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This paper aims at studying the effect of sulci structures during tumor growth and cerebral edema in brain tissues. Motivated by
the Intracranial Cerebral Pressure (ICP) monitoring during the brain surgery, a computational model has been created to study
macroscopic behaviors of brain tissues with local volume expansion introduced by the tumor growth and cerebral edema. To
consider the extra-large deformation during the tumor growth, a nonlinear finite element method has been adopted. Numerical
simulation results reveal that sulci structures play significant roles in macroscopic volume expansion and maximum stress of brain
tissues. Without considering the sulci structures, predictions on the ICP will be dramatically different from those including sulci
structure. Therefore, it is strongly suggested that the sulci structure should be included in future studies on the brain modeling for
investigating the space-occupying lesions.

1. Introduction

The revised Monro-Kellie hypothesis describes that the total
volume of brain tissues, intracranial blood, and cerebrospinal
fluid is constant in a skull [1, 2]. Therefore, increasing the
volume fraction of one component will reduce the volume
of the remaining one or two. Brain tumors can expand their
volumes through proliferation within brain tissues [3]. How-
ever, the brain tissue’s mechanically reserved room, that is,
the interstitial space, cerebrospinal fluid filled ventricles, and
vascular systems, can only temporarily compensate through
the fluid flow. Once the critical point of decompensation
is reached, a minor increment of brain tissue’s volume can
cause a massive, life-threatening development of Intracranial
Cerebral Pressure (ICP) [4]. The traumatic brain injury will
induce the cerebral edema in the brain tissues. Due to the
diffusion of the blood into places with cerebral edema, the
brain tissues grow and expand, resulting in a rise in ICP
[5]. The normal brain and its related various pathological
changes, which can cause the growth and expansion of brain
tissues, are shown in Figure 1. Decompressive craniectomy

is the final phase in the graded scheme of critical care
management of refractory raised ICP [6, 7]. Although the
decompressive craniectomy can reduce the ICP, the related
process may further introduce the transcalvarial herniation
[8], coming from the expansion of brain tissues with lower
outer pressure (i.e., from the cerebrospinal fluid pressure to
air pressure).

With advancements in computational methods [9, 10],
finite element analysis (FEA) has been used to investigate
the brain under pathological changes as done by Goriely et
al. [11]; Budday et al. [12]; Goriely et al. [13]; and Budday
et al. [14, 15]. For example, Mohamed and Davatzikos [16]
studied the mass effect of brain tumors through 3D FEA
modeling. The contraction of brain tissues due to the resec-
tion of tumors has been investigated in detail. Through FEA
modeling, the effects of a number of parameters, such as
tumor size, location, and peritumor edema extent, can be
uncovered. Gao and Ang [8] explored the brain deformation
and ICP changes with unilateral frontoparietal-temporal
and bifrontal decompressive craniectomy through FEA. The
obtained simulation results can be used to guide the optimal
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Figure 1: Normal brain and its related various pathological changes: (a) normal brain; (b) with tumor; (c) with cerebral edema; and (d) with
cerebral hemorrhage. The arrows indicate the locations at which the tumor growth, cerebral edema, and cerebral hemorrhage take place.
These medical images are taken from three patients at Chongqing General Hospital.

conduct of decompressive surgery with minimum impact on
transcalvarial brain herniation. Sulcal deformation in normal
pressure hydrocephalus (NPH) has been studied by Kim et al.
[17].

It is well-known that the surface morphology of brain
tissues is usually related to the intelligence and neurolog-
ical dysfunction of human beings [11, 18]. Therefore, the
formation of sulci structures in brain has attracted a lot of
attention recently. Budday et al. [19] and Razavi et al. [20,
21] built an analytic model and established a computational
model, respectively, using the continuum mechanics theory
to explain the formation of surface folds on brain tissues.
Their models are capable of predicting the formation of
complex surface morphologies with sulci structures, demon-
strating the important role of mechanics in the development
of brains [13, 14, 19]. Through the variations in cortical and
subcortical thickness, stiffness, or growth, different patterns
can be formed on the brain surface [22]. The formation of
sulci structures is found to be related to the surface instability
of soft matters, such as wrinkles on nanofibers [23, 24],
bilayered elastomers [25], and core-shell structures [26, 27].

Though significant progress has been made in recent years
with respect to the modeling of morphological evolution
of developing brains, there are still many remaining open
questions.

In present study, we are trying to explore the existing sulci
structures during the cerebral edema and tumor growth in the
brain tissue, rather than studying the formation mechanisms
of the sulci structure. In a previous study [17], two FEA
models have been developed: an anatomical brain geometric
(ABG) model and a conventional simplified brain geometric
(SBG) model. However, most studies use the SBG model,
ignoring the details of sulci geometry at the edges of brain
tissues. Recent studies suggest that structural characteristics
of the sulci structure could play an important role when the
brain is under mechanical stress [28, 29]. For instance, Kim
et al. [17] investigated the degree of tissue distortion in NPH
with and without sulci. Their results uncover that the SBG
model can significantly underestimate the pathologic changes
during the development of NPH. In this work, we focus on
the structural evolution of the sulci during the tumor growth
and cerebral edema through FEA. The sulci effects on ICP
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and stress distribution in the brain tissue are also investigated
in detail. The obtained simulation results are expected to
shed light on the realistic modeling of the tumor growth and
cerebral edema, eventually providing useful guidelines for the
surgical procedure.

2. Model and Methods

In this study, we use the hydrogel model to describe the
mechanical behaviors of brain tissues, which is different from
the previous researchers [16, 17]. In these previous studies,
the Neo-Hookeanmodel with thermal volume ratio has been
widely used. However, the fluid flow within the brain tissue
is often ignored. To consider the effects of the blood flow in
brain tissues (in particular, the cerebral edema is caused by
the flow-in water), the hydrogel model, developed by Hong
et al. [30] and Zhang et al. [31], is used to study the brain
edema. Although tumor growth is not related to fluid flow,
the model still can describe the volume expansion caused by
cell growth. Such a model has attracted a lot of attention for
polymeric hydrogels [32, 33]. It has been demonstrated that
themodel with a nonlinear field theory can be used to analyze
large deformations in hydrogels [30, 31]. In the theoretical
formulation [30], the free energy density of the hydrogel
takes the dry, solvent-free network as the reference state. In
reality, gel-likematerials, such as brain tissues, contain a large
amount of solvent molecules and are never dry. Moreover,
the cerebral fluids and blood can flow within brain tissues. In
this case, we take the swollen state, rather than the dry state,
as a reference state and denote it as the initial configuration.
The theoretical model developed by Wong et al. [34, 35] and
Zhang et al. [31] is adopted.Themain equations inWong et al.
[34] are recapitulated in the following. The interested reader
can refer to their original work.

Under the large deformation assumption, the point X
under the initial configuration moves to x under the current
configuration.Then, the deformation gradient can be defined
as

F = 𝜕x
𝜕X
. (1)
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and Jacobian 𝐽 =
det(F). Here 𝑁 is the number of chains per volume, 𝜐 is
the volume per solvent molecule, and 𝜒 is Flory-Huggins
parameter, characterizing the enthalpy of mixing of polymer

and solvent molecules. 𝐾 is the Boltzmann constant and 𝑇
is the temperature. Note that 𝑁V = 𝑁𝜐. Since we take the
swollen state as the reference configuration, it will introduce
the chemical potential at this state 𝜇
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where 𝛿𝜇/𝐾𝑇 is the variation of the chemical potential with
respect to the reference configuration. The initial (unde-
formed) state is denoted by 𝛿𝜇/𝜇

0
= 0. Deswelling of the

constrained gel is represented by 𝛿𝜇/𝜇
0
> 0, while 𝛿𝜇/𝜇

0
<

0 for swelling ones. In this work, we set 𝛿𝜇/𝜇
0
< 0 to

describe the swelling induced by the tumor growth and
cerebral edema, as the blood flows into these regions. Unless
otherwise stated, the material parameters used in this study
are as follows:

𝑁V = 1.0 × 10
−3

,

𝜒 = 0.1,

𝜙
0
= 0.1.

(4)

Note that these parameters are chosen to study the sulci
structure effect on tumor growth and cerebral edema. Future
experimental studies are required to identify more accurate
material parameters. We stress again that further experimen-
tal study needs to be carried out to testify if hydrogel model is
appropriate for brain tissues during brain edema and tumor
growth. The present work is a preliminary study and can
only shed some light on how expansion can influence the
mechanical behaviors of brains.

All the FEA simulations are performed under the 2D
axisymmetric conditions by using the commercial finite ele-
ment software ABAQUS [36]. Although the full 3Dmodeling
is possible and could be closer to the real situation, it will
involve more parameters to be determined. To understand
the important effect of sulci structure, this preliminary
analysis only considers the 2D case. A representative unit
cell, as depicted in Figures 1 and 2, is used to represent
a simplified brain model. Here the representative unit cell
(cf. Figure 2(a)) can be considered as a part from the real
brain images shown in Figure 1(c) (red polygon). Since the
depth of the sulci structure could vary at different locations,
we consider two different initial depths of sulci structure in
this study: ℎ

0
/𝐻 = 0.05 and 0.3 (the height of the unit

cell is 𝐻; see Figure 2). The depth of sulci can be measured
in CT or MRT images of brain. Another unit cell without
sulci structure is also considered to explore the sulci effect
(cf. Figure 2(b)). The tumor growth and cerebral edema at
different locations are considered, marked by shaded area,
such as 𝐴

1
to 𝐴
9
and 𝐵

1
to 𝐵
9
in Figure 2. The unit cell

has been discretized by about 16,000 four-node quadrilateral
CAXH4 elements (axisymmetric elements) in ABAQUS.The
corresponding boundary conditions are also given in Figures
2(a) and 2(b). Implicit time integration is performed for
the nonlinear geometric analysis. To provide a direct insight
into the parameter 𝛿𝜇 effect, we perform another simulation
over a single element with the left and bottom edges fixed
along 𝑥 and 𝑦 directions (cf. Figure 2(c)), respectively. Then,
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Figure 2: Simplified unit cell models: (a) with sulci structure; (b) without sulci structure; (c) a single element model to demonstrate 𝛿𝜇 effect;
(d) volume expansion versus 𝛿𝜇 for a single element. Boundary conditions are shown and the locations where the local tumor growth/cerebral
edema occurs are marked by gray areas.

the value of 𝛿𝜇 is increased to compute the volume at the
current configuration. The corresponding result is given in
Figure 2(d). It can be seen that the volume expands with the
increment of 𝛿𝜇. At 𝛿𝜇/𝜇

0
= −1, the volume expansion of the

element is about 100%.

3. Results and Discussion

Wefirstly investigate the difference in total volume expansion
with and without sulci structure. Figures 3(a) and 3(b)
demonstrate the ratio of current volume to initial volume as
a function of 𝛿𝜇 for ℎ

0
/𝐻 = 0.3 and 0.05, respectively. All the

results are comparedwith the same local volume expansion at
locations 𝐴

4
, 𝐴
5
, 𝐴
6
with sulci and corresponding locations

𝐵
4
, 𝐵
5
, 𝐵
6
without sulci. From these results, it is clearly shown

that the local volume expansion of the brain tissue with
sulci structure (𝐴

4
, 𝐴
5
, 𝐴
6
) is faster than that without sulci

structure (𝐵
4
, 𝐵
5
, 𝐵
6
). When the thickness of the sulci is

enlarged from 0.05 to 0.3, this effect is more pronounced
(cf. Figure 3). It also indicates that larger initial depth
of sulci structure can result in larger volume expansion
during the tumor growth and cerebral edema. As we know,

the depth of the sulci structure varies along the surface of
brain tissue (cf. Figure 1). If the tumor growth/cerebral edema
occurs at a place with different sulci depths, the resulting
volume expansions will be different. During the surgery, this
effect should be taken into consideration. Once the point of
decompensation is reached, aminor increase in volume could
trigger a massive, life-threatening increase in ICP [5].

Then, we investigate the total volume expansion induced
by the same local volume expansion at different places
during the tumor growth and cerebral edema. The obtained
results are shown in Figure 4. The obtained curves for the
ratio of current volume to initial volume are delineated
into three different regions. For the locations closer to sulci
structure (𝐴

1
, 𝐴
2
, 𝐴
3
), the volume expansion is larger and

the local volumes increase much faster with increasing 𝛿𝜇.
However, for the locations far away from the sulci structure
(𝐴
7
, 𝐴
8
, 𝐴
9
), the volume expansion is much smaller and the

increment of local volumes is slower. These findings are very
important for the clinical surgery. A patient with traumatic
brain injury usually needs a Computed Tomography (CT)
scan before the surgery. Then, the place with local cerebral
edema can be found. If the location is far away from the sulci,
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Figure 3: Ratio of the current volume to initial volume as a function of 𝛿𝜇 (local tumor growth/cerebral edema) with (a) ℎ
0
/𝐻 = 0.3 and
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Figure 4: Ratio of the current volume to initial volume as a function of 𝛿𝜇 (local tumor growth/cerebral edema) at different locations:
(a) ℎ
0
/𝐻 = 0.3 and (b) ℎ

0
/𝐻 = 0.05.

the ICP is less severe than the place close to the sulci structure.
Thus, the doctorsmay find other ways to handle the situation.

The deformation of sulci structure during the tumor
growth/cerebral edema is also measured and given in Fig-
ure 5, as a function of 𝛿𝜇. Here the sulci depth is measured as
the distance in horizontal direction between the maximum
𝑥 point and the valley point of sulci (cf. Figure 2). When
the location of tumor growth/cerebral edema is close to
sulci (𝐴

1
, 𝐴
2
, 𝐴
3
), the measured sulci depth increases with

decreasing 𝛿𝜇, while for these locations far away from sulci,
with 𝛿𝜇 (local expansion) decreasing, the sulci depth will
also be reduced. In most of the clinical situations, the tumor
growth/cerebral edema often happens at the locations far
away from the sulci.Therefore, it is usually stated contextually
that the depth of sulci will decrease during the tumor
growth/cerebral edema [37]. According to our simulation
results, thismay not be true for all the cases.Thedepth of sulci

depends on both the initial depth of sulci and the location of
tumor growth/cerebral edema that takes place.

Compared to othermethods, the advantage of FEA is that
it cannot only capture the deformation of brain tissue, but
also can predict the stress distributions. The local pressure
and von Mises stress are important parameters to evaluate
the extent of damage in brain tissues and can be adopted by
doctors for their surgery. If the pressure is very high for some
locations, the blood vessel may be compressed, resulting in
the blood clot or vessel breaking.This situation could be very
dangerous. In the following part, we will examine the stress
and pressure distributions during the tumor growth/cerebral
edema.

The local pressure distributionswith andwithout sulci are
given in Figure 6. The initial depth of the sulci is taken to be
ℎ
0
/𝐻 = 0.3. The results are compared with the same local

volume expansion induced by the tumor growth/cerebral
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Figure 5: Depth of the sulci structure as a function of 𝛿𝜇. The definition of the sulci depth is given in Figure 2.
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Figure 6: Comparison of pressure distribution between unit cell models with and without sulci structures. The initial depth of the sulci is
taken to be ℎ

0
/𝐻 = 0.3. The stress is normalized by𝑁𝐾𝑇.

edema (𝐴
4
, 𝐴
5
, 𝐴
6
and corresponding 𝐵

4
, 𝐵
5
, 𝐵
6
). It can be

seen that the highest pressure comes from the place with
tumor growth/cerebral edema. This situation is consistent
with our intuition. From Figure 6, the negative pressure
region around the area with highest pressure is much larger
for the tissue with sulci, compared to that without sulci. If
the tumor growth/cerebral edema takes place at 𝐴

4
, there

exists a high pressure region at the valley of sulci, which may
influence the surgery.

The von Mises stress distributions with and without sulci
are presented in Figure 7.The initial depth of the sulci is set to
be ℎ
0
/𝐻 = 0.3. The results are compared with the same local

volume expansion induced by the tumor growth/cerebral
edema (𝐴

4
, 𝐴
5
, 𝐴
6
and correspondingly 𝐵

4
, 𝐵
5
, 𝐵
6
). From

Figure 7, the vonMises stress for locations𝐴
5
and𝐴

6
, where

the local volume expansion takes place, is nearly the same,
regardless of whether the sulci structure is considered or
not. However, comparing the results for locations 𝐴

4
and 𝐵

4
,

the vonMises stress is much higher, especially at the valley of
sulci, when the sulci is considered.

Finally, we generate a simple brain model based on the
images used in Kim et al. [17]. Then, the tumor growth/
cerebral edema is considered to take place as illustrated in
Figure 2(b). Here, only half of a brain is shown because we
assume the axisymmetric geometry of the brain. Figure 8
plots the von Mises stress and pressure distributions with
and without sulci. Again, we find that the brain with sulci
structure demonstrates larger von Mises stress at the same
location. This observation is consistent with our above unit
cell analysis (cf. Figures 6 and 7). Moreover, with the sulci
structure, the large stress value can be transmitted to further
regions, as depicted in Figure 8.

The total volume of the brain as a function of 𝛿𝜇 is given
in Figure 9. The total volume is found to increase much
faster for that with sulci structure. Again, this finding is
consistent with our above unit cell analysis (cf. Figure 3).
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Figure 7: Comparison of von Mises stress distribution between unit cell models with and without sulci structures. The initial depth of the
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/𝐻 = 0.3. The stress is normalized by𝑁𝐾𝑇.
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Figure 8: Comparison of von Mises stress and pressure distributions between brain models with and without sulci structures. The stress is
normalized by𝑁𝐾𝑇.
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Figure 9: Ratio of the current volume to initial volume as a function
of 𝛿𝜇 (local tumor growth/cerebral edema) for the simplified brain
model.

Although the unit cell model is simple, it does provide
the fundamental insights into the local volume expansion,
pressure, and stress distributions of the brain tissue during
tumor growth/cerebral edema. Finally, we should emphasize
the important role played by the sulci structures on ICP, as
they can influence the local volume expansion dramatically.

4. Conclusion

In this work, a preliminary study on the effects of sulci
structure during tumor growth/cerebral edema has been
carried out. Through simplified unit cell and brain models,
we find that the sulci structure plays an important role in
the local volume expansion, pressure, and von Mises stress
distributions in brain tissues. If the sulci structure is ignored,
the local volume change, pressure, and von Mises stress will
be significantly underestimated, resulting in lower prediction
on ICP. Evidently, the consideration of the sulci structure is
necessary for a more accurate representation.

Finally, we also need to point out certain limitations of
present study. Due to the complexity of the brain and brain
tissue, we only consider the simplified unit cell and brain
models to study the sulci effect. Such a simplified model
cannot capture the real pathological changes of a brain with
tumor growth/cerebral edema. In the future study, a full
3D model of the whole brain should be used, which can
give more accurate predictions on the volume expansion,
pressure, and stress distributions. In addition, we adopt the
hydrogelmodel to describe themechanical behaviors of brain
tissues. Though such a model can easily simulate the growth
of brain tissue related to the tumor growth/cerebral edema,
we did not distinguish the difference of white matter and
gray matter in the brain. The difference between them may
lead to a response, different from our current predictions.
Although we believe that the trends given by the present
model should still hold, future studies will be explored to
consider the difference between thewhite and graymatters, as

well as more accurate material parameters calibrated through
experiments.
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