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Abstract. Ogden type of hyperelastic constitutive law has recently emerged in 
modeling ventricular enlargement in hydrocephalic brain with finite element 
method, but this material property for brain tissue has not been investigated in a 
patient-specific setting in hydrocephalus. Consequently, the accuracy of the si-
mulated ventricular enlargement using this hyperelastic tissue property remains 
unknown. In this study, we evaluated this brain material model in four patients 
with communicating hydrocephalus under a small trans-mantle pressure differ-
ence (TPMD) between brain ventricle and subarachnoid space (<1mmHg).  
Based upon changes in ventricular geometries obtained with sequential MRI, 
we found that this hyper-elastic model has a great flexibility and accuracy in 
modeling ventricular enlargement (with errors less than 1mm).  Our study sup-
ports the utility of this hyperelastic constitutive law for future hydrocephalus 
modeling and suggests that the observed ventricular enlargement in these pa-
tients may be caused by a slight increase in TMPD. 
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1 Introduction 

Hydrocephalus is defined as an active enlargement of brain ventricles caused by the 
impairment of cerebrospinal fluid (CSF) homeostasis. CSF is mainly produced by the 
choroid plexus in the lateral and third ventricles. After flowing into the fourth ven-
tricle through aqueduct of Sylvius, CSF is reabsorbed in the subarachnoid space 
(SAS) through arachnoid granulations in the sagittal sinus. Hydrocephalus is referred 
to as communicating hydrocephalus when no apparent obstruction is presented within 
the brain ventricular system [1].   

Finite element method (FEM) based simulation of brain ventricle enlargement started 
with a biphasic model for brain tissue. Nagashima et al employed Biot’s consolidation 
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theory to model brain tissue as a biphasic poroelastic medium in 2D, and demonstrated 
that increased hydraulic conductivity may lead to periventricular CSF edema. The 
transmantle pressure difference between ventricle and SAS (TMPD) applied to the  
ventricular wall was 20mmHg [2]. Pena et al demonstrated that distribution of periven-
tricular edema in acute hydrocephalus is highly related to not only the increased  
intra-ventricular pressure, but also the natural geometry of the ventricle [3].  Clatz et al 
combined the biphasic brain tissue model with a scalar model of CSF production-
resorption cycle and used Monroe-Kellie assumption (the total volume of brain, CSF 
and blood is a constant due to the confinement of skull) to simulate the interaction be-
tween brain tissue and CSF production under the assumption of infinitesimal deforma-
tion [4]. As pointed out in [5], these works have limitations by using both linear elastic 
tissue property and linear geometrical analysis. More recently, Momjian and Bichsel 
introduced nonlinearity to this poroelastic model in 2D by varying the Young’s modulus 
as a function of local parenchymal void ratio and relaxing the internal stress [6].  

Different from the previously discussed biphasic tissue model, through testing por-
cine brain tissue, Miller et al have found that brain tissue deforms like a hyperelastic 
material with a linear viscoelasticity [7, 8].  Due to the large time scale considered 
for ventricular enlargement, this model was simplified to an Ogden type of hyperelas-
tic constitutive law and was first applied to simulate ventricular enlargement in hy-
drocephalus by Taylor and Miller [9].  Based upon this hyperelastic model, they 
suggested that the modulus in previous biphasic modeling of hydrocephalus may be 
too high, and a considerably lower modulus value of approximately 584Pa should be 
used [9].  In addition, based upon generic brain geometry, Dutta-Roy et al demon-
strated that the Biot’s consolidation theory based biphasic brain tissue model is not 
advantageous when compared to the hyperelastic model in simulating ventricular 
enlargement [5].  In this work, this hyperelastic model will be further evaluated in 
terms of deformation capability and accuracy in modeling ventricular enlargement in 
a patient-specific setting. 

As pointed out in [10], one important limitation in current FEM-based numerical 
analyses in hydrocephalus is the lack of quantitative comparison between the  
FEM simulation and the actual patient-specific anatomical changes caused by hydro-
cephalus, which provides a critical feedback for us to gain more insights into brain 
mechanics in hydrocephalus.  To address this limitation, we performed patient-
specific geometrical modeling of ventricle enlargement using FEM simulation and the 
accuracy of the simulated deformation was assessed by using the same patient’s se-
quential MRI as the ground truth.  In particular, we sought to determine whether 
FEM simulation with this hyperelastic model using the parameters as in [5] can model 
the ventricular enlargement accurately especially under a small pressure loading. To 
the best of our knowledge, our study is the first 3D nonlinear FEM analysis of ventri-
cular enlargement in hydrocephalus in a patient-specific setting. 

2 Methods 

2.1 Image Acquisition and Preprocessing 

This is an institution review board (IRB) approved study and written consents were 
obtained prior to image acquisition.  We included four patients with communicating 
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hydrocephalus caused by lysosomal storage disorder. In these patients, ventricular 
enlargement is a chronic process developed in years. The T1 weighted images of 
these four patients were acquired 24 months, 28months, 17months, and 57months 
apart, respectively. No treatment was administrated for these patients. The T1 
weighted images from the later scans were registered onto the same patient’s initial 
scan using the linear registration in FSL toolkit [11]. Ventricular segmentation was 
performed with an atlas based approach and manual editing was performed when mis-
segmentation occurred with the altered T1 intensity due to the disease. The brain  
supporting structures including falx cerebri and tentorium cerebelli were manually 
delineated due to their low image contrast in T1. Tetrahedral meshes were generated 
using the segmented brain images with a constrained Delaunay process [12]. 

2.2 Biomechanical Modeling 

The hyperelastic material model for the brain was originally proposed by Miller et al 
as a linear viscoelastic material to account for the nonlinear and strain rate dependent 
behavior of brain tissue during deformation [7, 8].  Due to the large time scale consi-
dered for ventricular enlargement, this model was simplified to an Ogden type of 
hyerpelastic model assuming a potential quasi-static loading with zero strain rate [5]. 
The hyperelastic constitutive law for brain parenchyma is given as: 2μ/ 1 ,                         (1) 

where W is the potential function; λis are the principle stretches, µ is the initial shear 
modulus (155.77Pa) and α is a material constant (-4.7) [5, 9].  Jel is the elastic volume 
ratio and D is a material coefficient inversely related to the initial bulk modulus.  
Effectively, this model has only three parameters including µ, a, and D, and λis and Jel 
are computed from nodal displacements. Poisson’s ratio (PR) is computed as 6/μ 2 / 12/ μ 2 .  Previously, Dutta-Roy et al have chosen PR as 0.35, 
0.49 and 0.5 representing brain tissue as compressible, nearly incompressible, and 
fully incompressible materials [5]. It should be noted that even though we use a very 
fine mesh, potential locking may exist when the PR approximates 0.5. We varied PR 
in a range of [0.35, 0.49] at a step size of 0.02 for all the four patients. The rigid sup-
porting structures including falx cerebri and tentorium cerebelli were modeled as 
isotropic elastic material with a Young’s modulus of 3.15*107Pa and a PR of 0.45 
[13].  It is also worth pointing out that our study is the first to consider these support-
ing structures in hydrocephalus modeling even though the Young’s modulus of these 
supporting structures is approximately 105 times higher than the initial Young’s mod-
ulus of the hyperelastic brain tissue model (~584Pa). 

We have applied both large (~10mmHg) and small pressure loadings (<1 mmHg) 
to the ventricular wall in FEM simulation.  The large pressure loading is used to eva-
luate the capability of this hyperelastic constitutive law in modeling large deformation 
in patient-specific geometrical setting.    

Even though all current FEM-based studies in hydrocephalus load the model with 
an assumed TMPD [2-6, 9], intriguingly, several experimental studies (including both 
patient and animal studies) did not detect such a pressure difference [14-16].  
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These results suggest that the assumed TMPDs (~20mmHg) in previous FEM studies 
[2, 3] were too high and their FEM models may not truly represent in-vivo biological 
conditions.  In our study, we assume that the maximal TMPD applied to the ventricu-
lar wall is with 1mmHg (133.47Pa) as that in [5], and such a small TMPD is expected 
to be within the experimental variations in [14-16].  We also varied TMPD in the 
range of 0.1–1 mmHg (with a step size of 0.1 mmHg) jointly with different PRs dis-
cussed previously.   

Two types of brain-skull boundary conditions have been used in previous hydroce-
phalus modeling studies. The majority employed the Dirichlet boundary condition by 
fixing brain mesh surface nodes in all degrees-of-freedom [2-4, 6, 9]. The only excep-
tion is a nonlinear boundary condition constraining the brain surface nodes on the 
bottom while allowing the remainder to move within the cranial cavity as an arbitrary 
3mm gap between brain and skull [17]. This boundary condition was originally de-
signed to account for brain shift due to the loss of CSF upon craniotomy for brain 
tumor resection. Since all subjects in this study had an intact skull, we employed the 
Dirichlet boundary condition accordingly. 

2.3 Evaluation of Simulation Accuracy 

The distance from one node in the simulated ventricular surface to the ground truth 
geometry (the ventricular surface from the later scan) was defined as the minimal 
distance from this node to all the triangular patches consisting of the ground truth 
ventricle (Eq. [2]).  

          min dist ,  ,                        (2) 

where D(i) is the shortest distance from node i on the simulated ventricular surface to 
all the triangular patches (Tri) on the ground truth ventricle from the later MRI.  M is 
the total number of nodes in the simulated ventricular surface and N represents the 
total number of triangular patches on the ground truth ventricle.  We further compute 
the weighted sum of D(i) from all the nodes as a measure of error of the simulation 
(Eq. (3)).  The weight for one node was computed as the ratio of 1/3 of the total area 
of all the neighboring triangular patches over the total area of the entire simulated 
ventricular surface (Eq. (3)).  The purpose is to account for the area differences of the 
triangular patches after mesh is deformed.  ∑ 1/3 ∑⁄ ; ∑               (3)                           

Ni is the number of neighboring patches to node i, and Areaj is the area of the triangular 
patch j on the surface.  For reference, the same measure was also computed between 
the initial and the ground truth ventricles of the same patient (referred to as Dinit). 

3 Results 

3.1 Deformation Capability of Hyperelastic Modeling 

The registered images from the later scans to the initial scans are given in Fig. 1 for 
all four patients. The rendered ventricular surfaces from patient1 are given for the initial 
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4 Conclusions 

Our initial experience with the hyperelastic modeling supports its future application in 
investigating hydrocephalus. We have demonstrated that with the previously sug-
gested parameters, this model is not only able to approximate the deformation ob-
served in these four patients with high accuracy (less than 1mm in error), but also 
flexbile enough to achieve large deformations even under a large TMPD in line with 
previous experimental reports (4.0±3.6mmHg [18]).   

Our results suggest that the investigation of the mechanical factors in communicat-
ing hydrocephalus may warrant the investigation of the existence of a small TMPD, 
which may be able to explain the controversies among some of the previous hydroce-
phalus studies.  For instance, the existence of TMPD in hydrocephalic patients with 
ventricular enlargement has been reported in [18, 20] but not in [14-16].  We specu-
late that such a small TMPD as in communicating hydrocephalus may not be readily 
detected in these experiments due to instrumental variations.   

Limitations in our study are noted. Measurements of TMPD and tissue property in 
these patients were not conducted due to the invasive nature of the involved proce-
dures. Evidence from magnetic resonance elastography suggests that hydrocephalic 
brain tissue may be more compliant due to the weakened mechanical structures [21, 
22]. If this is the case for our patients, even though we may have underestimated the 
ventricular enlargement under the same TMPD, the major conclusion that a small 
TMPD may leads to ventricular dilation in these patients remains to be true.  Due to 
the same limitation, we did not consider the potential temporal changes and spatial 
inhomogeneity of brain tissue property. We varied Poisson’s ratio to account for devi-
ation from the originally proposed model parameters. At last, in the initial scans of 
these patients, brain tissue may have already been strained due to ventricular en-
largement and our analysis may not start from an ideal tension-free setting.   
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