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Most unruptured aneurysms are detected inciden-
tally by MRI or CT screening for diseases other 
than aneurysms. As the prevalence of cerebral 

aneurysms has been reported to be much higher than that 
of their clinical presentation, the evaluation of aneurysm 
initiation in cases that were already treated or were symp-
tomatic is not expected to reflect the real random pathoge-
netic mechanisms.1–6 If we can understand the mechanism 
of aneurysm initiation by examining the de novo initia-
tion process after having confirmed and investigated the 

preceding normal arterial condition, we may be able to 
predict and eventually prevent aneurysms. Currently, how-
ever, it is very difficult to predict aneurysm initiation by 
obtaining angiographic images before initiation and then 
being able to follow that patient.

Aneurysm initiation is considered to be related to 
chronic inflammation in the cerebrovascular wall.7,8 Ac-
cording to previous research, chronic inflammation may 
be caused by hemodynamic effects on the arterial wall in 
addition to other clinical factors such as smoking history, 
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OBJECTIVE Relationships between aneurysm initiation and hemodynamic factors remain unclear since de novo aneu-
rysms are rarely observed. Most previous computational fluid dynamics (CFD) studies have used artificially reproduced 
vessel geometries before aneurysm initiation for analysis. In this study, the authors investigated the hemodynamic fac-
tors related to aneurysm initiation by using angiographic images in patients with cerebral aneurysms taken before and 
after an aneurysm formation.
METHODS The authors identified 10 cases of de novo aneurysms in patients who underwent follow-up examinations for 
existing cerebral aneurysms located at a different vessel. The authors then reconstructed the vessel geometry from the 
images that were taken before aneurysm initiation. In addition, 34 arterial locations without aneurysms were selected as 
control cases. Hemodynamic parameters acting on the arterial walls were calculated by CFD analysis.
RESULTS In all de novo cases, the aneurysmal initiation area corresponded to the highest wall shear stress divergence 
(WSSD point), which indicated that there was a strong tensile force on the arterial wall at the initiation area. The other 
previously reported parameters did not show such correlations. Additionally, the pressure loss coefficient (PLc) was 
statistically significantly higher in the de novo cases (p < 0.01). The blood flow impact on the bifurcation apex, or the 
secondary flow accompanied by vortices, resulted in high tensile forces and high total pressure loss acting on the vessel 
wall.
CONCLUSIONS Aneurysm initiation may be more likely in an area where both tensile forces acting on the vessel wall 
and total pressure loss are large.
https://thejns.org/doi/abs/10.3171/2021.8.JNS211452
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alcohol consumption, hypertension, decreased estrogen 
levels, or dental bacterial infection.3,8–12 Computational 
fluid dynamics (CFD) analysis allows evaluation of the 
relationships between hemodynamic forces on the arterial 
wall and aneurysm initiation. Previous studies reported 
that the wall shear stress (WSS), which is the frictional 
force on the arterial wall produced by blood flow; the os-
cillatory shear index (OSI), which measures the direction-
al changes of WSS during cardiac cycles, the WSS gradi-
ent (WSSG) and the gradient oscillatory number (GON), 
were key factors to aneurysmal initiation.13–21 To reveal the 
relationships between hemodynamics and aneurysm ini-
tiation, CFD analysis for the cerebral arteries before aneu-
rysm initiation is essential. However, in most studies, the 
CFD analyses were performed on artificially reproduced 
states of vessel geometry before aneurysm initiation, cre-
ated by manually removing the aneurysm from the im-
ages that were taken after an aneurysm was completely 
developed.15,17,18 Some CFD research has focused on de 
novo cases or blister aneurysm formation using the vessel 
geometry before aneurysm initiation, but these are a very 
limited number of cases because angiographic images be-
fore aneurysm initiation are rarely obtained within normal 
diagnostic protocols.13,14,19,20 To the best of our knowledge, 
3 analyzed cases using images before the aneurysm has 
initiated have been published.14,19,20

In the present study, we analyzed hemodynamics using 
CFD on 10 de novo aneurysms on angiographic images 
acquired before the aneurysms initiated. We also conduct-
ed CFD analysis on 34 arterial locations (10 control indi-
viduals) on an arterial geometry without aneurysm initia-
tion. The parameter for evaluating tensile and compressive 
stress called wall shear stress divergence (WSSD) as well 
as previously reported hemodynamic parameters related 
to aneurysmal initiation was applied.22 These parameters 
were compared between de novo and control cases. Our 
objective was to qualitatively and quantitatively investi-
gate hemodynamic factors related to aneurysm initiation. 
Here we report the application of CFD analysis based on 
images obtained before actual aneurysm initiation in a de 
novo case series.

Methods
Patient Selection and Clinical Data

This study was approved by the local ethics commit-
tees at our institutions and was conducted in accordance 
with the Declaration of Helsinki. We retrieved clinical and 
radiological data from January 2003 to December 2018 of 
de novo aneurysms that were subsequently identified dur-
ing follow-up imaging in treated or “under observation” 
patients from the databases of three institutions. We iden-
tified 16 patients with de novo aneurysms detected after a 
period of up to 8 years from the initial negative study at a 
location where no aneurysm was present. We performed 
CFD analysis of the 3D angiographic imaging data taken 
before aneurysmal initiation. We excluded 6 patients due 
to absent 3D image data or inadequate image quality for 
CFD analysis, for which main arteries were not connected 
to each other or high noise level was present due to arti-
facts. Finally, 10 aneurysms in 10 patients were collected, 

and we defined them as de novo. Their sites were the in-
ternal carotid artery (ICA), middle cerebral artery (MCA), 
anterior cerebral artery (ACA), basilar artery (BA), and 
vertebral artery (VA). To compare the hemodynamic dif-
ferences between cases with and without de novo aneu-
rysm initiation, we also identified 10 patients who had no 
aneurysms in the anterior or posterior circulation but had 
multiple aneurysms in the “opposite” posterior or anterior 
circulations (not of interest), respectively, and classified 
them as control patients. Additionally, these selected con-
trol patients had unruptured aneurysms, longer follow-up 
periods,  and an older average age than the de novo patients. 
According to these criteria, control patients were extracted 
randomly and confirmed by two blinded neurosurgeons, 
who reviewed each of the 24 locations (in 5 patients) with-
out aneurysms in the anterior circulation (anterior control) 
and 10 locations (in 5 patients) without aneurysms in the 
posterior circulation (posterior control) (Table 1). For the 
same reasons as for de novo patients, control patients for 
whom adequate 3D images were not available were ex-
cluded. For these patients the oldest 3D imaging data dur-
ing the follow-up term were used for the CFD analysis. In 
addition, the clinical information, including sex, history of 
alcohol consumption, history of smoking, hyperlipidemia, 
and hypertension were included.

CFD Analysis
Arterial Geometry Generation

The modeled regions for anterior and posterior circula-
tion ranged from the petrous portion of the ICA petrous to 
the A2 ACA and M2 MCA segments, and from the V4 VA 
segment to the terminal branch of the BA. Based on the 
generated model, the size of the de novo aneurysms was 
measured in 3D (the neck length is the maximum diame-
ter at the neck plane and the height is the maximum height 
from the center of the neck plane). The detailed method is 
included in the Supplemental Material.

Computational Conditions
Both computational unstructured volumetric grid gen-

eration and CFD analysis were performed on the gener-
ated STL data according to settings of previous studies 
using STAR-CCM+ (v10.06.010) multiphysics CFD soft-
ware (Siemens PLM software).20,23 In anterior circulation 
cases, the inlet pulsatile conditions were imposed ac-
cording to the mass flow rate at the ICA determined in 
healthy adult volunteers and measured by Ford et al.24 On 
the other hand, in posterior circulation cases one-third of 
the ICA flow rate was imposed at the VA.24 We assumed 
static pressure of 0 Pa at all outlets. The detailed method 
is included in the Supplemental Material.

Analysis Domain
We defined the analysis domain for comparison of the 

hemodynamic parameters among the cases. In the case 
of a specific bifurcation type, such as bifurcations of the 
MCA, ACA–anterior communicating artery (AComA), 
terminal BA, and VA union, the domain was defined by 
planes set 5 mm distally and proximally to the bifurcation 
point, respectively. In the case of an ICA sidewall type, the 
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proximal plane was set 1 mm proximally to the ophthal-
mic artery and the distal plane was set 1 mm proximally 
to the MCA-ACA bifurcation point to cover the ICA C1 
and C2 segments, since all ICA de novo cases were in-
cluded in this area. For de novo patients, the analysis do-
main was only set at initiation sites. On the other hand, 
for control patients, the analysis domains were set at loca-
tions in the anterior circulation (ICA, MCA bifurcation, 
and ACA-AComA) and in the posterior circulation (BA 
terminal and VA union) that did not initiate aneurysms 
(i.e., the hemodynamic parameters were extracted from up 
to 5 sites [the right and left ICA, MCA bifurcations, and 
ACA-AComA] in every control patient with analyzed an-
terior circulation and from up to 2 sites [BA terminal and 
VA union] in every control patient with analyzed posterior 
circulation). As a result, 34 control noninitiation sites in 10 
patients were analyzed (Table 1).

Hemodynamic Parameters
After the CFD analysis was performed, we calculated 

hemodynamic parameters which were previously reported 
in the study of aneurysmal initiation, growth, and rupture, 
including WSS, WSSG, OSI, GON, pressure, and pressure 
loss coefficient (PLc).25–27 In addition, to evaluate tensile 
and compressive stress on the vascular wall, we introduced 
the parameter WSS divergence (WSSD), which was origi-
nally developed to estimate the risk of aneurysm rupture.22 
Vorticity was also evaluated to compare the complexity of 
the flows inside the arteries. In this study, parameters such 
as WSS, WSSG, WSSD, pressure, and vorticity were nor-
malized by dynamic pressure, equivalent diameter at the 
inlet of the analysis domain (Din), or velocity at the inlet 
of analysis domain to compare values among the cases20,26 
(in this report normalized parameters are marked with 
asterisk). Time-dependent parameters were averaged over 

TABLE 1. Statistical difference between de novo and control cases for clinical data and hemodynamic parameters

Parameter De Novo (pts: n = 10; analyzed cases: n = 10) Control (pts: n = 10; analyzed cases: n = 34) p Value

Clinical data
 Analyzed location, cases 0.761
  ICA 3 (30.0%) 10 (29.4%)
  MCA 2 (20.0%) 10 (29.4%)
  ACA 3 (30.0%) 4 (11.8%)
  BA 1 (10.0%) 5 (14.7%)
  VA 1 (10.0%) 5 (14.7%)
 Size of de novo, mm
  Height 2.9 ± 0.5 — —
  Neck length 4.1 ± 0.7 — —
 Ruptured aneurysms 1 (10.0%) 0 (0%) 1.000
 No. of aneurysms 2.4 ± 0.8 2 ± 0 0.149
Pt data
 Age at de novo diagnosis, yrs 61.4 ± 7.2 — —
 Age at analysis, yrs 56.1 ± 8.3 73.1 ± 8.69 <0.01
 Follow-up duration, yrs 4.8 ± 3.1 8.9 ± 0.32 <0.01
 Male sex 3 (30.0%) 4 (40.0%) 1.000
 Alcohol 1 (10%) 0 (0%) 1.000
 Smoking 3 (30%) 3 (30%) 1.000
 Hyperlipidemia 2 (20%) 0 (0%) 0.474
 Hypertension 2 (20%) 6 (60%) 0.170
Hemodynamic parameters
 WSSD* 1.54 × 10−2 ± 1.25 × 10−2 7.84 × 10−3 ± 1.88 × 10−2 0.261
 WSS* 1.25 × 10−1 ± 4.30 × 10−2 1.38 × 10−1 ± 2.07 × 10−1 0.238
 WSSG* 3.74 × 10−1 ± 1.44 × 10−1 3.26 × 10−1 ± 1.58 × 10−1 0.273
 OSI 7.04 × 10−3 ± 5.68 × 10−3 4.35 × 10−3 ± 1.83 × 10−3 0.399
 GON 3.37 × 10−2 ± 2.06 × 10−2 2.45 × 10−2 ± 8.08 × 10−3 0.238
 Pressure* 3.53 × 101 ± 1.98 × 101 2.44 × 101 ± 1.22 × 101 0.121
 Vorticity* 7.10 ± 2.15 6.08 ± 1.16 0.216
 PLc 2.98 ± 0.46 2.06 ± 0.67 <0.01

Pt = patient.
Values are presented as number (%) of patients or mean ± SD unless otherwise indicated. Boldface type indicates statistical significance.
* Normalized value.
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the last cardiac cycle. The detailed definition of the pa-
rameters is included in the Supplemental Material.

Statistical Analysis
Clinical and hemodynamic parameters were compared 

between the de novo and control groups. Fisher’s exact 
test was used for nominal variables. The Kolmogorov-
Smirnov test was used to test whether the continuous 
variables, including hemodynamic parameters, of the de 
novo and control groups followed a normal distribution. 
The Mann-Whitney U-test was used if either group did 
not show normal distribution. If both groups exhibited 
normal distribution, either Student’s t-test or Welch’s t-
test was used according to the presence or nonpresence of 
equal variance, respectively. A p value less than 0.05 was 
considered statistically significant. All statistical analyses 
were performed using SAS 9.4 (SAS Institute, Inc.).

Results
Clinical Characteristics of De Novo Aneurysms and 
Controls

Details of the differences between de novo and control 
cases are summarized in Table 1. Although all images of 
the de novo cases for CFD analysis were taken before an-
eurysmal initiation, in one of the de novo cases the aneu-
rysm was ruptured (i.e., the de novo aneurysm was identi-
fied after the subarachnoid hemorrhage). The mean age of 
the patients was 61.4 ± 7.2 years when they were diagnosed 
with a de novo aneurysm. Since we used the image before 
the de novo aneurysm initiation to conduct CFD analysis, 
the mean age of the de novo patients at the CFD analysis 
point was 56.1 ± 8.3 years. The average follow-up period 
of the de novo patients, which is the period from the date 
of the initial 3D imaging study to the date of de novo an-
eurysm diagnosis, was 4.8 ± 3.1 years. On the other hand, 
the control patients were statistically significantly older 

(73.1 ± 8.7 years) and had a longer follow-up period (8.9 ± 
0.3 years) than the de novo patients, since we preselected 
the follow-up to be longer and patients were older than the 
averages for the de novo patients. The average dimensions 
of de novo aneurysms were 2.9 ± 0.5 mm (height) and 4.1 
± 0.7 mm (neck length).

Hemodynamic Forces on the Arterial Wall and Aneurysmal 
Initiation Area

We qualitatively observed the relationship between 
hemodynamic forces on the arterial wall and aneurysmal 
initiation area. The calculated hemodynamic parameters, 
including WSSD*, WSS*, WSSG*, OSI, GON, and pres-
sure* are illustrated for each de novo case in Fig. 1 and 
Supplementary Fig. 1. In these figures, in addition to the 
normal color contour images, binary images with red and 
blue demonstrate the hemodynamic parameters. The bina-
ry images were defined based on the parameter value: the 
red area is the high-value, with parameter values over the 
95th percentile in the analysis domain, and the blue area 
parameter values are under the 95th percentile. Addition-
ally, the figures also include the aneurysms after their ini-
tiation, which is illustrated using a semitransparent silver 
color merged into each illustration. The figures contain 
a black arrow if the three blinded neurosurgeons agreed 
to the correspondence between the initiation area and the 
high-value area (red area). This result did not show qualita-
tive correspondence between the aneurysm initiation area 
location and the regions with high-value hemodynamic 
parameters—WSS*, WSSG*, OSI, GON, and pressure*—
that have been reported as key factors of aneurysm initia-
tion in previous studies. The correspondence rates were 
70%, 80%, 40%, 20%, and 60% for WSS*, WSSG*, OSI, 
GON, and pressure*, respectively (see Supplementary Fig. 
1). On the other hand, the newly introduced hemodynamic 
parameter, WSSD*, showed 100% correspondence to the 
aneurysmal initiation area (a high WSSD* area was ob-

FIG. 1. Qualitative correspondence between CFD result (WSSD*) and initiation area for all analyzed de novo cases. The semi-
transparent silver areas are aneurysms after they have grown. The normal color contour images are placed in left of each case. In 
right binary images of each case, the red area indicates where the parameter values are over the 95th percentile in the analysis 
domain, and the blue area indicates when they are under the 95th percentile. The black arrows are added if the initiation area and 
high-value (red area) area correspond. Location, height, and neck length of each de novo aneurysm are also shown.

https://thejns.org/doi/suppl/10.3171/2021.8.JNS211452
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served at every initiation area) (see Fig. 1). In addition, 
illustrative cases of de novo aneurysms at a bifurcation 
and on a sidewall are shown in Figs. 2 and 3 with their 
streamlines and WSSDs* along with their respective an-
eurysms, initiated afterwards. In Figs. 2C and D and 3D 
and E, the WSS vectors represented by thin black arrows 
are also displayed. The thick black arrows in Figs. 2A and 
3A show the flow direction. In the case of the sidewall 
aneurysm, streamlines were displayed in two directions: 
from outside of the siphon curve (Fig. 3A) and from inside 
of the siphon curve using a blue wide arrow to show direc-
tion (Fig. 3B). We observed that the inward flow separated 
from the main flow, passing the bend, and generated a sec-
ondary flow inside the bend, which is circled by a white 
line in Fig. 3B. Illustrative cases of control at a bifurcation 
and on a sidewall are also shown in Supplementary Fig. 2 
with their streamlines and WSSD*.

Hemodynamic Differences Between De Novo Aneurysms 
and Control Locations

Details of the hemodynamic differences between de 
novo and control cases are summarized in Table 1. Al-
though the qualitative observation results showed good 
correspondence between high WSSD* positions and 
aneurysmal initiation area, the values of the parameter 
did not show statistically significant differences as were 
shown for the other hemodynamic parameters except PLc. 

PLc was statistically significantly higher in de novo cases, 
which indicates that total pressure loss in the analysis do-
main was larger in these cases than in controls. The av-
eraged values for vorticity, PLc, and equivalent diameter 
at the inlet of the analysis domain (Din) values, were also 
summarized for each location in Table 2. Since there were 
too few de novo cases to perform statistical tests when an-
alyzing at each location, the differences of the parameters 
between de novo and control cases were summarized.

Discussion
Relationship Between Hemodynamic Factors and 
Aneurysmal Initiation

Previous investigators have conducted CFD analysis 
to clarify the hemodynamic factors associated with aneu-
rysm initiation. Meng et al. hypothesized that aneurysm 
initiation occurred with destructive remodeling from the 
combination of high WSS and high WSSG.28,29 The OSI, 
which was introduced by Ku et al. as a parameter resulting 
from the relationship between blood flow and atheroscle-
rosis, has also been used to report values related to aneu-
rysm initiation.15,18, 20, 21,30 Shimogonya et al. also proposed 
GON as a way to quantify the hemodynamic tension/
compression forces.16 However, in some of the previous 
studies, the arterial geometry was reproduced artificially 
by manually removing the aneurysm from the images that 

FIG. 2. Illustrative de novo case at a bifurcation. A: Streamlines before the aneurysm has grown. The black arrows indicate the 
main flow. B: Geometry of grown aneurysm. C: WSSD distribution on vessels before aneurysm has initiated. The thin black arrows 
indicate the vector of wall shear stress. D: WSSD viewed in the direction of the blue arrow.

https://thejns.org/doi/suppl/10.3171/2021.8.JNS211452
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contained aneurysms.15,17,18 It is highly probable that the 
artificially reproduced vessel geometry did not accurately 
represent the state before aneurysm initiation. Since the 
results of CFD analysis highly depend on vessel geometry, 
the correct hemodynamic characteristics before aneurys-
mal initiation might have not been obtained with the use 
of artificially reproduced vessel geometry. Therefore, it 
is obviously appropriate to use the arterial geometry be-
fore the aneurysm has initiated for proper investigation of 
aneurysmal initiation. The main problem of such a study 
design is the difficulty in collecting a substantial number 
of cases. Although Kulcsár et al. examined the hemody-
namics related to aneurysm initiation at certain arterial 
segments that later initiated an aneurysm, these authors 
analyzed only 3 cases.14 Shojima et al. and Tanaka et al. 
also conducted CFD analysis on 3 patients in whom aneu-
rysms were initiated during follow-up.19,20 Thus, until now 
it has been difficult to effectively use CFD analysis to fully 
evaluate the hemodynamic features involved in aneurys-
mal initiation.

Hemodynamic Characteristics Involved in De Novo Cases 
Compared to Controls

In this study, we performed CFD analysis in 10 de novo 
aneurysm cases, which is to our knowledge the largest 
number investigated until now. Our results indicated that 

the aneurysm initiation areas did not have good correspon-
dence to the locations of high values for hemodynamic 
parameters that have been previously reported, such as 
WSS*, OSI, WSSG*, and GON.13–21 On the other hand, it 
was confirmed that the location of high WSSD*, which has 
not been consistently reported as a key parameter for an-
eurysmal initiation, had very good correspondence to the 
aneurysmal initiation areas in all cases. WSSD* represents 
the tensile and compressive stress on the vessel wall due to 
hemodynamic effects. In other words, the location where 
the blood flow produced high tensile forces matched the 
aneurysmal initiation areas. Although statistically signifi-
cant differences were not observed between de novo and 
control cases for the values of WSSD*, the differences 
were greater in de novo cases (the average WSSD* values 
of de novo and control cases were 1.54 × 10−2 ± 1.25 × 
10−2 and 7.84 × 10−3 ± 1.88 × 10−2, respectively). Koseki 
et al. demonstrated real-time wall motion of the prospec-
tive location of an intracranial aneurysm using a rat model 
and indicated that mechanical stretching promotes mac-
rophage migration via activation of adventitial fibroblasts 
followed by expression of chemoattractant protein. Thus, 
these authors hypothesized that mechanical stretching 
may be one of the most essential triggers for aneurysm 
initiation. This report also supports our findings that high 
tensile force may cause aneurysm initiation.31 On the other 

FIG. 3. Illustrative de novo case of a sidewall type aneurysm. A: Streamlines before the aneurysm has grown. The black arrows indi-
cate the main flow. B: Streamlines viewed in the direction of the blue arrow. Secondary flow is circled with a white line. C: Geometry 
of the grown aneurysm. D: WSSD distribution on vessels before aneurysm initiation. The thin black arrows indicate the vector of wall 
shear stress. E: WSSD at the circled region where the inward flow separated from the main flow.
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hand, a statistically significant difference between de novo 
and control cases was observed for PLc, which indicates 
that the total pressure loss in the analysis domain was sig-
nificantly larger for de novo cases. Takao et al. and Suzuki 
et al. concluded that PLc has a significant effect on aneu-
rysm rupture from the results of CFD analysis for ruptured 
and unruptured aneurysms during observation.25,26 They 
also concluded that hemodynamic stability denoted by low 
PLc reduces the natural vessel wall resistance to hemo-
dynamic changes such as rapid blood pressure elevation, 
thereby increasing rupture risk. Additionally, they hypoth-
esized that the “remodeling process” might be the trans-
formation of vessel geometry in order to avoid artery wall 
interference of blood flow, and as a result, PLc eventually 
changed from high to low during aneurysm development. 
Our present results are consistent with this hypothesis, and 
we can consider aneurysmal initiation as a remodeling pro-
cess that has occurred in the high-PLc region. Our results 
imply that an aneurysm may initiate in the area where both 
tensile forces acting on vessel wall and total pressure loss 
are high. These findings may suggest some future meth-
odological application using CFD to assess the potential 
risk of aneurysm initiation at certain sites even before an 
aneurysm is detectable. To validate the CFD methodology 
as a risk assessment tool, a large prospective cohort study 
will be needed as well as solutions to the issues that are 
mentioned in the Study Limitations section.

Reason for Observation of High WSSD and High PLc in 
Bifurcation and Sidewall De Novo Cases

The reason why high WSSD and high PLc were ob-
served in de novo cases may depend on whether the ini-
tiation area was at a bifurcation, such as ACA-AComA, 
MCA, or BA terminal, or at a sidewall, such as an ICA si-
phon. In the case of a bifurcation, the blood flow impact on 
the bifurcation apex causes increased total pressure loss 
that results in a higher PLc. In addition, blood flow spread 
due to the collision at the apex generates a tensile force to 
stretch the vessel wall. In the illustrative de novo case of 
a bifurcation aneurysm, the blood flow collision occurred 
at the apex of the bifurcation, resulting in a spread of the 
flow, as shown in Fig. 2A, and WSSD became high at the 
collision point due to the spread WSS vector (see Fig. 2C 
and D), which induced the aneurysm to initiate from that 
exact point (see Fig. 2B). Meanwhile, the diameter of the 
parent artery was measured at the inlet plane of the analy-
sis domain as Din for each case, as shown in Table 2. When 
we focused on the results for bifurcations (MCA, ACA, 
BA, VA), we confirmed that Din was smaller in de novo 
than in control cases (5.77% to 12.7%). These results imply 
that concentrated dense flow produced by the small parent 
artery diameter also contributes to high WSSD and high 
PLc on the arterial wall.

In the case of sidewall aneurysms, we considered that 
the divergence flow and secondary flow accompanied by 
vortices resulted in high tensile forces acting on the vessel 
wall and high total pressure loss. Our results confirmed 
that the curvature of the siphon causes secondary flow, in 
which part of the blood flow goes inside around the bend-
ing wall of the artery as shown in Fig. 3A with the black 
arrow. The high WSSD* was present at the divergence 
point where the blood flow separates into an inward flow 
direction and a main flow direction (see Fig. 3D and E). 
Moreover, the total pressure loss denoted by PLc increased 
because the main flow path was narrowed due to second-
ary flow vortex formation inside the bend (see Fig. 3B). 
Comparing the vorticity* between de novo and control 
cases of ICA, the value was 44.2% higher in the de novo 
cases, as shown in Table 2. These observations on vortices 
are further supported by Csippa et al., who presented a 
case with strong secondary flow patterns at the site of a 
future aneurysm.32 Riccardello et al. also concluded that 
secondary flow patterns may play a major role in the initia-
tion of side-wall aneurysm initiation.33

Study Limitations
This study has several potential limitations. Due to 

the small sample size of de novo cases, statistical tests 
could not be performed when analyzing at each loca-
tion separately. Regarding the CFD analysis, the use of 
a rigid wall, Newtonian blood model, and non–patient-
specific boundary conditions were the main limitation of 
this study. However, some previous studies have reported 
that our analysis methods were useful ways for under-
standing the hemodynamic characteristics of the endo-
vascular arterial environment.34,35 Li et al. also reported 
that patient-specific inflow boundary conditions may not 
be necessary for making predictions using CFD because 
the same hemodynamic parameters showed statistically 

TABLE 2. Average values of vorticity, PLc, and Din

Parameters De Novo Control Difference

Anterior circulation
 ICA (n = 3) (n = 10)
  Vorticity* 9.17 ± 0.68 6.36 ± 1.39 44.2%
  PLc 2.79 ± 0.33 1.86 ± 0.69 49.8%
  Din, mm 4.02 ± 0.76 4.44 ± 0.35 −9.37%
 MCA (n = 2) (n = 10)
  Vorticity* 5.74 ± 1.96 5.61 ± 0.88 2.22%
  PLc 2.93 ± 0.74 1.70 ± 0.38 72.5%
  Din, mm 3.08 ± 5.24 × 10−3 3.33 ± 0.25 −7.59%
 ACA (n = 3) (n = 4)
  Vorticity* 6.48 ± 2.17 6.85 ± 0.42 −5.42%
  PLc 3.31 ± 1.65 2.60 ± 0.93 27.4%
  Din, mm 2.94 ± 0.47 3.37 ± 0.42 −12.7%
Posterior circulation
 BA (n = 1) (n = 5)
  Vorticity* 4.24 5.22±0.72 −18.7%
  PLc 2.30 2.42 ± 0.43 −5.00%
  Din, mm 3.98 4.49 ± 0.30 −11.3%
 VA (n = 1) (n = 5)
  Vorticity* 8.30 7.00 ± 0.95 18.5%
  PLc 3.36 2.17 ± 0.78 54.5%
  Din, mm 4.85 5.15 ± 0.38 −5.77%

* Normalized value.
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significant differences regardless of the use of patient-
specific or generalized inflow boundary conditions.36 The 
patient angiographical image data were obtained from 
CTA, except for 1 patient with MRA data in the de novo 
case group. Although the exception is for only 1 case, the 
nonstandardized imaging modality is one of the limita-
tions in CFD analysis since this difference may influence 
the values of hemodynamic parameters. For control cases, 
it was considered that no aneurysms would be initiated 
afterward. However, we have no absolute certainty for this 
assumption. To reduce the effect of this limitation, we se-
lected control cases indicating a higher risk of aneurysm 
initiation than the de novo cases (i.e., control case patients 
had multiple aneurysms in the circulation not used as a 
control [anterior or posterior], longer follow-up periods, 
and older age than the de novo cases). Although the analy-
sis domains were defined based on the anatomical find-
ings in ICA cases, or 5-mm length from the bifurcation 
point at the other sites, the domain definition may vary 
based on the CFD operators. In addition, it remains un-
clear whether influences of factors other than the hemo-
dynamic, such as genetic predisposition or inflammation 
or factors from the patient’s clinical condition, accelerate 
the aneurysm initiation process or not. Though aneurysm 
growth is suggested to be relevant to chronic inflamma-
tion, the process of initiation remains to be elucidated. 
Although the hemodynamic parameters that we present 
could be factors associated with aneurysm initiation, we 
need further research to address these limitations, taking 
into consideration animal experimental aneurysm mod-
els. Finally, whether the high parameter value position 
corresponded to the site of the aneurysmal initiation area 
is largely determined by the observer’s arbitrary judge-
ment. Therefore, we used multiple blinded observers. To 
reduce the effect of these limitations, a multicenter study 
of a larger cohort should be considered in the future.

Conclusions
To investigate the hemodynamic factors related to an-

eurysmal initiation, we analyzed blood flow in 10 de novo 
and 34 control arterial sites using CFD. In all de novo 
cases, the aneurysmal initiation area corresponded to the 
high WSSD* point, which indicated that the tensile force 
strongly affected the arterial wall. Another hemodynamic 
parameter, PLc, which indicates the total pressure loss 
in the arteries, was statistically significantly higher in de 
novo cases. The high WSSD* and high PLc were caused 
by blood flow collision or the existence of secondary flow. 
These results imply that an aneurysm initiates in a region 
where both tensile forces acting on the vessel wall and 
total pressure loss are high. The measurement of these 
parameters may help in predicting aneurysmal initiation 
based on CFD analysis.
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