the first
years of life, while it stabilized around 3 years, growing
from ~ 300 to 1300 cc? (Fig. 3a). The first axis of the PC1
represents variation in form associated with age (Fig. 3b).
Along PC1, two groups can be distinguished: one is com-
posed by neonates and the other comprises the rest of the
sample (~from 1.5 to 13 years) (Fig. 3b). Brain expansion
with age, as is summarized along PC1, is characterized by
a large anterior expansion of frontal lobes, which acquire
a more rounded shape, as well as a lateral enlargement of
parietal lobes (Fig. 3c).

8

age (years)

PC1 (negative)

1200 L L I L L L L L
-2

12 14 0 2 4 6 8

PC1 (positive)

age (years)

I30

20

Distance (mm)

Table 3 Average of residuals between 0 and 1.5 years and applied
pressures in MPa in the inner part of the FEA model skull

Brain regions Residuals Pressures Pressures
scenario 1 scenario 2
(MPa) (MPa)
Parietal superior 110.200 1 0.33
Parietal inferior 80.010 1 0.53
Occipital 160.724 1 0.53
Cerebellum 206.109 1 1
Temporal 75.618 1 0.54
Frontal 145.886 1 0.4
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The average residuals that summarize the distance
between nearest points of the mean configuration of neo-
nate endocasts and a 1.5-year-old individual are shown in
Table 3. The cerebellum is the region with the largest aver-
age residual, indicating that this region went under a larger
relative growth compared with the other lobes. The temporal
lobe, in contrast, displayed the smallest residuals during this
period. The average residuals were transformed into propor-
tions by assigning a value of 1 to the cerebellum and propor-
tional values to the rest of the lobes, which were then used
as relative pressures under scenario 2 for the FEA (Table 3).

Displacements of neurocranial bones under the pres-
sure of the brain were simulated by finite-element models
using the two different scenarios for brain pressures. Under
the first scenario, in which uniform pressures were applied
throughout the neurocranium, we found that the largest dis-
placements were located around the superior portion of the
parietal bone and the lambda point (Fig. 4). In the second
scenario, in which pressures were proportional to the rela-
tive growth of brain lobes, displacements were also concen-
trated in the lambda region but the values along the lateral
walls of the lateral portions of the neurocranium were larger
than under a homogeneous pressure (Fig. 4). In both cases,
the lowest values of displacements were in the cranial base.
Accordingly, the index of these displacements, estimated at
the points used to measure the cranial width and length, is

Scenario 1

Scenario 2

lateral view

posterior view

close to 0.8 mm when a non-uniform pressure is applied,
while in the first scenario is 0.6 mm.

Discussion

The pressure exerted by the growing brain represents an
important stimulus for the growth of the skull, especially the
vault. The morphometric analysis carried out in this study
indicated that during the first year of life the endocranial
volume undergoes a pronounced increase, which is less evi-
dent after 3 years. This result agrees with previous studies
based on endocasts obtained from CT scans and MRI of
healthy brains [7, 21]. Differences in form were also more
pronounced between neonates and older ages. The main age-
related shape changes consisted in the relative expansion of
the corresponding areas of the frontal and occipital lobes
and the cerebellum. A similar pattern was described by Neu-
bauer et al. [21] for the ontogeny of the endocranial changes
between the neonatal stage and the first year, which was
characterized by a high growth rate of the posterior fossa,
probably associated with the growth of the cerebellum.
Changes in form found here between neonates and older
individuals also included a lateral expansion of the parietal
lobes producing a more globular endocranial configuration.
This phase of brain globularization has been suggested as

frontal view

superior view

Fig.4 Displacements under the scenario of equal pressures (scenario 1, top) and different pressures across brain regions (scenario 2, bottom)
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a singular feature of the human brain ontogeny [9]. In sum,
our results as well as previous studies point out a localized
growth of brain regions throughout postnatal ontogeny.

The two finite-element analyses performed here showed
differences in the magnitude and location of displacement
of the bones and sutures of the neurocranium. In scenario
1, which applied a uniform pressure to the cranial bones
and sutures, the largest displacements were observed along
the anterior fontanel and the metopic suture, and in the
posterior fontanel. Under scenario 2 of differential growth
by brain region, the largest displacements were observed
in the posterior fontanel, whereas the displacements in the
anterior region were much smaller and similar across the
frontal bone. In addition, a larger lateral displacement was
observed along the temporo-parietal bones. Given the dif-
ferent properties of bones and sutures it is not surprising
that most of the changes in a neonate skull are concentrated
on the sutures, although this is more evident under the
assumption that brain pressures are uniform. In a previous
study, Jin and colleagues noted [10] that the brain expansion
forces are not expected to be uniform as the brain develops
within the non-uniform concavities of the skull. To take the
non-uniform effect of the brain into account, they proposed
a finite-element model in which the forces on the cranial
bones and sutures develop in response to the pressure from
the expanding volume of the brain. However, the simulated
expansion of the brain volume was uniform across all dimen-
sions. In the same way, a more recent finite-element analysis
used an isotropic expansion of the intra-cranial volume to
assess the effect of the growing brain on cranial bones [12].
As we showed here, in agreement with other studies [9, 21],
the lobes of the brain have a differential growth rate post-
natally, which also contributes to the non-uniform pressure
on the cranial bones. Such models might be improved by
incorporating the differential expansion of the brain regions.
An alternative to explore in that direction is the use of geo-
metric morphometrics, which provides an accurate descrip-
tion of changes in absolute and relative size (i.e., shape).
As we showed here, the residuals that quantify differences
in brain form between age stages may serve as an input for
finite-element analyses.

The displacements of cranial bones under the second
scenario modeled here showed a larger increase in cranial
length than breadth, although the differences are not as pro-
nounced as under the uniform pressure. This means that a
constant pressure would result in a much longer skull. The
relative larger increase in length compared to width is con-
sistent with the observed postnatal changes of the cephalic
index that drops from an average of 0.8-0.78 from birth to
3 years [14]. The hybrid model developed by Jin and col-
leagues [10] resulted in an increase of the cephalic index
with the expansion of the brain, contrasting with our results
as well as with pediatric data. Such discrepancies might be

due to the specific anatomy of the model used given that
the simulations were based on a single specimen. Further
models would benefit from using an atlas built from a sam-
ple of individuals instead of one particular case. The use of
atlases is common in neuroimage studies, although is still
less developed for the skull probably due to the scarcity of
automatic methods for quantifying the cranial morphology,
with some exceptions (e.g., [23]).

Models developed in previous studies as well as the pro-
posed here kept constant the material properties, the size and
shape of the cranial bones and sutures [10, 12]. Because such
properties change with age, these models could only accu-
rately represent a rather limited period of time, particularly
for early postnatal growth when rapid changes take place.
Therefore, further models that simulate the effect of brain
expansion at different ages are needed to take into account
the changes in bone shape and the progressive closure of
sutures with age. This will also enable the simulation of
changes in the growth pattern of the skull under different
types of abnormal closure of sutures (i.e., craniosynosto-
sis). In these cases, skull growth usually results in a reduced
development perpendicular to the fused sutures and a com-
pensatory overgrowth along the sutures that are open, as
postulated by Virchow’s Law [27]. Our study could be used
as a baseline to develop detailed simulations of different
types of craniosynostosis under realistic assumptions. Pre-
vious studies have applied FEA to virtually predict surgical
outcomes on skull growth in cases of craniosynostosis after
surgery (e.g., [4, 29, 30]). There are few examples, however,
analyzing growth dynamics of skulls with craniosynostosis
and they either focus on specific craniofacial regions (e.g.,
[20]) or use simplified neurocranial geometries to explore
displacements in different types of craniosynostosis (e.g.,
[28]). Further work would be essential to link the appor-
tionments of our model, which is based on realistic growth
parameters, with recent advances to formally analyze physi-
cal and geometrical constraints in patients with craniosyn-
ostosis (e.g., [28]).

In sum, the results of this study suggest that the conjoint
use of geometric morphometrics and finite-element analy-
sis is a promising approach for developing models aimed
at simulating the effect of brain growth on cranial bones.
These model approaches can be of great help for medical
practice in planning and monitoring surgical interventions
of the skull.
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