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Abstract Hemodynamic parameters play a significant role in
the development of cerebral aneurysms. Parameters such as
wall shear stress (WSS) or velocity could change in time and
may contribute to aneurysm growth and rupture. However, the
hemodynamic changes at the rupture location remain unclear
because it is difficult to obtain data prior to rupture. We ana-
lyzed a case of a ruptured middle cerebral artery (MCA) an-
eurysm for which we acquired imaging data at three time
points, including at rupture. A patient with an observed
MCA aneurysm was admitted to the emergency department
with clinical symptoms of a subarachnoid hemorrhage.
During three-dimensional (3D) digital subtraction angiogra-
phy (DSA), the aneurysm ruptured again. Imaging data from
two visits before rupture and this 3D DSA images at the mo-
ment of rupture were acquired, and computational fluid dy-
namic (CFD) simulations were performed. Results were used
to describe the time-dependent changes of the hemodynamic

variables associated with rupture. Time-dependent hemody-
namic changes at the rupture location were characterized by
decreased WSS and flow velocity magnitude. The impinge-
ment jet in the dome changed its position in time and the
impingement area at follow-up moved near the rupture loca-
tion. The results suggest that the increased WSS on the dome
and increased low wall shear stress area (LSA) and decreased
WSS on the daughter bleb with slower flow and slow vortex
may be associated with rupture. CFD performed during the
follow-up period may be part of diagnostic tools used to de-
termine the risk of aneurysm rupture.
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Introduction

In daily practice, neurosurgeons who need to decide to pursue
either intervention or conservative therapy for patients with
unruptured cerebral aneurysms must rely mainly on certain
clinical and morphological factors such as localization, shape,
size, or sex, which may be indicative of rupture risk [26, 41,
50, 54].

Hemodynamics in cerebral vessels play a substantial role in
the development of intracranial aneurysms and could be one
of the causes of aneurysm rupture [8, 28, 55]. The value of
hemodynamic variables such as velocity in the dome and wall
shear stress (WSS) distribution on the aneurysm wall may
change in time, and these changes may contribute to an in-
creased risk of aneurysm rupture. Time-dependent changes of
characteristic hemodynamic patterns at the aneurysm dome
and at the rupture location remain unclear because it is diffi-
cult to obtain data before rupture.
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We observed a rare case of a middle cerebral artery (MCA)
aneurysm during its rupture and obtained real-time imaging of
rebleeding. We also acquired computed tomography angiog-
raphy (CTA) data at first diagnostic in 2005, the last CTA
before rupture in 2009, and 3D digital subtraction angiogra-
phy (DSA) after aneurysm rupture in 2011. Computational
fluid dynamic (CFD) simulations of the MCA aneurysm were
performed to characterize time-dependent changes of the he-
modynamic variables associated with the aneurysm rupture. A
review of literature about CFD in MCAwas also performed.

Materials and methods

Patient

A 53-year-old woman was diagnosed with nasopharyngeal car-
cinoma (WHO III), clinical stage IIB (T1, N1, M0), and has
undergone modulated radiation therapy and received three
rounds of adjuvant chemotherapy. In 2005, during the process
of primary diagnosis, the first obtained CTA of the head
showed a 4–5-mm unruptured and asymptomatic aneurysm
of the right MCA in the trifurcation. Subsequent CTA after
5 months at the neurological surgery department showed an
enlarged bilobed MCA aneurysm. At this time, the patient de-
clined the DSA examination and possible treatment because of
poor condition after chemotherapy. It was decided to follow-
through with CTA and DSA in 3 months. After 4 months, an
attempt wasmade at coiling, but the aneurysmwas found not to
be amenable to coiling. The patient was followed-through with
CTA for the next 4 years. Conservative therapy was chosen
because of the possible recurrence of nasopharyngeal carcino-
ma and the clinical state of the patient. After 5 years and
4 months from the first consultation, the patient was found
fallen at work and was transferred to the emergency department
for evaluation. She was awake, alert, but confused, without
local neurological deficit. She underwent a head CT which
revealed diffuse subarachnoid hemorrhage. She was taken ur-
gently to angiography for potential coiling. During coil embo-
lization, a perforation of the aneurysm occurred, which was
controlled by the coil therapy. Following the procedure, a head
CT revealed a clot in the right frontotemporal region (Fig. 1).
The patient was subsequently taken to the operating room for
an emergent bone flap craniotomy for clot removal and external
ventricular drain placement. The patient recovered and regular-
ly visits the attending neurosurgeon.

Imaging data and hemodynamic modeling

This case report was conducted with patient consent for the use
of imaging and clinical data. Hemodynamic aneurysm model-
ing was performed as previously described by Hodis et al. [24].
Briefly, the raw imaging data for the first diagnostic CTA

examination (2005) and the last CTA examination before an-
eurysm rupture (2009) were obtained from the Digital Imaging
and Communications in Medicine (DICOM) file. The images
from 3D DSA at the moment of rebleeding, but before coiling
(2011), were exported as a stereolithography (STL) file. The
STL file for the third model and two DICOM file sets for the
first two models were imported into the software Mimics 16.0

Fig. 1 Images of an MCA aneurysm from 3D DSA at time of the
aneurysm rupture and from CT after the aneurysm rupture. Inset CT
image shows a clot in the frontotemporal region and the aneurysm
packed with coils

Fig. 2 Aneurysm morphology. a Overview of the aneurysm models in
2005, 2009, and 2011 with b a detail on the aneurysm dome showing the
rupture location (x)
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(Materialise, Leuven, Belgium) to segment geometries and ob-
tain the 3D models. The artery inlet was cut at the same loca-
tions for all three models and was the longest available in all
models. Using ICEM CFD (ANSYS, Canonsburg, PA, USA),
a high-quality hexahedral grid was constructed including infla-
tion layers to model the boundary layer near the wall. The
thickness of the first inflation layer was set to 0.01 mm and
an inflation factor ratio of 1.2 was used for the successive
layers. The size of the final layer matched the size of the
hexahedral grid in the model’s core.

A grid sensitivity study was conducted in order to obtain an
accurate grid-independent solution [25]. Simulations were based
on the finest grid with a maximum element size of 0.1 mm,

resulting in grids of roughly 7–12 million elements, dependent
on particular visit model. The software ANSYS Fluent 16.1 was
used for simulations of hemodynamics and for generating the
solution. The blood was assumed homogeneous and incom-
pressible in a laminar flow condition. The blood vessel wall
was assumed to be rigid with no-slip boundary condition. A
density of 1050 kg/m3 and a dynamic viscosity of 0.0035 Pa/s
were specified for each simulation. A pulsatile Womersley ve-
locity profile was prescribed at the inlets. Zero-pressure bound-
ary conditions were set at all outlets. Four cardiac cycle simula-
tions with a period of 1 s were performed. The results from the
fourth cardiac cycle were used for the final analyses.

Data analysis

Aneurysm morphological characteristics such as aneurysm
size (largest perpendicular distance between the neck plane
and aneurysm dome), maximal height (largest distance be-
tween the neck center and aneurysm surface), aspect ratio
(AR) (the ratio of the maximum perpendicular height to the
average neck diameter), and neck width (twice the average

Table 1 Morphological parameters

Year Aneurysm
size (mm)

Neck width (mm) Aspect ratio Maximal
height (mm)

2005 4.75 5.67 0.838 5.79

2009 5.13 6.26 0.819 6.85

2011 4.71 6.42 0.734 7.80

Fig. 3 Visualization of intra-
aneurysm flow at peak systole. a
Velocity contours show the flow
direction. The single inflow jet
impinges on the proximal
aneurysm wall creating a small
impingement area. b Streaklines,
colored by velocity magnitude,
show the complex flow pattern
with a single vortex inside the
aneurysm. Between 2005 and
2009, the inflow jet is moving
more towards the future rupture
location. In 2011, the direction of
the inflow jet did not change
through the cardiac cycle
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distance from the neck centroid to the edge of the neck) were
evaluated as described by Dhar et al. [15] and Raghavan et al.
[41]. The rupture location was identified on 3D DSA images
(Fig. 1). To report hemodynamic results, the aneurysm dome
(surface and volume of the aneurysm defined by the aneurysm
neck) and a bleb where the bleeding occurred were separated
from overall vasculature during geometry reconstruction for
CFD analysis (Fig. 2). The bleb was considered well defined
because the neck of the bleb was easily recognizable visually
[9]. Hemodynamic variables such as WSS, velocity, pressure,
and oscillatory shear index (OSI) were defined as previously
described [7, 10, 22, 28, 36, 44, 55]. Mean WSS distributions
were normalized by the average parent vessel WSS to obtain
normalized WSS [28]. Low wall shear stress area (LSA) was
defined as the areas of the aneurysm wall exposed to a WSS
value below 10% of the mean parent vessel (the artery region
from the last bifurcation upstream of the aneurysms to the
aneurysm neck) WSS value [28, 55]. Mean magnitude values
of velocity, pressure, WSS, WSS maximum and minimum
values, normalized WSS and LSA values at peak systole and
time-average values of mean WSS magnitude (TAWSS),
TAWSS maximum and minimum values, normalized
TAWSS, LSA averaged over the whole cardiac cycle, and
OSI were calculated for the aneurysm dome and the ruptured
bleb. All parameters were visualized using the software
Tecplot 360 (Tecplot Inc., Bellevue, WA, USA). The intra-
aneurysmal flow velocity patterns were visualized as time-
dependent variables through the fourth cardiac cycle and were
classified and described according to Cebral et al. [7]. Tecplot
was used to define the number of vortices inside the aneurysm
and to visualize the flowlines.

Results

Table 1 shows the values of morphological parameters. The
maximal height grew by 35% showing the enlargement tenden-
cy of the aneurysm. The largest growth occurred in the two new
daughter blebs, of which one ruptured (Fig. 3). Between 2005

and 2009, the aneurysm size and neck width grew. The value of
AR decreased as the neck diameter increased. The progressive
course of growth continued between 2009 and 2011. After rup-
ture, the neck width was larger; however, the values of aneurysm
size and AR both decreased. The rupture location was confirmed
by a neurosurgeon (GL) and was defined from the DSA images
as the bleb location with leaking blood.

The aneurysm can be described as a Bparallel^ [48] type
with the inflow jet in the direction of the parent artery flow.
The velocity patterns based on 3D streamlines and streaklines
of intra-aneurysmal flow during the fourth 1-s cardiac cycle

Fig. 4 Streamline distributions at peak systole. In 2005 and 2009, the
inflow from the parent artery was divided into two outflow arteries
(arrows). In 2011, the flow from the parent artery continued to the

artery in the direction of the parent artery and inside the aneurysm
creating single vortex, which is the source of blood flow in the second
outflow artery (arrow)

Table 2 Hemodynamic parameters—systolic peak values

Variables Localization Year

2005 2009 2011

Mean WSS (Pa) Dome 0.186 0.228 0.251

Parent vessel 0.864 0.785 1.383

Rupture location 0.236 0.130 0.745

Max WSS (Pa) Dome 4.126 10.598 11.412

Rupture location 1.761 0.790 5.677

Min WSS (Pa) Dome 0.007 0.0001 0.002

Rupture location 0.110 0.350 0.086

Normalized WSS Dome 0.216 0.290 0.182

Rupture location 0.273 0.166 0.539

LSA (%) Dome 40.6 37.4 61.9

Rupture location 0 50.6 2.0

Mean velocity (m/s) Dome 0.0219 0.0231 0.0230

Rupture location 0.0148 0.0088 0.0496

Max velocity (m/s) Dome 0.1250 0.1654 0.2330

Rupture location 0.0645 0.0432 0.1710

Mean pressure (Pa) Dome 58.3 60.2 43.9

Rupture location 58.1 59.7 47.6

Max pressure (Pa) Dome 63.5 70.5 65.8

Rupture location 59.3 60.6 51.8

Max maximum, Min minimum, WSS wall shear stress, LSA low wall
shear stress area proportion
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showed that the unruptured aneurysm had a complex flow
pattern. The direction of the inflow jet and the impingement
area both changed through the cardiac cycle while a large
vortex existed inside the aneurysm dome along with another
smaller slower vortex that developed in the daughter bleb
which will rupture later in 2011 (Fig. 4a, b) [7]. The impinge-
ment of the single small inflow jet on the proximal aneurysm
wall occurred between the rupture location and the growing
bleb and moved more towards the future rupture location at
the end of the cardiac cycle. These intra-cardiac cycle changes
were more distinctive in 2009. In 2011, the small vortex
merged with the main vortex and the main vortex shifted to
the zone of the daughter bleb, which ruptured, and the direc-
tion of the inflow jet did not change anymore through the
cardiac cycle (Fig. 4c). The outflow in the ruptured aneurysm
changed compared to the unruptured aneurysm. At rupture,
the flow from the parent artery was no more divided into the
two outflow arteries and aneurysm, but it continued to the

artery in the direction of the parent artery and into the aneu-
rysm. The blood in the second outflow artery came mostly
from the vortex inside the dome (Fig. 4c).

Values of hemodynamic parameters at peak systole are
shown in Table 2 and their distribution is visualized in
Fig. 5. Between 2005 and 2009, at peak systole, the mean
WSS at the rupture location decreased by 45% and the nor-
malized WSS decreased by 39%. In 2005, the mean WSS at
the rupture location was 27% larger while in 2009 was 43%
smaller than the mean WSS on the dome. LSA at the rupture
location rose from 0 to 51% while at the dome remained at
40%. Pressure increased by 3% at the rupture location and at
the dome. The mean velocity magnitude decreased by 41% at
the rupture location.

In 2011, the mean WSS at the rupture location was 473%
larger than in 2009 and the mean velocity magnitude in the
daughter bleb, which ruptured, increased by 464%. LSA at the
dome rose to 62% and at the rupture location decreased to 2%

Fig. 5 WSS, TAWSS, and OSI distributions. a The distribution of WSS
on the aneurysm dome at peak systole and b the distibution of TAWSS
showed that WSS near and at the rupture point decreased between 2005
and 2009 while at the time of rupture in 2011 significantly increased. c

Between 2005 and 2009, OSI increased on the dome and at the rupture
location. In 2011, OSI remained constant at the rupture location while on
the dome increased substantially. X marks the rupture location
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of rupture location area. Compared to values in 2009, the
pressure at the rupture location and at the dome decreased
by 20 and 27%, respectively.

TAWSS and the normalized TAWSS on the dome and at the
rupture location showed the same tendencies as the values at
peak systole (Table 3). Between 2005 and 2009, OSI increased
by 105% on the dome and by 91% at the rupture location. After
rupture, OSI remained constant at the rupture location while it
increased substantially by 170% on the dome.

Discussion

Our study was based on the prerupture imagining of an aneu-
rysm at the times of two visits and one set of images at the
moment of rupture. This study has demonstrated the possible
role of time-dependent changes of hemodynamic parameters
in aneurysm rupture. Between the initial diagnosis and rupture
times, we observed an unstable complex flow pattern with a
changing impingement region moving towards the future rup-
ture location, a decreasingWSS and velocitymagnitude at one
daughter bleb, which ruptured, and a substantial increase of
WSS on the aneurysm dome.

The aneurysm size and shape are parameters which are used
by clinicians to determinate the aneurysm rupture risk. During
the follow-up period for small unruptured aneurysms, the size
of the aneurysm is the deciding factor in selecting the treatment
modality. Initial aneurysm size, dome/neck ratio, and
multilobarity are risk factors for aneurysm growth and poten-
tially for aneurysm rupture [1]. Aneurysm growth was shown
to correlate with low WSS and complex flow patterns [2, 13].

However, Meng et al. [33] found that the high WSS could be
associated with the growth and rupture. In our case, regions of
low WSS were present in both growing blebs before rupture.

Prior studies demonstrated that the intra-aneurysmal flow
can be associated with aneurysm rupture [7, 17, 35, 39, 48].
MCA aneurysms are a diverse group of vascular disease, and
they vary in flow pattern characteristics more than aneurysms at
other locations [7, 21, 48, 51, 52]. Cebral et al. [7] classified
aneurysms into four categories, depending on the flow pattern
complexity and stability. All flow types were also observed for
MCA locations. However, aneurysms with changing direction
of the inflow jet and with creation of a single vortex were the
most common (43%). Aneurysms with unstable complex flow
and changing impingement region could have higher rupture
risk (Table 4) [7, 17, 35, 48]. In our case, the combination of a
smaller slower vortex inside the ruptured daughter bleb, the
unstable complex flow in the main vortex, and the low velocity
magnitude at the daughter bleb that ruptured (which was shown
to have an association with aneurysm rupture [17, 35, 43, 45])
could be the factors that led to aneurysm rupture.

MCA aneurysms have unique flow pattern characteristics,
but the values of some hemodynamic parameters also differ
from those found at other locations [10]. Chien et al. [10]
performed CFD simulations on six MCA models and ob-
served that WSS and flow rate at peak systole were higher
than at other locations such as in basilar artery and anterior
communicating artery aneurysms.

High WSS may initiate aneurysm formation while lower
WSS may contribute to the degenerative process in the aneu-
rysmal wall leading to cell apoptosis and resulting in aneu-
rysm rupture [14, 31, 34, 37]. Furthermore, low WSS may
contribute to the atherosclerotic process and progressive thin-
ning of the aneurysmal wall [29, 46]. Miura et al. [35] showed
in a study with 106 MCA aneurysms that WSS may be the
most reliable parameter to characterize the rupture status of
MCA aneurysms. Results of more studies concerning patient-
specific models of ruptured MCA aneurysm showed that low
WSS may play a critical role in aneurysm rupture (Table 4)
[17, 19, 27, 30, 35, 39, 42, 44]. However, according Takao
et al. [49], an association between rupture status and lowWSS
is not statistically significant.

Another marker able to predict rupture risk is OSI [55].Wang
et al. [53] postulate that a high OSI causes the growth of the
daughter bleb. Li et al. [30] showed that OSI at the rupture
location of an MCA aneurysm was marginally higher than on
the dome after rupture. In our case, before rupture, OSI was
increasing and was higher at the rupture location than on the
dome. However, after rupture, OSI at the dome increased dra-
matically and turned out to be higher than at the rupture location,
where the OSI values stayed the same as before rupture.

With ongoing research in CFD, researchers present new
hemodynamic variables which can become potential pa-
rameters to predict aneurysm rupture [23, 40, 49]. In

Table 3 Hemodynamic parameters—time-average values

Variables Localization Year

2005 2009 2011

Mean TAWSS (Pa) Dome 0.107 0.133 0.140

Parent vessel 0.570 0.519 0.905

Rupture location 0.099 0.065 0.316

Max TAWSS (Pa) Dome 2.303 6.133 5.444

Rupture location 0.583 0.375 2.066

Min TAWSS (Pa) Dome 0.003 0.001 0.001

Rupture location 0.041 0.016 0.060

Normalized TAWSS Dome 0.188 0.257 0.155

Rupture location 0.174 0.126 0.349

LSA (%) Dome 57.4 36.3 58.7

Rupture location 22.1 64.1 16.0

OSI Dome 0.02396 0.04908 0.13220

Rupture location 0.03489 0.06664 0.06694

Max maximum, Min minimum, WSS wall shear stress, LSA low wall
shear stress area proportion, OSI oscillatory shear index
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MCA aneurysm models, Takao et al. [49] used the pressure
loss coefficient, which characterizes energy expenditure
and the geometric shape of vessels, to compare the ruptured
with the unruptured aneurysms. They concluded that lower
values of the pressure loss coefficient in ruptured aneu-
rysms can be associated with higher rupture risk.
Sugiyama et al. [46] and Bowker et al. [3] used the relative

residence time (RRT) to identify regions of stagnation in
the flow inside the aneurysms. Results showed that
prolonged RRT may be one of the risk factors of the ath-
erosclerotic changes in the aneurysm wall [46] and de-
creased RRT may be associated with improved replenish-
ment of nutrients to aneurysm wall during moderate aerobic
exercise [3].

Table 4 Overview of published
literature regarding CFD and
patient-specific MCA aneurysm
models

Author No. of
MCA AN

R/UR Flow complex/simple Hemodynamic parameters
correlated with rupture status
or aneurysm wall propertiesR UR

Shojima et al. [43, 44] 20 3/17 – Low flow velocity

Cebral et al. [7] 14 –/– – Disturbed flow patterns

Small impingement regions

Narrow jets

Hassan et al. [21] 27 –/– – –

Shojima et al. [45] 14 7/7 – –

Szikora et al. [48] 2 2/0 – Jet flow pattern

Chien et al. [10] 6 2/4 – –

Bowker et al. [3] 3 0/3 3/0 –

Shojima et al. [42] 1 0/1 – Low shear magnitudea

High shear gradient

Wang et al. [53] 1 0/1 1/0 Low WSS

Large OSIb

Valen-Sendstad et al. [51] 1 0/1 1/0 –

Goubergrits et al. [19] 22 7/15 – Low WSS

Omodaka et al. [39] 6 6/0 – Low WSS

Takao et al. [49] 50 6/43 – Lower pressure loss coefficient

Kadasi et al. [29] 12 0/12 – Low WSS

High pressurec

Miura et al. [35] 106 43/63 – Low WSS

Flow stagnation

Complex flow

Sugiyama et al. [46] 30 0/30 – High prolonged RRT

Low WSSd

Valen-Sendstad et al. [52] 12 7/5 5/2 0/5 Flow fluctuations at the dome

Li et al. [30] 1 1/0 – Low WSS

Low TAWS

Higher OSI

Fukazawa et al. [17] 12 12/0 11/1 Low WSS

Low flow velocity

Complex flow

Jing et al. [27] 36 14/22 8/6 6/16 Large AR

Low WSS

MCAmiddle cerebral artery, AN aneurysm, R ruptured aneurysms,UR unruptured aneurysm, – data not available,
TA time-average,WSS wall shear stress, AR aspect ratio
a In the blister formation
bAt daughter saccules (blebs)
c At thin-walled dome regions
dAtherosclerotic changes of aneurysm wall
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Only few recent studies consider the hemodynamic of an
unruptured aneurysm before rupture. To our knowledge, none
of them has studied more than one imagining data set before
rupture. Most previous studies compared models of ruptured
and unruptured aneurysms. Cornelissen et al. [13] pointed out
that the rupture itself could change aneurysm hemodynamic
and that studies comparing ruptured with unruptured aneu-
rysms should be interpreted with caution. In our case, the
hemodynamic values after rupture changed dramatically.
Before rupture, WSS at the rupture location stayed constantly
lower than at the parent vessel. However, after rupture, WSS
and velocity magnitude increased fourfold and LSA decreased
to 2% of the rupture location area. In two case-control studies,
it was shown that large ICA aneurysms before rupture had a
more irregular aneurysm shape, a higher AR, and a lower
aneurysm averaged WSS compared to control groups of
unruptured aneurysms and that normalized WSS was associ-
ated with the rupture of posterior communicating artery aneu-
rysms [16, 32]. Chien and Sayre [11] compared four posterior
communicating artery aneurysms before and after rupture and
found that indicators of high aneurysm rupture risk are aneu-
rysm surface ratio, nonsphericity index, and pulsatility index.

Limitations

Firstly, using a standardized modality during patient care
poses practical challenges. We did not have high frame rate
3D DSA images for all three examinations. Obtaining the
vascular geometry from CTA for the 2005 and 2009 models
may have an effect on the vascular model used for computa-
tional simulations [18, 38].Manual correction in segmentation
for imaging artifacts was performed by a single neurosurgeon
and checked by one engineer to insure a precise 3D model.
From a physician perspective, obtaining 3D DSA is not pos-
sible all the time, because this intervention has its own com-
plications or because the clinical state of the patient does not
allow the procedure [12, 20]. In this matter, the future of CFD
simulations and its clinical applications depends on the possi-
bility to accurately process data from all imagining tools
(CTA, DSA, and MRA).

Secondly, a common CFD simulation limitation of using
standardized input conditions needs to be addressed. A lack of
patient-specific flow profile data, the assumption of rigid ves-
sel walls, the simplifying Newtonian assumption of the blood,
and the simplified outflow boundary conditions need to be
addressed. However, CFD results obtained with the help of
these assumptions are considered by many researchers to re-
alistically describe in vivo hemodynamics [4–6, 47].

Finally, the time gap between examinations before and af-
ter rupture was 1.8 years (between 2009 and 2011). We can
only assume that the changes in hemodynamic continued in
the same direction as in previous years. Also, our conclusions

were obtained for a single patient and the results may not be
easy to generalize.

Conclusion

The assessment of the rupture risk may be possible not only
from aneurysm size, shape, and aneurysm location but also
from an evaluation of hemodynamic parameters and their
time-dependent changes at follow-up. The increased WSS
on the dome and increased LSA and decreased WSS on the
daughter bleb with a decreased flow velocity may indicate a
higher rupture risk. However, it is necessary to study more
cases of ruptured aneurysms with follow-up periods to better
understand the hemodynamic causes of aneurysm rupture.
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