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Mechanical role of a growing solid tumor on cortical folding
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ABSTRACT
Cortical folding, or convolution of the brain, is a vital process in mammals that causes the brain 
to have a wrinkled appearance. The existence of different types of prenatal solid tumors may alter 
this complex phenomenon and cause severe brain disorders. Here we interpret the effects of a 
growing solid tumor on the cortical folding in the fetal brain by virtue of theoretical analyses and 
computational modeling. The developing fetal brain is modeled as a simple, double-layered, and 
soft structure with an outer cortex and an inner core, in combination with a circular tumor model 
imbedded in the structure to investigate the developmental mechanism of cortical convolution. 
Analytical approaches offer introductory insight into the deformation field and stress distribution 
of a developing brain. After the onset of instability, analytical approaches fail to capture complex 
secondary evolution patterns, therefore a series of non-linear finite element simulations are carried 
out to study the crease formation and the influence from a growing solid tumor inside the structure. 
Parametric studies show the dependency of the cortical folding pattern on the size, location, and 
growth speed of a solid tumor in fetal brain. It is noteworthy to mention that there is a critical distance 
from the cortex/core interface where the growing tumor shows its pronounced effect on the cortical 
convolution, and that a growing tumor decreases the gyrification index of cortical convolution while 
its stiffness does not have a profound effect on the gyrification process.

1. Introduction

Cortical folding is an integral part of the brain develop-
ment process. Beginning in the third trimester of preg-
nancy and continuing at least through late adolescence, 
this stage of brain development continues for a protracted 
period postnatally (Stiles and Jernigan 2010). The study 
of the mechanical morphology behind this gyrification 
has become a topic of interest as it has been alluded that 
the convoluted patterns of these folds play a role in cer-
tain brain developmental disorders (Dubois et al. 2008). 
The existence of fetal brain tumors may be a stimulus 
which alters the cortical folding process. A brain tumor, 
also referred to as an intracranial neoplasm, occurs when 
abnormal cells form within the brain. While brain tumors 
account for approximately one out of five childhood can-
cers (Leins et al. 2001), congenital brain tumors are rare 
(Leins et al. 2001; Milani et al. 2015; Cavalheiro et al. 2003; 
Isaacs 2002; Uysal et al. 2005; Partlow and Taybi 1971). 
Statistically, the incidence rate of live births of  newborns 
with brain tumors is 0.34 per million, representing less 
than 2% of childhood intracranial tumors (Milani et al. 
2015; Cavalheiro et al. 2003). With the advancement of 

imaging technology, earlier diagnoses of these tumors are 
now possible (Milani et al. 2015; Cavalheiro et al. 2003; 
Uysal et al. 2005); however, the prognosis is still usually 
extremely poor (Leins et al. 2001; Milani et al. 2015; 
Cavalheiro et al. 2003; Isaacs 2002; Uysal et al. 2005; Lee 
et al. 1999; Severino et al. 2010; Isaacs 2002; Mazewski et 
al. 1999; Chung et al. 1998). An early antenatal diagnosis 
helps plan out an appropriate course of action; neverthe-
less, if a tumor is found in the early weeks of gestation 
the prognosis is usually harsh, in some cases the mor-
tality rates being as high as 96.9% (Severino et al. 2010). 
Therefore, there is a critical need for studying effect of 
a growing solid tumor on the cortical folding process. 
Also, better understanding of the relationship between 
tumor growth and its influence on cortical folding shape 
could facilitate future development of predictive models 
of tumor prognosis based on neuroimaging features of 
cortical morphology. It is worth mentioning that cere-
bral tumors also disrupt neural connections, and it remain 
unclear that which process, either the hindrance of cor-
tical folding or the disruption of neural connections, has 
the most influence on cognitive function.
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Astrocytomas vary histologically from benign (low-grade) 
tumors to malignant (high-grade) tumors (Isaacs 2002). 
Low-grade astrocytomas, such as a pilocytic astrocytoma 
(Figure 1(d)), tend to have some of the best prognoses 
(Milani et al. 2015; Cavalheiro et al. 2003; Isaacs 2002; 
Lee et al. 1999; Isaacs 2002).

As the cortical folds are responsible for allowing 
humans to be a complex mammalian species with numer-
ous critical thinking functions, hence by studying the 
effects of anatomical abnormalities such as fetal brain 
tumors on these patterns, a more profound understand-
ing of these folding patterns can potentially be obtained. 
By understanding the mechanics and mechanism of brain 
tumor growth, scientists and medical practitioners gain 
insight into normal and abnormal brain functions which 
can lead to potential preventative methods of various 
mental diseases with tumors.

Numerous solid tumor studies have been conducted 
which mainly focus on the biological effects (Sidow and 
Spies 2015; Zülch 2012; Giuffrè 1989; Wechsler-Reya and 
Scott 2001) or growth mechanics (Helmlinger et al. 1997; 
Ambrosi and Preziosi 2002; Ambrosi and Mollica 2002; 
Byrne and Preziosi 2003; Ramírez-Torres et al. 2013; 
KANSAL et al. 2000) of solid tumors; however, mechani-
cal effects of solid tumor on the cortical folding of a fetal 
brain remains poorly understood. In recent years, com-
putational modeling has been emerged as a powerful tool 
to capture post instability patterns of a developing brain 
(Toro and Burnod 2005; Bayly et al. 2013; Razavi et al. 
2015; Tallinen et al. 2014) while mathematical models 
cannot predict complex post-perturbation configurations 
(Bayly et al. 2014; Budday et al. 2014). On the other hand, 
there is a lack of computational studies in the effect of a 
growing solid tumor on the gyrification of the fetal brain. 
Therefore, the purpose of this study is to determine how 

While fetal tumors differ significantly from each other 
histologically, they affect the mechanical morphology 
of the brain similarly through the distortion of relative 
intracranial structures. Some common anatomical distur-
bances which occur with congenital tumors include: mid-
line shifts (Bromley et al. 1992) (Figure 1(a)), dilation of 
lateral ventricles (Partlow and Taybi 1971), compression of 
cerebral hemispheres (Takaku et al. 1973), collapsed and 
dilated lateral ventricles (Lee et al. 1999), and complete 
replacement of intracranial contents (Bromley et al. 1992).

The majority of fetal brain tumors are supratentorial 
(Milani et al. 2015; Severino et al. 2010; Mazewski et al. 
1999), meaning they are located above the tentorium 
(Isaacs 2002) or within the occipital and temporal lobes 
of the cerebellum, making up approximately two-thirds 
of congenital brain tumors (Leins et al. 2001; Milani et 
al. 2015; Cavalheiro et al. 2003; Lee et al. 1999). While 
these occurrences are rare, the most common type of tum-
ors to arise prenatally is a teratoma (Milani et al. 2015; 
Cavalheiro et al. 2003; Uysal et al. 2005; Severino et al. 
2010; Chung et al. 1998), comprising approximately one 
third to one half of reported perinatal tumors (Milani et 
al. 2015; Isaacs 2002; Severino et al. 2010; Isaacs 2002). 
Teratomas are tumors containing multiple tissues foreign 
to their location (Partlow and Taybi 1971). In regards 
to anatomical deformations, these types of tumors, if 
mature, tend to be large, replacing and distorting nor-
mal intracranial contents (Milani et al. 2015; Uysal et al. 
2005; Severino et al. 2010) (Figure 1(b)). Smaller, imma-
ture teratomas lead to problems such as hydrocephalus, 
having less defined margins and fewer calcifications and 
cysts (Severino et al. 2010) (Figure 1(c)). Following these, 
the next most common type of fetal brain tumors are 
gliomas, the most common of which are astrocytomas 
(Cavalheiro et al. 2003; Isaacs 2002; Severino et al. 2010). 

Figure 1. different types of the brain solid tumors. (a) large inhomogeneous mass causing midline shift (hafez 2007); (b) mri three days 
after birth displaying a teratoma containing both solid and cystic components altering normal intracranial components (milani et al. 
2015); (c) immature teratoma presented in a newborn. image depicts a large, gross, multinodular mass structure (severino et al. 2010). 
stereotactic mri brain showed recurrent postoperative brain stem cystic pilocytic astrocytoma (hafez 2007). all figures are reproduced 
with permission.
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prenatal tumors affect the cortical folding process in the 
fetal brain and to investigate the mechanical effects of 
these tumors and the structural changes that occur in the 
brain during the process. A simple model of a developing 
brain, with an imbedded solid tumor, is constructed to 
simulate the cortical folding during the brain development 
while different mechanical parameters of the model are 
studied to reveal the effect of tumor growth on the cortical 
folding process.

2. Methods

In order to obtain the stress distribution and the defor-
mation field of a developing brain, a mathematical model 
based on the finite growth assumption is constructed 
which also provides the critical growth ratio of the brain 
for instability. However, this analytical method is unable 
to predict the evolution of complex cortical convolution 
once the tumor growth reached a critical point to lose 
its stability. Therefore, with the critical growth ratio of 
the brain model, non-linear finite element models are 
implemented to portray crease formation and secondary 
morphological folding in the brain both with and without 
the presence of a solid tumor. Here, the concepts of each 
approach adopted in this paper are briefly introduced.

2.1. Analytical method

A two-dimensional (2D) circular model consisting of dou-
ble-layer soft tissue (Figure 2) is constructed to investigate 

the mechanism of cortical folding in the first stage. The 
developing cortical plate is represented by the outer cortex 
of the model while the subplate, intermediate zone and 
ventricular zone of the brain are represented by the core. 
The cerebral cortex is a thin (2–4 mm) (Bayly et al. 2014) 
layer in contrast to the inner core which, here, is modeled 
with a radius of 50 mm (Tallinen et al. 2014). The differ-
ential growth mechanism has been reported as the driving 
force of cortical folding (Razavi et al. 2015; Richman et al. 
1975; Razavi et al. 2015). Here we follow this assumption 
to assume that the outer layer of the model (cortex) grows 
faster than the inner layer of the model (core).

In this model, the fetal brain is considered as a living 
system with a growing outer cortex and an inner core as 
shown in Figure 2. Any point X = (R,Θ,Z) [0 ≤ R ≤ B, 
0 ≤ Θ ≤ 2π, 0 ≤ Z ≤ L] in the reference state and before 
growth is mapped by transformation to the final state, 
x = (r, �, l) [0 ≤ r ≤ b, 0 ≤ � ≤ 2�, 0 ≤ z ≤ l]. Following 
the theory of multiplicative decomposition, the deforma-
tion gradient, F(X), is decomposed to a growth tensor 
,G(X), indicating the addition of materials and an elastic 
deformation tensor, A(X), which describes pure deforma-
tion resulting from stress (Rodriguez et al. 1994).

The growth tensor ,G(X), maps the stress-free refer-
ence configuration to a grown stress-free state, and fol-
lowing that the elastic deformation tensor, A(X), maps 
the grown state to a stressed and final current state. The 
deformation gradient F maps the tissue from the stress 
free state before growth to the stressed state after growth

 
(1)F = A ⋅ G

Figure 2. initial and current states of a growing solid tumor in the developing fetal brain (cortex-core) model.
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et al. 2011; Razavi and Wang 2015). The growth increases 
step-by-step during the development and in each step the 
model will be checked to see if it reaches an equilibrium 
status before marching. The cortex, core, and tumor sec-
tions of the brain model are meshed by a plain-strain, 
linear CPER4 element type with neo-Hookean material 
behavior (Razavi et al. 2015). The time-step in our model 
is automatically adjusted by the program to guarantee the 
convergence of the solution. The outer cortex of the brain 
model is allowed to self-contact. A small hole is placed in 
the center of the core in order to apply a fixed boundary 
in the model making it easy to adjust structured (mapped) 
mesh to the FE model. Since this fixed boundary is in sig-
nificant distance from the crease formation sites, its effect 
on the deformation patterns can be considered negligi-
ble. Dynamic-Explicit solver in the commercial software 
Abaqus (version 6.13-4) (Abaqus analysis user’s manual’s 
2013), which is suitable for large deformation, nonlinear 
and quasi-static problems, is implemented to perform the 
secondary morphological changes in the brain model. To 
ensure robustness in the simulation results, a variety of 
different meshes have been employed to investigate the 
folding patterns. Deformation patterns after instability 
are not guaranteed to be exactly symmetric although the 
initial model is symmetric (Tallinen et al. 2013; Dervaux 
et al. 2011). Robustness studies conclude that as long as 
the mesh size is small enough, the qualitative features of 
this model do not depend on mesh size. The patterns of 
the brain model after growth do not depend on the abso-
lute value of the shear moduli of the cortex and core and 
just depends on their respective modulus ratio. With the 
condition of incompressibility and isotropic growth in 
the brain model, the growth ratio of the growing cortex 
in our brain model (gs) can be calculated as the surface 
ratio of the deformed cortex area, Ss, to the initial area, 
Ss
0
, that is g2s =

Ss

Ss
0

. By the same definition, growth ratio 
for the whole model is g2

tot
=

Stot

Stot
0

, which Stot and Stot
0

 are 
the total surface of the deformed and total surface of the 
undeformed model, respectively.

3. Results and discussions

3.1. Cortical folding without tumor

3.1.1. Residual stress induced by growth
For the proposed 2D cortex-core model, deformation 
and stress fields of a growing brain model can be derived 
based on the differential growth theory, incompressibility 
constraint, and the deformation gradient in the cylindri-
cal coordinate system. Here, gs is defined as the isotropic 
growth ratio of the cortex.

As previous studies have shown, the relative growth 
ratio between the cortex and core is the dominant factor 
in cortical folding as opposed to the individual growth 

where F = �x∕�X. While both G and A tensors may be 
incompatible deformations, their multiplication, F, should 
represent a compatible deformation. In general, the elas-
tic deformation of living soft tissues yields little volume 
change; therefore, the nonlinear response of these mate-
rials can be described using an isotropic incompressible 
hyperelastic material. The incompressibility implies that 
the determinant of the elastic deformation tensor should 
be equal to one, i.e. detA = 1. In general, the growth tensor 
depends on stresses and deformations, as well as other 
factors. For the sake of simplicity, it is assumed here that 
the growth process has a known spatial distribution, insin-
uating that all of the biological information is independent 
of stresses (Li et al. 2011). When no tumor is present, 
the cortex-core structure deforms axisymmetrically due 
to growth; therefore the deformation field after growth 
becomes a function of the radius, r = r(R). To eliminate 
longitudinal effects and ensure that the focus of the study 
is concentrated on in-plane bifurcation, a plane-strain 
assumption is considered (Pagenstert et al. 2009; Budday 
et al. 2014). Numerous biological soft tissues have been 
modeled as a hyperelastic material with a strain energy 
function (Tallinen et al. 2014; Li et al. 2011; Budday et al. 
2014), W(A). Therefore, the Cauchy stress, �, is related to 
the strain energy function by (Li et al. 2011).

 

where p is the Lagrangian multiplier due to incompress-
ibility and I is a second-order unit vector. In the absence 
of any body force, mechanical equilibrium imposes

 

where ‘div’ stands for the divergence operator in the cur-
rent configuration. There are several proposed material 
behaviors for a hyperelastic material (Holzapfel 2000); 
here a simple and common isotropic nonlinear neo-
Hookean model is implemented.

 

where μ is the shear modulus and �r, ��
 and �z are the 

radial, circumferential and axial principal stretches, 
respectively.

2.2. Computational method

Because of the need to predict realistic cortical morphol-
ogies after the onset of instability in the growing brain 
model, a computational model based on non-linear finite 
element (FE) method with an isotropic growth in the 
cortex of the brain model is carried out. Brain growth 
is simulated via thermal expansion (Cao et al. 2012; Jin  

(2)� = A
�W

�A
− pI

(3)div � = 0

(4)W =
�

2

(

�2

r + �2

�
+ �2

z − 3
)
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Based on Equations (2) and (4) the Cauchy stress compo-
nents are derived as

 

where �rr and �
��

are the Cauchy stresses in the radial and 
circumferential directions, respectively. The equilibrium 
equation, Equation (3), is derived as

 

By the continuity condition at the interface of the core 
and cortex and the free boundary at the outer surface of 
the cortex, the stress distribution from Equations (10–13) 
can be expressed for the cortex as

where �rr

(

�rr

�s

)

 and �
��

(

�
��

�s

)

 are normalized radial and 
circumferential stresses by the shear modulus of the cor-
tex (μs) and �bs = b∕gsB. The core is in homogeneous 
stress state which �c

rr = �c
��

 and both are equal to �s
rr at the 

interface between cortex and core. From Equations (11) 
and (14–15), it is obvious that when the growth speeds of 
cortex and core are equal, (gs = gc), there will be no stress 
in the model which indicates stresses trigger only from 
the mismatch between the growth speeds of the cortex 
and core.

Here, without loss of generality, it is assumed that 
growth takes place only in the cortex of brain model. 
Figure 3 depicts the normalized radial and circumferen-
tial Cauchy stresses for the two arbitrary growth ratios of 
the cortex in the developing brain model. A recent study 
shows that the shear moduli of the cortex and core of 
the brain are close to each other (Tallinen et al. 2014), in 
this figure we assume that shear moduli are the same for 
cortex and core. Also we consider that the cortex grows 
by a growth ratio of 1.5 and 2, where a higher growth ratio 
means faster growth of cortex.

For the sake of simplicity, results are mapped to the 
initial configuration of the structure. Figure 3 also shows 
that the mismatch between the growth rates of the cortex 
and core leads to the appearance of residual stresses in the 
structure. The radial stress in the cortex is tensile but the 
circumferential stress is compressive, which is consistent 
with experimental observations (Xu et al. 2009, 2010). 
Higher growth ratios of the cortex create higher residual 
stresses through the thickness of the cortex. Radial stress 
on the free surface of the model is traction free and is 
therefore equal to zero. Also, the core of the brain model 
is under a homogeneous stress state, and its magnitude 

(12)�rr = ��−2 − p, �
��

= ��2 − p

(13)
��rr

�r
+

�rr − �
��

r
= 0

(14)�
s

rr =
1

2

[

�−2
s − �−2

bs + ln(�2

bs∕�
2

s )
]

A ≤ R ≤ B

(15)�
s

��
= �s

rr +
(

�2

s − �−2
s

)

A ≤ R ≤ B

ratios (Razavi et al. 2015, 2015). For isotropic growth in 
the plane-strain model, the growth tensor can be char-
acterized by

 

where g (g ≥ 1) is a constant and is defined as growth ratio. 
Due to the cylindrical symmetry of the model, the elas-
tic deformation tensor can be expressed for the isotropic 
growth from Equation as:
 

which �i is the principal stretch. With the incompressibil-
ity constraint det A = 1, we have

 

Then from the interface continuity and integration of 
Equation (7), the deformations in the core and cortex are 
derived respectively as
 

which gc and gs are isotropic growth ratios for the core and 
cortex, respectively. Let � = �

�
, the assumption detA = 1

leads to �r = �−1. Based on Equations (6, 8, and 9), � in 
both layers can be derived

(5)G = diag(g , g , 1)

(6)
A = diag

(

�r , ��
, �z

)

�r =
g−1s �r

�R
, �

�
=

g−1s r

R
, �z = 1

(7)
r

R

�r

�R
= g2

(8)r2 = g2c R
2
for 0 ≤ R ≤ A

(9)r2 = (g2c − g2s )A
2 + g2s R

2
for A ≤ R ≤ B

(10)�c = 1 0 ≤ R ≤ A

(11)
�s =

[

1 +

(

g2c

g2s
− 1

)

A2

R2

]1∕2

A ≤ R ≤ B

Figure 3.  normalized stress distribution in the radial and 
circumferential directions for the isotropic growth of cortex-core 
brain model, and A/B = 0.95.
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small and the depth of the creases is shallow. With con-
tinuing growth, more creases occur on the surface of the 
outer cortex. In creased models, thickness of gyri regions 
is greater than in sulci regions, which is in agreement with 
experimental observations (Fischl and Dale 2000). These 
results are for a simple, growing model without consider-
ation of a tumor. In the next section, the effects of a tumor 
on the gyrification of this model will be interpreted.

3.2. Effects of tumor on cortical folding

As mentioned in the introduction, brain tumors in the 
fetal stage vary in size, location and growth speed. In the 
following section, the effects of these kinds of parameters 
on the cortical folding process are studied.

3.2.1. Location and size
In Figure 2, a circular initial shape is considered for a 
growing tumor inside the brain model. Generally, a real 
solid tumor in brain is not exactly spherical. Therefore, 
the original shape of the tumor may be a key parameter 
which influences the final morphology of the cortex after 
growth. In the Supplemental Materials Table S1 presents 
some preliminary results on how initial irregular shapes 
of tumor affect folding patterns of the brain. Tumor shape 
effect is not the major scope of our study; here we mainly 
focus on a regular, idealized shape (circular/spherical) of 
the tumor for better quantifying its size, growth rate, and 
stiffness effects on the morphology of the brain. For the 
study of size and location of the tumor, the growth ratio of 
the tumor is firstly kept the same as the cortex. Different 
growth ratios of the tumor will be studied in next subsec-
tion. Two parameters to control initial size and location of 
the growing tumor are defined as, Rt and Dt. Dt is defined 
as the distance from the tumor center from the center of 
the model and is normalized by the initial outer radius of 
the cortex. A higher Dt means that the tumor is closer to 
the interface of the core and cortex regions, with a value of 
one indicating that the tumor center is at the outer radius 
of cortex. Rt is defined as a normalized initial radius of the 
tumor using the initial outer radius of the cortex. Figure 6 
shows a morphological evolution of the developing brain 
model with a growing tumor inside. All parameters are 
the same as Figure 5 with the addition of a tumor having 
Rt = 0.1, Dt = 0.65, and the same growth ratio as the cor-
tex. The stiffness of the tumor is considered higher than 
cortex/core to avoid deformation of the tumor (stiffness 
of the tumor will be discussed in the next subsection).

Figure 6 shows that the existence a tumor has an effect 
on the folding of the model. The tumor breaks the sym-
metry of the model and leads to the formation of creases 
which are different from the perfect model without a 
tumor. Therefore, it can be expected that the size and 

is equal to that of the radial stress of the cortex at the 
interface. It is noticed that both radial and circumferential 
stresses in the core are tensile. Generally, when the cortex 
grows, large compressive stresses always occur in the outer 
layer of the cortex. These kinds of compressive stresses in 
the surface of soft materials (we will explore further in the 
next sections) may engender instability and lead to the for-
mation of creases (Tallinen et al. 2014; Hong et al. 2009).

3.1.2. Critical growth ratios and morphology 
evolution
Figure 4 shows the deformation field of the developing 
model. The larger the growth of the cortex, the more 
the outer radius of model expands. From Figure 4 it can 
be clearly noticed that there is a very good agreement 
between the theoretical analysis and the finite element 
(FE) result for the deformation field of this brain model. 
From the FE model, once the critical growth ratio of the 
cortex has been reached, the model loses stability and 
forms an irregular configuration. However, theoretical 
analysis cannot predict the evolution of cortical complex 
convolutions after the critical point for instability. The 
critical growth ratio is a function of the initial thickness 
of the cortex (Razavi et al. 2015).

When the growth ratio of the cortex in the brain 
model is beyond the critical value, the system starts to 
lose stability and form creases in the outer surface of the 
model. This happens in order to partially release the elastic 
energy in the brain model and therefore reach another 
stable configuration. Since the analytical solution cannot 
predict crease formation after the critical growth ratio, FE 
models are implemented to predict folding patterns after 
instability. Figure 5 shows a morphogenesis evolution of 
a growing brain model under a series of growth ratios. At 
the beginning, the number of the creases in the model is 

Figure 4. normalized deformation for the outer radius of cortex 
according to the isotropic growth ratios of cortex. Cortex and core 
have the same material property and A/B = 0.95.
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that in the rigid tumor case, the shape remains circular. 
In general, tumor could possess a heterogeneous local 
growth rate due to the availability of nutrients and other 
local factors such as stress/strain field. This heterogeneous 
growth could lead to the symmetry breaking of a rigid 
circular tumor and the irregular folding pattern of the 
brain as discussed in the Tables S2 and S3 of Supplemental 
Materials. Figure 8 shows the results for a growing tumor 
with the same initial size but different growth ratios and 
locations. Interestingly, again there is a critical distance 
that beyond which the tumor starts to show an effect on 
the gyrification. Higher growth ratios for the tumor lower 
this critical distance and cause the tumor to show a more 
profound effect on gyrification when compared to a tumor 
of the same size but farther from the cortex-core interface.

3.2.3. Tumor stiffness
In all previous models it was considered that the stiffness of 
the growing tumor is high enough to maintain its circular 
shape. There are significant differences in elasticity among 
the most common types of brain tumors (Imbault et al. 
2014). Experimental data reveals that generally stiffness of 
fetal brain tumors is close or higher than the surrounding 
white or grey matter (Imbault et al. 2014; Wasserman et 
al. 1996). Nevertheless, the effect of the stiffness of the 
tumor on the morphogenesis of the developing brain is 
still a subject of interest. Figure 9 shows the effect of the 
stiffness of the tumor on the total critical growth for initial 
creasing of the model. In both models all parameters, e.g. 

location of a tumor have a great effect on the morphology 
of the gyrification process. Figure 7 compares the effect 
of size and location of the tumor on the critical growth 
ratio of the model. The critical growth ratio of the model 
is defined as the growth ratio beyond which the model 
starts to lose stability and form creases.

As shown above, in both tumor sizes, by increasing 
the normalized distance from the center, Dt, the tumor 
enforces gyrification starting in low growth ratios. In other 
words, tumors close to the center of the core have less 
effect on the critical growth ratio for instability. Therefore, 
it can be stated that there is a critical distance for a tumor 
beyond which the tumor causes an effect on gyrification. 
This critical distance is higher for smaller tumors than it 
is for larger tumors. Therefore, from a mechanical view-
point, tumors close to the center of brain model do not 
have a profound effect on the cortical folding.

3.2.2. Growth ratio
In the previous section, the growth ratio of the tumor is 
considered to be the same as the cortex growth ratio. The 
grading system of tumors from I to IV reveals that differ-
ent types of tumors have different growth speeds (Louis 
et al. 2007). Hence, here the growth speed of the tumor 
is studied as a variable parameter and is compared with 
the cortex growth speed. Therefore, the size of the tumor 
is fixed as Rt = 0.1 and different growth ratios and loca-
tions are used for the tumor to observe the effects. In our 
study a uniform growth rate is assumed for the tumor, so 

Figure 5. evolution of crease formation in a growing brain model with /B = 0.95.

Figure 6.  evolution of crease formation in a developing brain model with a growing tumor imbedded in it. Rt  =  0.1, Dt  =  0.65, and 
A/B = 0.95.
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depicts the last step of the perturbation of the two mod-
els with different tumor stiffness values. If the tumor is 
quite stiff compared to the cortex and core materials, after 
growth it keeps its circular shape (Figure 10(a)). However, 
if the stiffness of the tumor is similar to the other parts 
of the model, after growth deformation may be seen in 
the tumor, see Figure 10(b). Nonetheless, as was stated 
previously from Figure 9, its effect on the cortical folding 
process is negligible.

3.2.4. Gyrification Index (GI)
Another useful parameter for interpreting convolution in 
the cortex is the determination of the Gyrification Index 
(GI). The gyrification index can be calculated as the ratio 
between the outer and inner contours of the cortex. A 
cortex with extensive folding has a large gyrification index, 
whereas a cortex with limited folding has a small gyrifi-
cation index (Zilles et al. 1988). Many studies have been 
conducted using the GI to identify abnormal cortical com-
plexity in neurodevelopmental and psychiatric disorders 
(Kulynych et al. 1997; Bonnici et al. 2007; Wallace et al. 
2013; Hardan et al. 2004). Figure 11 shows the GI for mod-
els with and without a tumor. It is clear that the existence 
of a tumor, generally, decreases the GI for the models. 
Initial tumor size is the same for all of the models while the 
growth ratio of each tumor is different. When the growth 
ratio of the tumor increases, it leads to a decrease in the 
gyrification index. As it has been proved that GI is related 
to intelligence (Kates et al. 2009), our study may ignite 
further investigations into the influence of a growing solid 
tumor on intelligence by affecting GI.

3.2.5. Cranial constrain
Experimental evidences have proved that constraint of 
the skull is not a determinant factor in gyrification (Xu et 
al. 2010; Welker 1990). Therefore, in previous models, the 
skull is not considered as a contributor towards cortical 
folding. Nevertheless, the skull could affect the appearance 
of these folds by flattening the gyral patterns (Tallinen et 
al. 2014). A computational study showed that cortical fold-
ing with a skull constraint demonstrates more convolution 
than without (Nie et al. 2010), which stated that mechan-
ical constraints of the skull may play a minor role in the 
cortical folding process of the brain. Therefore, a circular 
confinement representing the skull is added to the model 
to study its effect on the cortical folding process. Figure 
12 shows the last step of gyrification with the existence of 
a skull confinement. All other parameters of model are 
the same as Figure 6. From Figure 12 it is obvious that the 
patterns of gyri and sulci in the model with the skull are 
more closely representative to that of a real brain based 
on observations of MRI studies. Gyral crowns are more 
flatted with the presence of the skull making the model 

the growth ratio of the cortex and the tumor and the initial 
tumor size, are the same; only the stiffness of the tumor 
in the models is different. It is clear from the results that 
the stiffness of the tumor does not have a great effect on 
the total growth ratio for starting instability. Figure 10 

Figure 7.  dependency of critical growth ratio of model on the 
location and size of the growing tumor. growth ratios of tumor 
and cortex are the same gt = gs, A/B = 0.95.

Figure 8.  dependency of critical growth ratio of model on 
the growth ratio and location of the growing tumor. Rt  =  0.1 
and A/B  =  0.95. gt and gs are tumor and cortex growth ratios 
respectively.

Figure 9. effect of stiffness of the growing tumor on the critical 
growth ratio of the model, Rt = 0.1 and A/B = 0.95.
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4. Summary

This paper discusses that the presence of a tumor breaks 
the symmetry of the brain model and leads to the forma-
tion of creases different from those in models without a 
tumor. Size, location, and the growth ratio of a solid tumor 
have a profound effect on the morphology of the gyrifica-
tion process. By increasing the normalized distance from 
the center of brain model, the tumor enforces gyrification 
starting in lower growth ratios, meaning that tumors close 
to the center of the core have less of an effect on the crit-
ical growth ratio. The critical distance, or the distance at 
which the presence of the tumor begins to have an effect 
on the folding pattern, is higher for smaller tumors than 
it is for that of larger tumors. Therefore, from a mechan-
ical viewpoint, tumors close to the center of brain model 
do not have a profound effect on folding. Higher growth 
ratios for the tumor decrease the critical distance causing 
the tumor to show a more profound effect on gyrification 
when compared to a tumor of comparable size at a larger 
distance from the cortex-core interface.

Results also show that the stiffness of the tumor itself 
does not have a great effect on the total growth ratio for 
starting instabilities. If the tumor is significantly stiff 
compared to the cortex and core materials, it maintains 
its circular shape after growth. However, if the stiffness 
of the tumor is similar to other parts of the model, the 
tumor portrays deformation after growth occurs. While 
the shape of the tumor may be affected by its own stiffness, 
its effect on the cortical folding process can be considered 
negligible. It is shown that the existence of a tumor, gen-
erally, decreases the GI for the models. Additionally, the 
presence of a skull-boundary causes the simulation results 
to mimic that of cortical folding morphologies more real-
istically even though it is not necessary for mechanical 
analysis of the gyrification process.

It is worth to mention that our model is a basic para-
metric study which has many simplifications. In the next 
studies many factors like, anisotropy of white/grey mat-
ters, realistic material property of tumor, irregular initial 
shape of both brain and tumor should be considered to 

more convoluted (Tallinen et al. 2014). Critical growth 
ratios for starting instability in models with and without 
cranial constrain are the same which reveals that the skull 
does not give any contribution to the onset of gyrification 
(Xu et al. 2010). Also, the gyrification index for the model 
with the skull is close to that of the models without this 
constraint.

Figure 10. gyrification with the two different tumor stiffnesses. (a) tumor is eight times stiffer than the cortex; (b) stiffness of the tumor 
is same as the cortex, Rt = 0.1, Dt = 0.84, and A/B = 0.95.

Figure 11. effect of the growing solid tumor on the gyrification 
index (gi) of the brain model. Rt = 0.1 and A/B = 0.95. gt and gs are 
tumor and cortex growth ratios respectively.

Figure 12.  effect of the cranial constrain on the gyrification 
process with a growing tumor. (a) Computational model, 
A/B = 0.95, Rt = 0.1 and Dt = 0.84; (b) similar experimental picture 
from mri study (Kembhavi et al. 2012), figure is reproduced with 
permission.
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have a better depiction of brain solid tumors growth. This 
still requires extensive research in order to bring all deter-
minant factors into the growth model. Nevertheless, we 
hope that this basic study can stimulate more interests 
in this research area to develop methods for detecting or 
preventing fetal brain tumors. Early detection/prevention 
methods require an in-depth understanding of mechanics 
and biology of growth of solid tumors which can improve 
the care of patients with brain tumors.
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