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A B S T R A C T

Objectives: The treatment of hydrocephalus using external ventricular drainage (EVD) seems to favour re-
bleeding of an untreated ruptured aneurysm. FSI studies are valuable to study this environment.
Patients and methods: From December 2014 to December 2017, 61 patients with SAH required EVD due to
hydrocephalus, 6 patients had aneurysm rebleeding after the procedure. Two controls for each case was in-
cluded. DSA studies were used for fluid–structure interaction simulations using two scenarios high ICP (5332 Pa)
and low ICP (133 Pa).
Results: Maximum displacement of the wall in HICP was 0.34mm and 0.26mm in rebleeding and no rebleeding
cases respectively, after EVD (LICP), it was 0.36mm and 0.27mm. The difference after implantation of EVD
(HICP-LICP) had an average of 0.01567mm and 0.00683mm in rebleeding and no rebleeding cases (p=0.05).
This measure in low shear areas of the aneurysm was 0.026 and 0.0065mm in rebleeding and no rebleeding
cases (p= 0.01).

Effective stress in the HICP was 4.77MPa and 3.26MPa in rebleeding and no rebleeding cases (p=0.25). In
LICP condition, this measure was 2.28MPa and 1.42MPa respectively (p=0.33). TAWSS had no significant
differences in the conditions of HICP and LICP.
Conclusion: Changes after EVD placement includes an increase in the wall displacement with greater differences
over low shear areas, this had a strong association with rebleeding.

1. Introduction

Subarachnoid hemorrhage (SAH) is an important cause of morbidity
and mortality in young patients, representing approximately one third
of the potential years of life lost related to stroke [1]. The rupture of a
cerebral aneurysm leads to a high mortality and morbidity among the
survivors, despite the advances in the medical and surgical manage-
ment of these patients [2]. An important cause of mortality in these
patients is rebleeding of the aneurysm. The incidence of rebleeding of
an aneurysm is nearly 23% during the first 72 h, and once this event
happens, mortality is about 60% [3]. For this reason, current practice is
focused on the repair of the ruptured aneurysm as soon as possible [4].

Retrospective studies have identified several factors related to re-
bleeding, including the location of the aneurysm, intracerebral and
intraventricular hemorrhage, clinical severity, the geometry of the an-
eurysm, among others [3].

Another common complication in SAH is hydrocephalus. It is esti-
mated that up to 30% of patients with SAH will present acute hydro-
cephalus at the time of the diagnosis [5]. Acute hydrocephalus is
usually treated with a procedure to drain cerebrospinal fluid (CSF) in
order to relieve intracranial pressure, this is usually accomplished by
the implantation of an external ventricular drainage (EVD), this pro-
cedure demonstrated to decrease the morbidity and mortality of these
patients [6].
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Acute hydrocephalus is a life-threatening condition, and is con-
sidered a neurosurgical emergency, in clinical practice some patients
are treated with an EVD before the aneurysm is treated. There is con-
troversy in the literature about the increased risk of rebleeding of an
intracranial aneurysm after this procedure. A recent meta-analysis finds
a strong association of these variables, in this study 19% of patients
with SAH required EVD, and the incidence of rebleeding was 18.8% in
treated patients compared with 6.4% of patients not treated with EVD
[7].

Given that evaluating hemodynamics of brain circulation in real
conditions is ethically unacceptable, many researchers have focused
their efforts in computational fluid dynamics to study this complex
disease [8]. More recently, variables such as arterial wall characteristics
and patient-specific boundary conditions were possible to include in
these simulations through Fluid-Structure Interaction (FSI) methods
[9–11]; however, in these works either a simplified geometry of the
aneurysm or only one case are used. On the other hand, no analysis
before and after the clinical event is analyzed. Then, these prevent from
the extraction of general conclusions from these analyses.

In this study, we analyzed hemodynamic and structural changes
produced in the aneurysmal wall of patients who underwent EVD sur-
gery and suffered a rebleeding, patients who didn’t rebleed after the
same procedure were included as a control group. All the patients had a
ruptured aneurysm untreated at the time of implantation of the EVD.

2. Materials and methods

2.1. Study population

From December 2014 to December 2017, 219 intracranial aneur-
ysms were diagnosed in University Hospital Complex of Vigo, 61 of
these patients required treatment with EVD due to acute hydrocephalus
at the time of diagnosis, 6 patients had aneurysm rebleeding after the
procedure. For the matched case-control design, 2 controls were chosen
for each case. Therefore, 12 patients with similar location and geo-
metric characteristics with no rebleeding after EVD placement were
included in the study.

Rebleeding was defined by radiological criteria; for this we con-
sidered any increased blood content in a CT scan performed after
treatment with an EVD, interpreted by the treating physicians of the
patient (including neuroradiologists, neurosurgeons and neurointensi-
vists) as rebleeding. The study corresponds to 18 intracranial aneur-
ysms in 18 patients.

The design of this study was approved by the Research Ethics
Committee of Galicia (2018/053). This research was directed by PG-
Third Cycle of University of Santiago de Compostela within the in-
stitutional agreements of education with University Hospital Complex
of Vigo.

2.2. Methodology

2.2.1. Geometry
For the treatment of the geometry, we included the ruptured an-

eurysm including a parent artery and distal branches. 3D models were
obtained from digital subtraction angiography (DSA) InSpace3D se-
quences (Siemens Medical Solutions, Erlangen, Germany).

Segmentation and generation of STL surfaces was performed using
Slicer3D software (Harvard Medical School, Boston, MA, USA) for Mac
OS. The surfaces were processed using Meshlab (Visual Computing Lab,
Pisa, Italy) and FreeCAD (Juergen Riegel, Werner Mayer, Yorik van
Havre, OpenSource, http://freecadweb.org/) to create meshes of
≈100,000 tetrahedral elements with the ANSYS workbench (V19.0,
ANSYS Inc., USA). In addition, a layer of 0.1D (D=diameter of the
lumen) adjacent to the walls was created.

2.2.2. Fluid model
Ansys Fluent 19.0 software was used to solve the Navier-Stokes and

mass conservation equations under the assumption of laminar, in-
compressible, and non-Newtonian blood flow. The corresponding gov-
erning equations are given as:
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where →u and p are the fluid velocity and the pressure, respectively ρ is
the density (ρ=1060 kg/m3), and μ is the dynamic viscosity of blood.
Dynamic viscosity of blood is modeled using a Carreau model [20]. This
is given as:
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where μ is the effective viscosity depending upon the shear rate γ ̇, μ0
the viscosity at zero shear rate ( =μ0 0.056 Pa·s),

∞
μ the viscosity at in-

finite shear rate (
∞

μ =0.0035 Pa·s), Γ the time constant (Γ =3.313 s)
and n the power law index (n=0.3568).

2.2.3. Solid model
The arterial wall was assumed as a linearly elastic, isotropic, in-

compressible, and homogeneous material with a density of
ρa= 1000 kg/m3. The elastic modulus and the Poisson ratio were taken
as E= 5MPa and υ=0.49 respectively. The thickness of the aneurysm
was considered t= 0.4mm [12].

2.2.4. Boundary conditions
Transient pulsatile simulations averaged over several cardiac cycles

were performed. Regarding the entrance boundary, the input condition
was a sinusoidal profile with a peak speed of 0.5 m/s and a minimum
speed of 0.1 m/s. The pulse length was 0.125 s, and the period 0.5 s.
The output boundaries were defined as constant pressure outlets, with a
pressure close to the mean arterial pressure of a first order brain artery
(80mmHg) [13].

The ends of the arteries were held fixed in the solid model; then, the
no displacement condition was assigned them as a structural boundary
condition.

2.2.5. Fluid–structure interaction (FSI) model
The following boundary conditions on the FSI interfaces were ap-

plied: displacements corresponding to the fluid and solid domain must
be compatible, (2) the mechanical actions are in equilibrium in the
solid/fluid boundaries, and the fluid obeys the no-slip condition [11].

ANSYS workbench software was used to solve the two-way coupling
of the fluid and solid domains. The force data were firstly calculated in
Fluent software, and then, transferred to the transient structural ana-
lysis module of ANSYS to determine the mesh displacement data. The
mesh displacement data were again transferred to the Fluent software.
When all the iterations converged, the results were visualized and
analysed in ANSYS Results module.

2.2.6. Simulations
The experiment consisted of full-course simulations in two condi-

tions from the same solid. In the first condition (HICP – high in-
tracranial pressure) an external pressure load of 5332 Pa (40mmHg)
was applied on the wall of the whole external geometry excluding inlets
and outlets; for the second condition, (LICP - low intracranial pressure)
a load pressure of 133 Pa (1mmHg) was applied. The conditions of inlet
velocity, outlets, and thickness of the wall and characteristics of the
fluid were the same in both experiments.

2.2.7. Output variables
Wall shear stress (WSS) described as the viscous tension exerted by

the blood as it passes through the arterial walls. Low shear areas (LSA),
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defined as the area of the aneurysm with a WSS below 10% of the mean
parent arterial WSS, were obtained during the simulations [14].

The WSS was also averaged over time. In this case, the time aver-
aged wall shear stress (TAWSS) is determined by integrating the nodal
WSS over the cardiac cycle.

Regarding the interaction of the fluid with the dynamic mesh, the
displacement of the aneurysmal wall and the Von Mises tension were
considered as results.

2.3. Statistics

All the variables of interest produced in the simulations were re-
corded case by case for the statistical analysis. Given the small sample,
the study used a matching method considering controls with similar
characteristics of age, gender and location.

We used non-parametric statistical tests to compare groups. A value
p < 0.05 is assumed to be significant.

3. Results

3.1. Geometry

The dimensions of the height, neck, aspect ratio and clinical vari-
ables of the bleeding event are summarized in Table 1.

3.2. Displacement of the wall

There is a positive displacement during the systolic phase in the
walls of the aneurysm. The maximum displacement in systole of the
wall in the condition of HICP in aneurysms that presented rebleeding
was 0.34mm, in aneurysms that didn’t rebleed was 0.26mm, this same
displacement measured after the placement of an EVD (LICP), was
0.36mm in aneurysms that presented rebleeding and 0.27mm in an-
eurysms that did not rebleed.

The difference in wall displacement after implantation of EVD
(HICP-LICP) in aneurysms with rebleeding had an average of
0.01567mm, in aneurysms that did not suffer rebleeding was
0.00683mm. (Mann Whitney U, p= 0.05).

As the main site of rupture is the dome of the aneurysm, and this
location usually has a low WSS, even increasing displacements in the
neck of the aneurysm could not cause a rupture of the aneurysm. We
measured displacement differences in LSA of the aneurysm, (HICP-
LICP) measurement was 0.0065mm in aneurysms with no rebleeding
and 0.026 in aneurysms with rebleeding after EVD placement. (Mann
Whitney U, p=0.01).

3.3. Von Mises stress

The Von Mises stress distribution and the yield strength allow to
predict the failure of the material (rupture of the aneurysm). The ef-
fective stress in the HICP condition had an average of 4.77MPa in
aneurysms that rebleed and 3.26MPa in aneurysms that didn’t rebleed
(Mann Whitney U, p= 0.25). In the LICP condition, the aneurysms that
rebleed had an average of 2.28MPa and the aneurysms that did not
rebleed had an average of 1.42MPa in the Von Mises stress. (Mann
Whitney U, p=0.33).

3.4. Wall shear stress

The TAWSS in conditions of HICP had an average of 1.1767 Pa in
aneurysms that presented rebleeding and 1.2192 Pa in aneurysms that
did not present rebleeding (Mann Whitney U, p= 0.75). Under LICP
conditions, the mean was 1.1775 Pa in aneurysms that showed re-
bleeding and 1.2125 Pa in aneurysms that did not rebleed (Mann
Whitney U, p= 0.75). There are no significant differences in the con-
ditions of HICP and LICP with respect to this variable.

4. Discussion

In this study, we evaluated hemodynamic and structural changes in
intracranial aneurysms that presented rebleeding after the implantation
of an EVD, matching these cases with patients who didn’t rebleed after
the same procedure. A summary of the findings is presented in Table 2.

All aneurysms included in this study were initially ruptured an-
eurysms, the dimensions and the aspect ratio shows no significant dif-
ferences comparing the rebleeding and no rebleeding group, as is ex-
pected from matching methodology. Most studies describe
displacement of the wall, Von Mises stress and Wall Shear Stress as the
main variables of study, our findings are compatible with previous
studies assessing the same variables [15].

4.1. Wall shear stress

The WSS has been described in several studies as a variable related
to trophic changes in the wall of the aneurysm. The region of the dome,
that is the most common site of rupture, contains areas of low WSS. This
hemodynamic condition is linked with mechanobiological phenomena
of the endothelium, favoring the degradation of the extracellular ma-
trix, cell death and other inflammatory phenomena leading to a de-
structive remodeling [16]. It is assumed that a 2 Pa WSS is sufficient to
maintain the structure and strength of an aneurysm wall [17].

If we consider the phenomenon of rebleeding after the placement of
an EVD, TAWSS does not show significant differences in both condi-
tions, probably because all aneurysms of our study share a common
starting event, the rupture of the aneurysm. On the other hand, the
scarce effect of geometric changes in relation to the velocity profile
usually leads to little significant changes in the aneurysmal WSS after
hypertensive effects [18], and the same effect is expected by changing
intracranial pressure.

Although TAWSS is similar in both groups, some areas of the an-
eurysm with low TAWSS may contain areas of trophic changes making
them prone to rupture with minimal changes in displacement and ef-
fective stress.

4.2. Effective stress and wall displacement

According to MacDonald et al. [19] the rupture stress of an an-
eurysm varies between 0.73 and 1.91MPa. In our study, the effective
tensions of 2.28MPa during systole after the placement of the external
ventricular drainage, compared with 4.77MPa prior to the procedure,
suggest that intracranial pressure has an important role in the wall ef-
fective stress, but the hemostatic effect obtained with intracranial hy-
pertension due to hematoma of hydrocephalus could be more relevant
in rebleeding phenomena. Moreover, low effective stress after decom-
pression in aneurysms with no rebleeding, in our study (1.42MPa)

Table 1
Demographic and geometric distribution grouped by rebleeding status.

Female:Male Age (mean, SD) Height (mean, SD) Neck (mean, SD) AR (mean, SD) WFNS score (mean, SD)

Rebleeding after EVD 4:2 53.33, 13.18 7.36, 1.15 3.4, 0.32 1.93, 0.26 4.66, 0.51
No rebleeding 9:3 51.58, 12.64 6.55, 1.44 3.11, 0.52 1.97, 0.39 4.33, 0.65

J.L. Thenier-Villa, et al. Interdisciplinary Neurosurgery 19 (2020) 100613

3



could explain why these aneurysms didn’t rebleed after ICP decom-
pression.

Although the neck of the aneurysm presents greater effective stress
[10], the preferred location of the degenerative changes of the arterial
wall contributing to the rupture are located in the aneurysm dome
[20,21], increasing the susceptibility to rupture in this site.

Nowadays, establishing the thickness and materials of definite areas
in the aneurysm wall for FSI studies is hard to achieve. Some studies
analyzed materials obtained from surgery or autopsy, but to date, there
is no medical imaging technology with a spatial and temporal resolu-
tion enough to determine this information and able to be translated into
clinical practice [22]. We must assume that low WSS areas correspond
to potential rupture sites [21]. Changes in the effective stress and dis-
placement in these areas would determine the failure of the material
easily, causing the rupture of the intracranial aneurysm.

In our study, an increase in the displacement of the wall after the
implantation of the EVD was found in patients with rebleeding. After
the event of decompression of intracranial hypertension with an EVD,
the hot spots of maximum displacement of the aneurysm seems to move
to other locations in the aneurysmal geometry (See Figs. 1 and 2). One
of the findings in our study suggests that the increase in wall dis-
placement in areas of low WSS are more strongly related to rebleeding
than the displacement of the wall over the complete geometry of the
aneurysm.

4.3. Intracranial hypertension

The role of elevated intracranial pressure in patients with

subarachnoid hemorrhage, either due to acute hydrocephalus or due to
the mass effect of a hematoma, is of great importance in the hemody-
namic changes. Intracranial hypertension would contribute to the arrest
of aneurysmal bleeding [23]. Greater maximum wall displacement in
areas of low WSS was found in rebleeding cases compared to control
cases, this suggests that the significant reduction of intracranial pres-
sure (up to 40mmHg or 5332 Pa of difference), after the placement of
an EVD would cause a reopening of the initial rupture site, canceling
the hemostatic effect of intracranial hypertension, rather than a new
rupture of the aneurysmal wall. In our study, we only considered rup-
tured aneurysms, ICP lowering procedures in patients with unruptured
aneurysms behaves differently, so the risk profile in both groups are
different also.

5. Limitations

For our study, we included a small and heterogeneous cases of
ruptured aneurysms with rebleeding, an event that is infrequent and
difficult to capture in clinical practice, matching methods are accep-
table under this circumstance but they are far from ideal. The simula-
tions were run based on solids from single radiological explorations
obtained after the event of rupture, the significance of the geometric
changes after this event and its effect on the validity of the application
of these data in ruptured aneurysms is unknown, we didn’t found stu-
dies who assessed geometric changes after rebleeding.

Data regarding the thickness of the aneurysm and mechanical
properties of artery wall, the velocity profile of the inlets, intracranial
pressure, and other boundary conditions are not available for most

Table 2
Hemodynamic and geometric changes after and before EVD implantation grouped by rebleeding status.

TAWSS HICP Pa (SD) TAWSS LICP Pa (SD) Displacement HICP mm (SD) Displacement LICP mm (SD) Von Mises HICP MPa
(SD)

Von Mises LICP MPa
(SD)

Rebleeding 1.1767 (0.30) 1.1775 (0.30) 0.34 (0.28) 0.36 (0.29) 4.77 (2.67) 2.28 (1.47)
No rebleeding 1.2192 (0.34) 1.2125 (0.34) 0.26 (0.10) 0.27 (0.10) 3.26 (1.37) 1.42 (0.94)

Fig. 1. Wall Displacement and WSS relations in a rebleeding aneurysm case. Upper left: Wall displacement contours before the placement of the EVD. Upper right:
Wall displacement contours after the placement of EVD. Lower left: Mid-diastolic WSS showing areas of low stress in two regions of the dome. Lower right:
Displacement differences after EVD placement, note congruence with LSA region in an aneurysmal bleb.
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retrospective studies, we think that certain measures such as homo-
genization, matching and paired-data analyses could to minimize this
problem.

6. Conclusion

Using fluid–structure interaction simulations, structural and hemo-
dynamic changes related to aneurysmal rebleeding after external ven-
tricular drainage placement includes: an increase in the aneurysmal
wall displacement over the cardiac cycle. Greater differences in the
displacement of the wall over low shear areas of the aneurysm dome
have a strong association with rebleeding in our series.
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