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Hemodynamic changes in four aneurysms

leading to their rupture at follow-u

Hemodynamické zmeény ve Ctyrech

aneurysmatech vedoudi k jejich rupture
v prubehu sledovani

Abstract

Hemodynamic parameters play a significant role in the development of intracranial aneurysms
and their time-depending changes during a prolonged follow-up period could lead to an
increasing risk of rupture or to aneurysm rupture. The characteristics of these changes could bring
significant information about the development of aneurysms and their rupture. In this unique
study, we analyzed four incidental unruptured intracranial aneurysms in four patients who were
followed-up for a mean period of 5 years until their rupture. We performed computational fluid
dynamic simulations with the data from two or three follow-up angiographic examinations from
each patient and analyzed the results with regard to time-dependent changes in terms of the
values of hemodynamic parameters. Except one aneurysm of a fusiform dissecting origin, three
aneurysms on MRA were described as non-growing. In the aneurysm domes, the minimal wall
shear stress decreased and the low wall shear stress area increased significantly over time; the
results indicated that the time-dependent changes such as decreasing values of minimal wall
shear stress and increasing values of low wall shear stress area could lead to an increased risk of
rupture. For accurate evaluation of the rupture risk using computational fluid dynamic simulation,
itis important to analyze more than two models of aneurysm during a follow-up period and focus
on significant changes in the values of hemodynamic parameters.

Souhrn

Hemodynamické parametry hraji vyznamnou roli ve vyvoji intrakranidlnich aneurysmat a jejich
zmény v pribéhu dlouhodobého sledovani mohou vést ke zvysenf rizika ruptury ¢i k samotné
ruptufe aneurysmat. Definovani téchto zmén by vyznamné pfispélo k pochopeni vyvoje a ruptury
aneurysmatu. V této jedinecné praci jsou analyzovana data Ctyf incidentalnich neprasklych
intrakranidlnich aneurysmat u Ctyfech pacientd, ktefi byli sledovani v primeéru po dobu 5 let
az do chvile ruptury aneurysmatu. Bylo provedeno matematické modelovani hemodynamiky
z dostupnych dvou az tif angiografickych vysetfeni od kazdého pacienta, ziskanych béhem
sledovéni, a zmény hodnot hemodynamickych parametr byly analyzovany. Az na jedno,
puavodné fusiformni, disekujici aneurysma, velikost tfi aneurysmat byla popséna na vysetfeni
MRA jako stacionarni. Hodnoty minimélniho smykového napéti se vyznamné snizily a velikost
oblasti s minimalnim smykovym napétim ve vaku aneurysmat se vyznamné zvysily v pribéhu
¢asu a vysledky naznacily podil snizujicich se hodnot smykového tfenf a rostouci oblasti nizkého
smykového napéti v pribéhu ¢asu na zvysovanirizika ruptury aneurysmatu. K pfesnému posouzenf
rizika ruptury aneurysmatu pomoci matematického modelovani hemodynamiky, je nutné
analyzovat vice nez dva modely aneurysmat a zaméfit se na signifikantni zmény v hodnotéach
hemodynamickych velicin.
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Introduction
In the past few years, we observed a rapidly
growing area of research which computa-
tionally analyzes blood hemodynamic in the
intracranial vessels and aneurysms. Usually,
the clinicians could rely on some clinical
and morphological parameters which could
help predict the risk of aneurysm rupture.
However, it is understood that the blood
flow and hemodynamic parameters play an
important role in the development of intra-
cranial aneurysms [1-3]. Parameters such as
pressure, velocity, or wall shear stress (WSS)
on the endothelial cell of the vessels change
in time and these changes contribute to
modification of the histological character-
istic of the wall, which could lead to an in-
creased risk of aneurysm rupture [4-6]. The
information on these changes in time could
help specify concrete hemodynamic para-
meters and their time changes which best
define anincreased risk of aneurysm rupture.
To date, no study analyzing two or more
data sets (before rupture) of patients with
eventually ruptured incidental aneurysm in
the follow-up period has been published.
Skodvin et al analyzed one angiographic ex-
amination of unruptured aneurysms prior
to their rupture [7] with a finding that the

hemodynamic parameters in later ruptured
aneurysms evolve during a follow-up pe-
riod and that the increased low wall shear
stress area (LSA) might predict a rupture of
aneurysm. The number of patients with rup-
tured incidental aneurysms at follow-up is
really low, but these patients could provide
the most accurate information about the de-
velopment of aneurysms ruptured in the fu-
ture [8]. The data obtained in this way could
facilitate the decision about the therapy of
incidental unruptured aneurysm and could
help decide whether it is safe to choose con-
servative therapy over intervention.

To make progress in this direction, we col-
lected records of all patients with unrup-
tured intracranial aneurysms who were fol-
lowed-up at an outpatient clinic between
2000 and 2016. These records were retro-
spectively reviewed in two large tertiary re-
ferral centers. In our study, we included four
patients who met the criteria of having two
or more high-quality angiography imaging
investigations performed before aneurysm
rupture. Computational fluid dynamic (CFD)
simulations were performed using the an-
giography images to analyze the hemody-
namic changes in aneurysms at follow-up
and to find which hemodynamic parame-

ters correlated with an increased risk of rup-
ture or with the rupture itself.

Materials and methods

Patients and aneurysms

Two patients’ databases from Masaryk Hos-
pital, Usti nad Labem, Czech Republic, and
from Mayo Clinic, Rochester, MN, USA, were
available for the analysis. A total of four pa-
tients with one unruptured intracranial
aneurysm each were followed-up at an out-
patient clinic for a mean period of 5 years
and 3 months (from 4 years and 7 months
to 8 years and 7 months). Two aneurysms
were localized in the anterior circulation, on
the posterior communicating artery and on
the anterior communicating artery, and two
in the posterior circulation, on the posterior
cerebral artery and on the basilar artery. In
these years, they were referred more than
once to the Radiology Department to ob-
tain control images of unruptured intracra-
nial aneurysm by MRA or CTA and visited the
Outpatient Clinic for Neurosurgery, where
the results of CTA or MRA were interpreted
to the patient and the decision of conserv-
ative treatment was made. The patients’ ra-
diological records were analyzed to find
high quality angiographic examinations and

Tab. 1. Characteristic of patients and aneurysms.

period from the first to last examination

comorbidities

outcome

aneurysm localization

12/1998-06/2007

morbid obesity, psychiatric

posterior cerebral artery

Variables of patients Patient 1 Patient 2 Patient 3 Patient 4
gender woman woman woman woman
year of birth 1959 1925 1930 1944

01/2005-06/2010

diagnosis, transient none hypertension, hyperlipide- :
) ) ) ) ! stenosis
ischemic attack mia, chronic renal failure
death after one month GOS 5 death death

posterior commu-
nicating artery

08/2007-02/2011

diabetes mellitus, arterial

08/2003-08/2008

carotid artery

anterior commu-

basilar arter .
y nicating artery

ear of
Variables examination 1998 2006 2007 2005 2010 2007 2008 2011 2003 2008
of aneurysms angiographic
i g g MRA  MRA  MRA  CTA  MRA  MRA  MRA  MRA  MRA  MRA
max. diameter (mm) 8.8 15.5 10.2 123 438 55 6.0 24 23
neck diameter (mm) Uitoi. I 105 89 94 53 48 53 17 17
dilatation
aspect ratio 1.0 2.3 1.2 14 09 1.1 1.2 1.5 1.6

GOS - Glasgow Outcome Score
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Tab. 2. Hemodynamic parameters — systolic peak values.
Variables Patient 1 Patient 2 Patient 3 Patient 4
year of examination 1998 2006 2007 2005 2010 2007 2008 2011 2003 2008

mean WSS (Pa) 599 0.69 017 0.15 012 6.86 6.63 722 3.66 3.78
max WSS (Pa) 18.92 534 1.64 0.81 0.76 15.13 17.58 19.30 54.66 47.27
min WSS (mPa) 57.00 1760 0.30 12.80 141 117.60 97.70 7790 221.70 3140
normalized WSS 0.74 0.13 0.04 0.20 0.20 1.59 1.21 1.36 0.58 0.52
LSA (%) 9.22 65.74 87.58 38.87 50.81 0.20 0.65 0.94 10.05 38.64
mean velocity (m/s) 0.22 0.05 0.02 0.03 0.02 0.23 0.22 0.23 0.10 0.10
max velocity (m/s) 0.73 045 0.23 0.15 0.15 0.77 0.83 0.79 0.58 0.61

LSA - low wall shear stress area proportion; WSS — wall shear stress

a total of ten examinations were selected for
the process of segmentation (Tab. 1).

Imaging data and hemodynamics
modeling

Nine and one DICOM file sets were obtained
from diagnostic MRA and CTA examina-
tions, respectively; these two noninvasive
modalities are standard instruments for fol-
low-up control images. The reconstructed
images form CTA contained 512 X 512 pix-
els with a pixel spacing of 0.48 mm and
slice thickness of 1 mm. In the MRA images
from 1.5 Tesla machine, the slices were of
512 x 512 pixels with spacing of 0.7 mm be-
tween the slices. The segmentations using
DICOM file sets were done by one neurosur-
geon using the software Mimics 16.0 (Ma-
terialise, Leuven, Belgium) and, afterwards,
the segmentation was evaluated by another
neurosurgeon. The geometry was obtained
using the thresholding of vessels algorithm
and the region growing algorithm. The ar-
tery inlet was kept as long as possible in the
anterior circulation with a minimum of two
turns and the posterior circulation with the
length of basilaris artery and was cut at the
same locations in all the models of the same
aneurysm [9]. The vascular 3D model was
smoothed in 3-matic 8.0 (Materialise, Leu-
ven, Belgium). To perform CFD simulations,
a tetrahedral grid was used with a maximum
element size of 0.15 mm and with 7 inflation
layers in the boundary layer (the thickness of
the first layer at the vessel surface was fixed
at 0.01 mm and the inflation factor ratio was
1.35). The grid was constructed using ICEM
CFD (ANSYS, Canonsburg, IA, USA). A grid
sensitivity study was conducted to ensure
that the results were grid-independent [10].
The CFD simulations were performed as de-

scribed by Hodis et al [10]. Briefly, using the
software ANSYS Fluent 16.1 (ANSYS, Can-
onsburg, PA, USA), the blood flow simula-
tion was performed considering the blood
an incompressible Newtonian fluid, with
the density of 1 050kg/m?, dynamic vis-
cosity of 3.7 cP and kinematic viscosity of
3.5 X 107 m?/s; the vessel walls were as-
sumed rigid and the blood flow was consid-
ered laminar. At the extended circular inlets
surface, the flow was prescribed by a pulsa-
tile Womersley velocity profile with a tran-
sient waveform given by Zamir and used by
Hodis and Zamir [11-13]. For traction-free
conditions at the outlets, we extended the
outlet branches to the same length in a con-
crete model and the zero-velocity boundary
conditions were set. The simulations were
conducted for four cardiac cycles to ensure
that there were no numerical transients in
the solution. The result from the fourth car-
diac cycle served as a source for hemody-
namic parameters computations.

Data Analysis

Patients’ information including the follow-
up period, gender, comorbidities and out-
come were recorded (Tab. 1). We also re-
corded the localization of the aneurysms,
their maximal diameter (largest perpendicu-
lar distance between the neck plane and the
aneurysm dome), the maximal neck diam-
eter and the aspect ratio (the ratio of the
maximum perpendicular height to the av-
erage neck diameter) (Tab. 1). The hemody-
namic parameters are shown in Tab. 2; they
include WSS, normalized WSS defined as
a ratio of mean WSS distributions to the av-
erage parent vessel WSS, minimal and maxi-
mal WSS, oscillatory shear index (OSI), veloc-
ity and LSA; the areas of the aneurysm wall

exposed to a WSS value below 10% of the
mean parent vessel WSS value were defined
as previously described and visualized using
the Tecplot 360 (Tecplot Inc., Bellevue, WA,
USA) software [14-16]. The aneurysm domes
were separated using Tecplot 360 function
of creating a plane from a manually created
line made from the points in the aneurysm
neck’s line.

Results

All patients were women, the mean age at
the time of the first examination was 64 years.
The follow-up period was 5.6 years in aver-
age, for details, see Tab. 1. Three patients had
metabolic syndrome with complications and
died after the rupture of the aneurysms. The
last one, Patient 2, was in a good condition
without comorbidities and her outcome was
evaluated as Glasgow Outcome Score 5.

The size development of the aneurysms
defined by three parameters — maximal
diameter, neck diameter and aspect ratio —is
shown in Tab. 1. Only the posterior cerebral
artery aneurysm in Patient 1 was significantly
growing with thrombotic development; in
the first examination, the aneurysm was fusi-
form and in the next 9 years, it grew up to
a maximum diameter of 15.5mm. In other
three patients, the aneurysms in MRA im-
ages were described as non-growing; how-
ever, we can see small differences in their
size after parameter measurement in 3D
models (Tab. 1). The aneurysm in Patient 2
developed two blebs.

Table 2 shows the values of the hemo-
dynamic parameters at peak systole. The
changes in minimal WSS and LSA values at
follow-up (from the first to the last examina-
tion before rupture) were greater than the
changes in other hemodynamic parame-
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1998

N

Patient 1

Patient 2

Patient 4

Fig. 1. Images of proportional layout of low wall shear stress area. Overview of the space enlargement of the low wall shear stress area
in four aneurysm during their follow-up period.
Obr. 1. Propor¢ni rozlozeni oblasti s nizkym smykovych napétim. Pfehled zvétSovani oblasti s nizkym smykovym napétim ve ¢tyfech

aneurysmatech béhem sledovani.

ters (Tab. 2). The minimum WSS and LSA de-
creased by one and two orders of magni-
tude, respectively. In Patient 1, the decrease
of minimal WSS values between the second
and the third examination was 33.2%, in Pa-
tient 2, the difference was 89%, in Patient 3,
the minimal WSS decreased by 33.8% and in
Patient 4, the minimal WSS at the last exami-
nation was by 85.8% smaller than at the first
examination. The LSA in Patients 1, 2, 3 and
4 increased by 8499, 30, 370 and 284.5%, re-
spectively. The proportional layout of LSA is
shown in Fig. 1.

Discussion

We hypothesized that the time-dependent
changes in hemodynamic parameters in in-
tracerebral aneurysms led to an increased
risk of rupture. Our study analyzed the he-
modynamic simulation results in the unrup-
tured aneurysms from four patients at two
or three different time points before rupture,
which make this study unique. The results
indicate that the time-dependent changes
such as decreasing values of minimal WSS
and increasing values of LSA could indicate
an increased risk of rupture.

Many publications compare the charac-
teristics in ruptured vs. unruptured aneu-
rysms in order to define the hemodynamic
factors associated with rupture [17-19]. How-
ever, such studies do not take into consid-
eration that after the rupture of the aneu-
rysm, its morphology and, subsequently,
values of hemodynamic parameters could
change [7,20]. Thus, we are assuming that
the calculated values after the aneurysm
rupture which increased the rupture risk and
led to the aneurysm rupture could be mis-
leading because of the change in the geom-
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etry as well as in the hemodynamic and flow
patterns.

Possibly, not the values themselves but
the time-dependent changes of the values
might be more important in therapy deci-
sion-making. The fitting examples are the
values of the hemodynamic parameters of
intracranial aneurysms in the anterior or pos-
terior circulation [21]. There are studies de-
claring that the low WSS is the main factor
leading to the grow or rupture of aneurysms,
and vice versa [22-26]. Both theories have
the basic explanation in histologic analyses
of the aneurysm wall and they both could
play a role in the time-dependent changes
in intracranial aneurysm blood flow and
subsequent rupture risk [27]. However, the
exact values leading to rupture are difficult
to find.

Therefore, it is very important to analyze
time-dependent changes of the hemody-
namic parameters in the same aneurysm
before rupture. Patients with aneurysms
ruptured in follow-up periods are extremely
rare [8,28]. Mostly, the patients are older,
and the aneurysms are small; however, in
our cases, the aneurysms differ in size, from
2 to 15mm. Skodvin et al or Takao et al an-
alyzed unruptured aneurysms before their
rupture and matched the studied aneu-
rysms with control unruptured aneurysms,
but they performed only one examina-
tion before the rupture and therefore, they
could not provide any information about
the time-dependent changes of the hemo-
dynamic parameters [7,29]. One set of results
where we do not know the exact values of
the hemodynamic parameters which could
lead to the rupture is likely to be not suffi-
cient. In the clinical practice, the neurosur-
geons will need the information about the
ongoing changes which would take place in
the aneurysm, they probably need CFD sim-
ulations of at least two subsequent angio-
graphic examinations.

In our study, the changing parameters
that seem to correlate with an increased
rupture risk include the minimal WSS and
LSA. Skodvin at al reached a similar conclu-
sion [7]. The most noticeable progress is
seen in LSA, where the LSA increase in Pa-
tients 1, 3 and 4 exceeds 200%. However, we
need to take in consideration the morpho-
logic development of the aneurysm in Pa-
tient 1, where the aneurysm size increased
from a fusiform shape to 15.5mm and the
aneurysm was partially thrombosed, and in
Patient 2, where 2 blebs originated from the

aneurysm dome. In models with visualized
values of LSA, it is possible to notice the shift
of the area to the bleb area in Patient 2 and
the influence of low WSS on the part of the
aneurysm dome in Patient 2 where a throm-
botic process took place (Fig. 1).

Limitation

As previously mentioned, the CFD studies
still have many limitations delaying their use
in the clinical practice [30,31]. Specifically, we
did not have the patient flow profile data,
and we used the flow that was described
by a pulsatile Womersley velocity profile
with a transient waveform. This simplifica-
tion might contribute to the computed flow
pattern results. Further contributing factors
are the simplification of the vessel wall char-
acteristics, physical properties of the blood,
and the outflow boundary conditions.

This study only analyzes the data from
four patients with aneurysms at different lo-
cation, making it difficult to draw general
conclusions and recommendations.

Conclusion

The hemodynamic changes during a pro-
longed time do not fully explain the com-
plex process of aneurysm growth and rup-
ture. Therefore, CFD simulations in the future
could only serve as an additional supporting
examination that could help the neurosur-
geon in the decision-making process. How-
ever, these unique results describing the
time-dependent changes in the hemody-
namic parameters in intracranial aneurysms
during a prolonged time could encourage
the clinician to explore the possibility of CFD
simulation results to correlate with a rupture
risk. Obtaining more data about the possi-
ble future behavior of unruptured intrac-
ranial aneurysms which are feasible to get
analyze in a few days or weeks, could de-
crease the risk that the patient is taking on
the advice of their clinician. Generally, the
growth of unruptured aneurysms is period-
ically checked by angiographic tests. Ana-
lyzing these data via CFD simulations, we
obtain the values of hemodynamics param-
eters in a follow-up period and, comparing
them, we can gain more information about
the character of the aneurysm. As in many
other situations in the clinical practice, the
values of parameters changing in time con-
siderably indicate possible pathological de-
velopment, such as the decrease of WSS or
the increase of LSA in the case of intracranial
aneurysms.
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