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Abstract. Biomechanical methods may provide a novel way to 
understand blood accumulation in intracerebral hemorrhage 
(ICH). The current study presents the results of a biomechanical 
analysis of blood accumulation in ICH using a finite element 
analysis, with an emphasis on the pressure exerted by the mass 
effect of blood in early ICH. A two‑dimensional finite model 
of the human brain parenchyma and the human ventricular 
system was developed and analyzed under two preloading 
conditions. The material properties of the human parenchyma 
were derived from previous reports. Ogden's theory was 
applied to describe the stress‑strain association in soft tissue. 
The results of the present study indicated that maximal stress 
was located at the two ends of the hemorrhage cavity, with 
the majority of stresses distributed on the zone surrounding 
the bleed. The two load environments demonstrated similar 
stress distributions. The loads put on the detached edges were 
not less than the intracranial pressure (ICP) when the stress 
threshold was reached. The results of the present study suggest 
that the direction of blood accumulation can be determined 
by the shape of the initial blood mass. Mechanical factors 
(blood pressure and ICP) did not serve a definitive role in 
preventing blood from accumulating in the early stages of 
ICH. The present study may aid in understanding the effects 
of mechanical factors in blood accumulation and hemostasis 
in patients with early ICH.

Introduction

Intracerebral hemorrhage (ICH), a common stroke subtype 
with high morbidity and mortality, has become a topic of 

increasing interest (1). The majority of reports on ICH have 
focused on the association between blood accumulation and 
mechanical factors, including blood pressure (BP), intracra-
nial pressure (ICP) and hematoma pressure (2‑5). However, 
there remain uncertainties regarding these factors, particularly 
in the early stages of ICH. The intracranial environment is a 
complex, multi‑material composite system containing the 
skull (a rigid body), the parenchyma (between solid and liquid 
phases), cerebrospinal fluid (CSF; physical properties similar 
to water), blood (a highly viscous liquid) and blood vessels 
(elastic or hyperelastic solid). In a steady state, there are two 
main circulation systems: Blood and CSF; they are driven by 
pressure differentials that are markedly altered in patients with 
ICH. When ICH occurs, blood flows into the parenchyma and 
oppresses it, causing the steady state to break down and the 
pressure differentials to change correspondingly.

Considering the difficulty in directly measuring the changes 
in mechanical parameters caused by hemorrhagic sites, math-
ematical and physical analyses based on medical images are 
effective and convenient ways to investigate such parameters. 
Finite element analysis (FEA) is a commonly used method 
that simulates tissue deformation under a load. FEA provides 
a reliable method to evaluate the role that mechanical factors 
may serve, which may be otherwise difficult to test and verify. 
The present study aimed to demonstrate that hemostasis in 
ICH depends on biochemical rather than mechanical factors. 
It is clear, however, that mechanical changes in the course of 
cerebral hemorrhage precede biochemical changes. For this 
purpose, the mechanical properties of brain tissue, which under-
goes large mechanical deformation induced by bleeding, should 
be given priority. The mechanical responses of brain tissue have 
attracted increasing attention over the past five decades (6‑10). 
Numerous published studies (11‑14) have investigated uniaxial 
compression and tension on brain tissues in various species, but 
only a few studies (15,16) have utilized the human brain due 
to resource scarcity and ethical issues. However, a constitutive 
relationship, which is usually expressed by constitutive equa-
tion and can be broadly applicable in various fields, has not yet 
been obtained through previous studies. Existing studies that 
involved the modeling of the brain have used simplified models 
according to special demands, such as cerebrospinal fluid and 
brain dynamics (17) or hydrocephalus (18). The intracranial 
environment is complex and therefore requires a more complex 
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model to accurately provide substantial amounts of data. In the 
present study, several assumptions were generated to simplify 
the complexity of the brain.

The present study investigated whether mechanical factors, 
particularly ICP and BP, serve an important role in inhibiting the 
accumulation of blood in ICH. An Ogden model based on the 
strain energy function was applied to describe the constitutive 
relationship. Geometric and material parameters were acquired 
from computed tomography (CT) images and tissue tension 
data, respectively, as previously described (15). Material param-
eters were then corrected by using experimental stress‑strain 
data from a study by Jin et al (16). The published strain‑stress 
association of human brain tissue was adopted to determine the 
deformation and load threshold (15). Different initial amounts 
for blood mass were included in the models as the contact edges. 
The results of stress distribution from the preloading conditions 
and different initial blood amounts were then compared. The 
results indicated that mechanical factors (BP and ICP) do not 
contribute to hemostasis in the early stages of ICH.

Materials and methods

Assumptions. As previous studies have simple and specific 
models, a variety of assumptions were generated to simplify 
the complexity of the brain. Thus the present study produced 
a generalized model. The assumptions were as follows: i) The 
parenchyma was considered to be an isotropic, homogenous 
and incompressible material; ii)  the skull was a boundary 
constraint, and CSF and blood masses were loading conditions; 
and iii)  the model was formulated without time‑dependent 
material behavior. In preloading case (PLC)1, no consideration 
was given to the physiological cyclical variation of ICP, thus 
ICP was set to a constant 1,300 Pa (as blood accumulates the 
corresponding CSF volume flows out of the system); and in the 
PLC2, no consideration was given to the physiological cyclical 
variation of ICP (ICP changed its value dynamically with the 
blood accumulation).

Geometry and meshing. The establishment of a digital 
model was performed in accordance with the study by 
Wittek et al (19). Patient geometric data for the parenchymal 
mesh were universal features obtained from preoperative 
CT data from the database of the First Affiliated Hospital 
of Chongqing Medical University (Chongqing, China). The 
model consisted of 4,313 8‑node quadrilateral elements and 
13,373 nodes, as shown in Fig. 1. The two hemispheres were 
analyzed, taking into account the possibility of midline migra-
tion caused by a jostle effect from a hematoma. Elements were 
detached along the maximum diameter of the blood mass on 
the cross‑section and the position of the mass was referred 
to on CT images. The free edges were preset in the model to 
represent the contact edges between the blood mass and the 
parenchyma, with a range set between 7.407 and 43.682 mm.

Material model for brain parenchyma. The hyperelastic 
Ogden model for strain energy was applied to explain the 
deformation of the brain parenchyma. The material behavior 
can be described by the Ogden hyperelastic formula:

.

Where λi are the principal stretch ratios, and µi and αi are 
material coefficients, which are parameters determined by 
experimentation. It was assumed that the tissue kept a fixed 
volume and initial form during tension deformation. Thus,

.

Where λT is the principal stretch ratio in the stretching 
direction. Then, in uniaxial tension,

.

The equation yields the following uniaxial tension stress 
component, σ11, along the x1‑axis:

.

For N=3,

.

This equation can be utilized to calculate the required 
material parameters.

Boundary conditions. Given that the displacement of the 
outer brain surface is confined by the skull, all nodes were 
constrained on the outer edge with the exception of the gap 
edge between the left and right hemispheres, as shown in 
Fig. 1. In order to configure the terminal load condition, 4,676 
Pa von Mises stress was adopted as the threshold, as previously 
shown (20), which was obtained through performing FEA on 
the data from Franceschini et al (15).

Loading. Two types of loads were applied in the simulations. 
First, a load was applied to the different lengths of the contact 
edge; this load was used to simulate the pressure applied on the 
edge by a blood mass in ICH. Two types of determined preloading 
conditions were applied on the ventricular edge as ICP. The 
brain model was analyzed using two distinct definitions of the 
prescribed nodal motion (referred to as PLC1 and PLC2). A 
stable load environment test (PLC1) was performed to estimate 
incremental pressure increases and establish a volume‑pressure 
association. The nonlinear parameter estimation was achieved 
by the least square method using MATLAB 7.10 software 
(MathWorks, Inc., Natick, MA, USA). In the mutative load envi-
ronment test (PLC2), the nonlinear FEA of blood accumulation 
was analyzed using Abaqus/Standards v. 6.12 software (Dassaut 
Systems, Waltham, MA, USA).

Preloading
PLC1. Using the normal ICP range (21), pressure was applied to 
the edge of the ventricles at 1,300 Pa to simulate ICP. A cavity 
in the parenchyma, which was formed by the simulated pressure, 
represented blood accumulation following parenchyma deforma-
tion. Applying the ABC/2 formula for ICH volume, the volume 
of the blood mass in the parenchyma was calculated using the 
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following function: Vellipsoid=(π×A×B×C)/6. Where Vellipsoid is the 
ellipsoid volume representing the blood mass volume, and A, B 
and C represent the X/Y/Z axial dimensions of the ellipsoid in 
the Cartesian coordinate system, respectively. The length of the 
minor axis was set equal to the height of the ellipsoid.

PLC2. Similar to PLC1, pressure was exerted on the edge that 
was equal to the ICP. In the PLC2 simulation, the pressure 

increased with blood accumulation. As the CSF circulation 
was omitted, there were not enough conditions to apply a 
pressure‑volume index method (22). Thus, using data acquired 
from the pressure‑volume curve between ICP and incremental 
changes in intracranial content, as previously described (21), 
the pressure acting on the edge of the ventricles increased with 
increasing volume of blood in the skull.

Loading on the detached edge. Loads were applied to different 
lengths of detached edges, thus simulating hematoma pressure. 
The pressure was increased until a threshold stress occurred 
on the areas of partial stress concentration. The experimental 
procedure is demonstrated in Fig. 2.

Results

Material parameters. The Ogden model has previously 
been confirmed to be highly consistent with the results of 
Franceschini et al (15), as shown by the goodness of fit index 
(Fig. 3). The parameters for weighted material were obtained 
via examining the experimental data of Jin et al  (16). The 
parameters for weighted material of the parenchyma are 
presented in Table I.

Finite element analyses. Following the application of a load 
under conditions described for PLC1, the volume of the cavity 
increased from 105 to 3,822 mm3 (data not shown). These 

Figure 1. Model‑produced parenchymal mesh. (A) An undeformed mesh and (B) a detached mesh representing the contact position between a blood mass and 
the parenchyma.

Figure 2. Schematic flow diagram of the methods used in the present study. 
CT, computed tomography; PLC, preloading case; FEA, finite element 
analysis.

Figure 3. Data from the study by Franceschini et al (15) is a good fit with the 
Ogden model. λ0, initial principal stretches. λT, principal stretches at time T.

Table I. Coefficients defining the Ogden hyperelastic material 
for the parenchyma.

	 Factor
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
i	 µi	 αi	 D1

1	‑ 310.990	‑ 0.537
2	 132.611	‑ 0.086	 0.308
3	 180.541	‑ 1.032

i, sequence number of material coefficients as subscript; µi and αi, 
Ogden's material coefficients of temperature dependence; D1, elastic 
material matrix.

https://www.spandidos-publications.com/10.3892/etm.2019.7474
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volume data were used to compute ICP incremental changes 
in PLC2 (data not shown). PLC2 simulated ICP increases with 
increasing contents in the skull, represented by the von Mises 
stress distribution in PLC2 (Fig. 4). Maximal stress was located 
at the two ends of the cavity, with the main stresses distributed 
in the surrounding zone. The ventricle began to be impacted 
when the length of the detached edge reached 19.741 mm, but 
brain midline shift had not been observed in the simulations. A 
large level of stress was concentrated on the side of the ventricle 
when the length reached 36.451 mm. The results from PLC1 
demonstrated a similar stress distribution (data not shown).

Association between hematoma volume and pressure. Fig. 5 
presents the association between blood mass pressure, blood 
mass volume and ICP in PLC2. With accumulating blood, the 
cavity volume of the parenchyma increased. The load demand 
for reaching a stress threshold on a stress concentrated position 
declined until ICP rapidly increased with cavity volume (from 
2,180 to 3,907 mm3). Comparing the trends observed in PLC1 
and PLC2 revealed that there was no distinct difference between 
the two preload cases if ICP was ignored (Fig. 6). Therefore, the 

load, applied on the detached edges and resulting in destruc-
tion at the end of the crack, decreased with increasing detached 
length when the stress threshold was reached.

Discussion

During ICH, blood accumulation in the parenchyma 
compresses surrounding tissues and eventually induces defor-
mation. Discovering where stress may be distributed by this 
deformation may help predict locations of damage and the 
direction in which blood may continue to accumulate. The 
present study revealed that maximal stress occurred near the 
two ends of the detached edges of the blood mass in the direc-
tion of the major axis, indicating that the direction of blood 
accumulation was associated with the initial shape of the 
blood mass without consideration of anisotropy and inhomo-
geneity. The von Mises stress distribution in all the simulations 
was similar to hematoma geometry as observed on CT and 
magnetic resonance imaging (MRI). However, the volume 

Figure 4. Finite element analyses of the von Mises stress distribution for preloading case 2 with different initial detached lengths.

Figure 5. Association between blood mass pressure, ICP and cavity volume 
in preloading case 2. ICP, intracranial pressure.

Figure 6. Final loads in PLC1 and PLC2 with different initial detached 
lengths. PLC, preloading case.
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of the blood mass in this simulation was far smaller than the 
volume calculated directly from CT images. Cells exposed to 
an abnormal mechanical environment may undergo apoptosis 
or necrocytosis (23‑25). Under mechanical stress or stimula-
tion, the physiological response of the cells may accelerate 
the spread of bleeding. The majority of medical images are 
generally acquired within 4 h of ICH onset, when erythrocyte 
lysis has not yet begun (26), but physiological changes in the 
tissue surrounding the blood mass are inevitable. The von 
Mises stress distribution may help predict the final shape of 
the hematoma as observed on CT and MRI images.

In ICH, blood accumulates as a result of continued 
bleeding following vessel rupture. The reasons for blood 
to stop accumulating are typically considered to include 
biochemical factors and mechanical factors. Lowering blood 
pressure quickly following ICH so as to reduce blood accumu-
lation is considered a potentially effective method to minimize 
ICH‑induced brain damage. However, there is no conclusive 
evidence to prove the efficacy of this strategy (1). Under normal 
physiological conditions, terminal arteriolar pressure is ~40% 
of systemic arterial blood pressure (27). Intravascular pressure 
can be ≥6,500 Pa under physiological conditions, even without 
considering patients with hypertension (28,29). In the simula-
tions performed in the present study, the pressure applied to 
the cavity edges increased continuously until a critical stress 
level was reached, with a maximum pressure value of 3,066 Pa, 
which was still less than typical intravascular pressure. Thus, 
the stress caused by deformation in the parenchyma was not 
sufficient to stop blood from accumulating. Comparing the 
load change with the cavity edge between the two preloading 
conditions demonstrated that the critical pressure required 
for blood mass enlargement in the two cases decreased with 
increasing cavity volume. The change in the pressure had a 
similar trend when the weighted effect of ICP was not taken 
into consideration.

In conclusion, the results of the present study suggest that 
mechanical factors (BP and ICP) do not serve a decisive role in 
stopping blood from accumulating in the early stages of ICH. 
Therefore, stress may be the primary contributing factor to the 
final shape of the hematoma in patients with ICH.
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