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ABSTRACT
Background Aneurysm hemodynamics has been
shown to be an important factor in aneurysm growth
and rupture. Although pulsatility is essential for blood
flow and vascular wall function, studies of pulsatile flow
properties in brain aneurysm disease are limited.
Objective To investigate differences in pulsatility within
a group of ruptured and unruptured aneurysms by
implementing patient-specific pulsatile flow simulation.
Methods 41 of 311 internal carotid artery aneurysms
were selected from an aneurysm database (29 unruptured
and 12 ruptured) and used for patient-specific
hemodynamic simulations of pulsatile flow. Flow
pulsatility changes in ruptured and unruptured groups
were analyzed by comparing different components of
blood flow. Pulsatility index (PI) was used to quantify the
pulsatility of blood flow in each group at the aneurysm
neck, body, dome, and parent artery.
Results Within the parent artery, PI did not significantly
differ between ruptured and unruptured groups (0.58).
Within unruptured aneurysms, values of PI similar to that
of the parent artery were found (0.61). Trends of
significantly higher PI (1.99) were found within ruptured
aneurysms (p<0.001). These differences were localized at
the aneurysm neck, where PI in ruptured (1.93) and
unruptured (0.59) aneurysms was significantly different
(p<0.001).
Conclusions A trend towards a lower PI, similar to that
in the parent artery, was found in unruptured aneurysms,
while ruptured aneurysms followed a trend of higher
pulsatility. The difference was significant at the aneurysm
neck, indicating that pulsatility and this location may be
important aspects of aneurysm rupture and a useful
predictor of the risk of aneurysm rupture.

INTRODUCTION
Because of the severe morbidity associated with
brain aneurysm rupture, identifying the risk of such
rupture remains an important research area. With
improvements in computational power, scientists
can now perform patient-specific flow analyses to
study the mechanism of aneurysm rupture and
compare the hemodynamic patterns in ruptured
and unruptured aneurysms.1–4 Although hemo-
dynamics has been shown to be an important
factor in aneurysm growth and rupture, the charac-
teristics of blood flow that differentiate ruptured
and unruptured aneurysms, indicating the risk of
rupture, remain undefined.
Research on aneurysm hemodynamics has identi-

fied maximum flow force on the vessel wall (wall
shear stress) and flow impingement as important
parameters associated with aneurysm rupture.1–3

Although these hemodynamic properties are useful
snapshots that capture instantaneous flow proper-
ties at the peak of systole, aneurysmal flow is
complex and dynamic. Because aneurysmal flow
changes throughout the cardiac cycle owing to pul-
sation and morphology, parameters focusing on a
single time point may oversimplify the periodic
flow changes within aneurysms which affect vessel
wall function in the long term.5 Therefore, in
order to better understand the relationship between
flow and aneurysm rupture, it may be beneficial to
explicitly study how flow changes during each
cardiac cycle.
Blood flow is pulsatile, and the pulsatility is essen-

tial to maintain vessel wall function and transport
nutrients and oxygen throughout the body. The
periodic variation in blood flow originates with
cardiac contraction and propagates throughout the
circulatory system. The characteristics of pulsatile
flow in the vascular tree reflect vessel geometry and
wall elasticity and have previously been used in the
diagnosis of vascular diseases.6–8 Although pulsati-
lity is also known to be essential for cerebral circula-
tion and cerebral function, studies of pulsatile
properties in brain aneurysm disease are limited.9–11

Aneurysmal blood flow, like flow throughout the
circulatory system, is affected by the pulsatile
nature and changes over the cardiac cycle.
Pulsatility index (PI), a parameter that quantifies
the level of pulsatility, can be used to describe the
periodic flow changes in the vascular system.9 12–14

To date, PI has had only limited use in aneurysm
research, in small studies of only a few aneur-
ysms.9 12 15 In this paper, we have implemented
patient-specific pulsatile flow simulation to investi-
gate differences in pulsatility within a group of rup-
tured and unruptured aneurysms.

MATERIALS AND METHODS
Case selection
In research approved by the institutional review
board, 311 internal carotid artery (ICA) aneurysms
which were treated in our center from 1990 to
2011 were reviewed for hemodynamic analysis. To
minimize the hemodynamic variation caused by
aneurysm location, 173 ICA aneurysms at the
region of the ophthalmic artery, the location with
the most cases of ruptured aneurysm in our data-
base, were included in this study. Among the 173
aneurysms, 41 cases (29 unruptured and 12 rup-
tured) had sufficient image quality for flow analysis.
Detailed information about the aneurysm cases
included in this study is reported in table 1.
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Pulsatile flow analysis
To study aneurysmal blood flow, three-dimensional (3D) angio-
grams acquired before aneurysm embolization procedures were
used for the flow analysis (3DRA, Philip Medical System, Best,
The Netherlands). Patient-specific aneurysm models were con-
structed based on 3D images of end-systolic shape and inte-
grated into previously developed hemodynamic models which
analyze the blood flow pattern based on incompressible Navier–
Stokes equations.3 4 The flow profile for each aneurysm was
applied at the ICA of the simulation model based on an ICA
flow profile acquired from a healthy volunteer using phase con-
trast magnetic resonance measurements as described in Cebral
et al.16 This standard flow profile provides a standard input PI
and controls for additional acute differences between cases,
allowing the study to focus on the hemodynamic effects result-
ing from ICA and aneurysm geometry.

Aneurysmal flow data were analyzed based on pulsatile flow
changes over time (t). Because pulsatile flow is a combination of
steady flow, usðrÞ, and oscillatory flow, uwðr; tÞ, where r is the
radius of lumen size, the blood flow velocity can be expressed as
Equation 1. Since PI is the ratio of the variation in flow velocity
to the average flow velocity during a cardiac cycle, it can be
expressed as Equation 2, which compares the steady and oscilla-
tory component of blood flow within each aneurysm. In pulsa-
tile flow conditions, the steady flow component is the average
flow rate, and the oscillatory component captures the variation
around that average. Therefore, when Equation 2 is applied,
uw;max is the maximum flow rate at any time during the cardiac
cycle, uw;min, the minimum flow rate, andus, the average flow
rate. Details of the equations for the flow analysis can be found
in Zamir.13

Pulsatile flow velocity uðr; tÞ ¼ usðrÞ þ uwðr; tÞ (1)

Pulsatility index ðPIÞ ¼ uw;max � uw;min

us
(2)

Statistical analysis
To compare the pulsatility in ruptured and unruptured cases, for
each aneurysm, the average rate of blood flow (us, steady com-
ponent) was plotted versus the variation in blood flow rate
(uw;max � uw;min, pulsatile component) during the cardiac cycle.
The method of least squares was used to calculate linear regres-
sions for unruptured and ruptured groups of aneurysms.
The regressions were then tested for coincidence by applying

analysis of variance (F test) to compare fitting the two groups of
data with separate regressions versus fitting all of the data with a
single regression line. IBM SPSS 20 statistical software was used
to perform the statistical analysis.

RESULTS
Linear regression analysis was applied to compare the ruptured
and unruptured aneurysms at various locations within each
aneurysm. Figure 1 shows the results for flow within the aneur-
ysm sac. In this graph, as in the others, slope corresponds to PI.
Additionally, the size of each aneurysm in figure 1 is denoted by
the size of the circle. While ruptured aneurysms tend to be
larger, no clear association between aneurysm size and PI was
found. Figure 1 shows three linear regressions, for unruptured,
ruptured, and combined aneurysm groups. Statistical compari-
son of the fit of ruptured and unruptured groups with separate
regressions versus a single regression for both groups combined
found that separate lines were a statistically significant improve-
ment (p<0.001). This indicates two distinct trends for the rup-
tured and unruptured groups, with unruptured aneurysms
tending to have lower PI than ruptured cases. The parameters
for all linear regressions are summarized in table 2.

Detailed analysis of pulsatility for specific regions of aneur-
ysms—aneurysm neck, body, and dome—is shown in figure 2.
Regression lines were again calculated for ruptured and unrup-
tured groups and compared with fitting both groups with a
single line. In figure 2A, flow at the aneurysm neck mirrors the
aggregate results for the aneurysm sac (figure 1). Separate
regressions for ruptured and unruptured aneurysms provided a
statistically better fit (p<0.001), showing that at the aneurysm
neck ruptured and unruptured aneurysms had distinct differ-
ences in PI. The data in table 2 show that the neck fitting is
better than the aneurysm sac as a whole. Figure 2B,C (body and
dome) show no significant improvement in fitting two separate
lines for ruptured and unruptured groups, indicating that at
these locations PI is more broadly distributed and similar for

Figure 1 Plot of pulsatility within the aneurysm (neck, body, and
dome combined). The x axis (us) corresponds to average flow rate, and
the y axis (uw;max � uw;min) to the difference between maximum and
minimum flow rate. The size of circles indicates the size of individual
aneurysms, with circles in the legend ∼8 mm diameter. Slope of lines
corresponds to pulsatility index (Equation 2). Three linear regressions
are shown, for ruptured (red, dashed), unruptured (blue, solid), and
both groups of aneurysms combined (grey, dotted). R2 values indicate
quality of fit, with coefficients for the lines collected in table 2.
Ruptured and unruptured aneurysms show distinctly different trends
(p<0.001).

Table 1 Aneurysm cases at internal carotid artery-ophthalmic
artery regions (n=41)

Ruptured (n=12) Unruptured (n=29)

Patient characteristics
Mean age (years), mean (SD) 57.8 (14.3) 55.3 (13.1)
Female gender, n (%) 12 (100) 28 (96.6)
Hypertension, n (%) 3 (25.0) 12 (41.4)
Smoking, n (%) 5 (41.7) 9 (31.0)

Aneurysm characteristics
Aneurysm size (mm), mean (SD) 11.75 (6.3) 8.53 (33.8)
Aneurysm neck size (mm), mean (SD) 4.47 (1.20) 4.38 (1.56)

Aneurysm shape
Spherical, n (%) 2 (16.7) 12 (41.4)
Non-spherical, n (%) 10 (83.3) 17 (58.6)
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both groups. Therefore, the aneurysm neck appears to be the
critical location when considering the pulsatility of blood flow
and its differences between ruptured and unruptured groups.

Flow was also analyzed within the parent artery. These results
are shown in figure 3. Results for the parent artery were differ-
ent than within the aneurysm, and apart from two outliers, both
ruptured and unruptured aneurysms varied little in PI, forming
a nearly perfect line. Linear regression analysis found no statis-
tically significant benefit to fitting separate lines for unruptured
and ruptured groups (p>0.05). This finding is readily explained
by the fact that all of the aneurysms share the same anatomical
location. This further emphasizes that the difference in PI
between ruptured and unruptured aneurysms shown in figures 1
and 2A arises from the unique geometrical characteristics of the
aneurysms. Finally, while the flow rates were much higher in the
parent artery than in the aneurysm sac (figures 1 and 3), in
unruptured aneurysms, PI in the aneurysm sac (0.61) and at the
aneurysm neck (0.59) was very close to PI in the parent artery
(both ruptured and unruptured, 0.58) (table 2). In ruptured
aneurysms, PI diverged greatly from the parent artery, with
much higher values in the aneurysm sac (1.99) and neck (1.93)
(figure 4).

DISCUSSION
In this study we investigated the pulsatility of aneurysmal flow
and how pulsatility correlates with aneurysm rupture. The
results indicate that for this sample of aneurysms from the same
location, there are no significant differences in pulsatility at the
parent artery between ruptured and unruptured aneurysms.
However, significantly different trends were observed for rup-
tured and unruptured aneurysm sacs (figure 1), specifically at
the neck of the aneurysms (figure 2A).

Exclusion of the aneurysm sac and neck from the circulation
is a principle of aneurysm treatment, including surgical clipping
and endovascular embolization devices. A neck remnant in
treated aneurysms is known to present a risk of re-rupture and
regrowth.17 18 The underlying reason why complete occlusion
of the aneurysm neck is so critical in treatment has never been
clear. Through this quantitative study of a group of ruptured
and unruptured aneurysms from the same location, we found a

Figure 2 Variability in pulsatility at locations within the aneurysm.
The x axis (us) corresponds to average flow rate, and the y axis
(uw;max � uw;min) to the difference between maximum and minimum
flow rate. The size of circles indicates the size of individual aneurysms,
with circles in the legend ∼8 mm diameter. Slope of lines corresponds
to pulsatility index (Equation 2). Three linear regressions are shown, for
ruptured (red, dashed), unruptured (blue, solid), and both groups of
aneurysms combined (grey, dotted). R2 values indicate quality of fit,
with coefficients for the lines collected in table 2. (A) The aneurysm
neck shows distinct trends of pulsatility index (PI) for ruptured and
unruptured groups (p<0.001), as were found in the aneurysm as a
whole. (B and C) The body and dome show no difference in PI between
ruptured and unruptured aneurysm groups. While the fit (R2) is poor
for all groups at these two locations, the regressions show similar
distributions for ruptured and unruptured groups.

Table 2 Linear regression coefficients and fit (R2) of oscillatory
(variable) flow with respect to steady (average) flow

Location Ruptured Unruptured Combined

Aneurysm (average) (p<0.001) R2=0.98 R2=0.81 R2=0.63
Slope (PI) 1.99 0.61 1.00
Intercept −0.13 0.039 −0.021

Aneurysm neck (p<0.001) R2=0.98 R2=0.90 R2=0.66
Slope (PI) 1.93 0.59 1.055
Intercept −0.14 0.069 −0.04

Aneurysm body R2=0.70 R2=0.40 R2=0.44
Slope (PI) 0.81 0.83 0.84
Intercept 0.042 0.054 0.050

Aneurysm dome R2=0.52 R2=0.68 R2=0.68
Slope (PI) 0.70 0.76 0.76
Intercept 0.063 0.056 0.056

Parent artery* R2=1.00 R2=1.00 R2=1.00
Slope (PI) 0.58 0.58 0.58
Intercept 0.11 0.18 0.17

*Excludes two outliers visible in figure 3.
PI, pulsatility index.
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trend of higher pulsatility at ruptured aneurysm necks, as well
as a clear difference in pulsatility between the parent artery and
the aneurysm site. Our data suggest that periodic flow changes
at the aneurysm neck may be a key factor for aneurysm rupture.
Consequently, when treatment successfully eliminates the flow
stimulus to the aneurysm neck, it may interfere with the pro-
gression of aneurysm wall deterioration.

Overall, the results indicate that aneurysms with particular
dynamic flow properties may be at higher risk of rupture. We
found the same results when using linear regression to analyze
coefficient of variation (data not shown), a similar metric to PI.
Therefore, the relevant factor appears to be the variability in flow
during the cardiac cycle. It should also be noted, that although

rupture is often associated with larger aneurysm size, no clear asso-
ciation between aneurysm size and pulsatility was found.

This study illustrates the importance of considering flow
changes throughout the cardiac cycle. Clearly, this type of ana-
lysis is not be possible without such data, and appears to be an
important part of distinguishing between aneurysms that do and
do not rupture (figure 4). Our data further suggest that it might
be of value to develop interventional devices that reduce pulsati-
lity at the aneurysm neck, based on designs which reduce the
periodic changes of flow.

Geometrical characteristics that may help to discriminate
unruptured and ruptured aneurysms have been studied exten-
sively, but which are responsible for the variation in flow (PI)
requires further research.19 20 Interestingly, PI within unrup-
tured aneurysms was similar to that in the parent artery. Given
that variation in the amount of flow across the neck of the
aneurysm was responsible for the difference between ruptured
and unruptured aneurysms, further study combining pulsatility
analysis and morphological characteristics of the aneurysm neck
may be useful to help assess the rupture risks in incidentally
found aneurysms. A future longitudinal study will consider how
PI may change with treatment, and what relation, if any, this
may have to aneurysm regrowth and re-rupture. Finally, more
aneurysm cases from combined-center databases will be essential
for future study to minimize bias due to case inclusion and
further investigate the influence of pulsatility in aneurysms.

LIMITATIONS
The PI trend results presented in this paper are our findings
from studying aneurysms at a single location (ICA-ophthalmic
artery) from a single database. We selected this location to maxi-
mize the number of comparable ruptured cases, and it may
reflect some bias in our database. Consequently, future studies
incorporating more locations and additional databases will be
necessary to determine the extent to which these PI trends
apply to other aneurysm locations.

CONCLUSIONS
Blood flow pulsatility was quantified using PI, and its relationship
with aneurysm rupture was analyzed. While both ruptured and
unruptured aneurysms had similar pulsatility in the parent artery,
the two groups showed distinctly different trends within the aneur-
ysm, with ruptured aneurysms showing higher pulsatility.
Differences in pulsatility between ruptured and unruptured

Figure 4 Streamline representation
of (A) minimum and (B) maximum
flow in a representative unruptured
aneurysm. The color of streamlines
indicates the rate of flow, showing
how the pulsatile blood flow changes
during the cardiac cycle, increasing in
flow rate from (A) to (B). This is visible
as a color shift towards yellow and red
from (A) to (B).

Figure 3 Variability in pulsatility in the parent artery. The x axis (us)
corresponds to average flow rate, and the y axis (uw;max � uw;min) to
the difference between maximum and minimum flow rate. The size of
circles indicates the size of individual aneurysms, with circles in the
legend ∼8 mm diameter. Slope of lines corresponds to pulsatility index
(Equation 2). R2 values indicate quality of fit, with coefficients for the
lines collected in table 2. Two linear regressions for pulsatility index
(PI) are shown, the dashed line including all ruptured and unruptured
aneurysms, and the solid line all aneurysms apart from the two
outliers. Apart from the two outliers, all the aneurysms align with
negligible variation in PI, illustrating that there is no statistical
difference in pulsatility between ruptured and unruptured aneurysm
groups at the parent artery (p>0.05).
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aneurysms were particularly pronounced at the aneurysm neck,
and may be an important factor for aneurysm rupture.
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