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ABSTRACT

BACKGROUND AND PURPOSE: Due to limited information about aneurysm natural history, choosing the appropriate management
strategy for an unruptured aneurysm is challenging. By comparing unruptured and ruptured cases, studies have identified a variety of
aneurysm morphologic and hemodynamic properties as risk factors for rupture. In this study, we investigated changes in 4 ruptured
aneurysms before and after rupture and tested whether previously published risk factors identified a risk before rupture.

MATERIALS AND METHODS: A retrospective review of ruptured aneurysms based on the inclusion criteria of documenting angiographic
images before and after rupture was performed. Such cases are extremely rare. To minimize hemodynamic influence due to location, we
selected 4 cases at the posterior communicating artery. 3D morphologic and hemodynamic analyses were applied to examine qualitative
and quantitative risk factors in aneurysms before and after rupture.

RESULTS: When we compared aneurysms before and after rupture, all increased in size. Volume, surface area, and morphology changed
in both high and low wall shear stress areas. Aneurysm surface ratio, nonsphericity index, and pulsatility index were the only risk factors to
consistently identify risk before and after aneurysm rupture for all aneurysms.

CONCLUSIONS: Although changes in shape and flow properties were found before and after aneurysm rupture, in this small study, we
found that some risk factors were evident as early as 2 years before rupture.

ABBREVIATIONS: AASA = aneurysm surface area to sphere surface area ratio; AVSV = aneurysm volume to sphere volume ratio; NSI = nonsphericity index; Pl =

pulsatility index; SR = size ratio; WSS = wall shear stress

Due to limited information about aneurysm natural history,
one of the biggest challenges in clinical aneurysm manage-
ment is determining the risk of rupture for incidentally found
aneurysms. Currently, size guidelines identified by the Interna-
tional Study of Unruptured Intracranial Aneurysms are the dom-
inant criteria guiding treatment decisions.! Studies have sug-
gested that the mechanisms underlying aneurysm rupture are
multifactorial, and they have likewise identified different types of
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risk factors. For example, researchers have found that certain an-
eurysm shapes are risk factors that may associate aneurysm mor-
phology with rupture.>™* By analyzing blood flow properties in
groups of ruptured and unruptured aneurysms, reports have also
shown that certain hemodynamic factors may play an important
role in aneurysm rupture.’ However, the morphologic and he-
modynamic risk factors analyzed in these studies have generally
been identified by analyzing ruptured aneurysms after rupture.
Because clinical reports also suggest that aneurysms change due to
rupture, how well these risk factors can actually help predict rup-
ture has been controversial.'*"'>

In general, it is expected that the predictive ability of any
aneurysm rupture risk factor will be higher as an aneurysm is
closer to rupture. The fundamental rationale in aneurysm risk
analysis based on comparing ruptured and unruptured aneu-
rysm groups is that aneurysms that rupture have the same risk
characteristics in the unruptured and ruptured states.>>'> In
that case, the results obtained by comparing ruptured with
unruptured aneurysms can help assess the risk of rupture in
as-yet-unruptured aneurysms. However, there are limited
studies testing this hypothesis.



In this study, we re-examined morphologic and hemodynamic
risk factors that have been reported in the literature by using a
unique dataset of aneurysms imaged in both their unruptured
and ruptured states.”*®'*"'7 Our objective was to investigate
morphology and flow properties of aneurysms before and after
rupture and find whether previously identified risk factors were
present in aneurysms before rupture. We sought to identify risk
factors that consistently existed in ruptured aneurysms in both
unruptured and ruptured states to guide early determination of
aneurysm rupture risk.

MATERIALS AND METHODS

The study was approved by the institutional review board of the
University of California, Los Angeles. A retrospective review of
ruptured aneurysms with 3D images before and after rupture col-
lected from the aneurysm database in the University of California,
Los Angeles Medical Center was performed. Four aneurysms were
included in this study. These cases were selected from the 729
ruptured aneurysms that were treated in our center from 1998 to
2012. The details of our case-selection method follow, to highlight
the rarity of aneurysms with images before and after rupture.
Among the ruptured aneurysms, anterior communicating artery,
posterior communicating artery, and basilar artery with 203
(28%), 136 (19%), and 117 (16%) cases, respectively, were the 3
most common locations. Because aneurysm hemodynamic prop-
erties are affected by location, posterior communicating artery
aneurysms (which had the most cases with before and after rup-
ture images) were selected.'® Six ruptured posterior communicat-
ingartery aneurysms had clinical images documenting aneurysms
before and after rupture. The aneurysms were not treated because
of advanced patient age. Only the 4 cases that had 3D images
(either digital subtraction angiography or CT angiography) for
both unruptured and ruptured states were included in this study.
The 3D images recording the aneurysms before rupture were ac-
quired in a range of 4 to 24 months prior to rupture. 3D images
recording rupture were acquired within 24 hours of the rupture
event.

The aneurysm 3D morphology before and after rupture was
studied qualitatively and quantitatively on the basis of morphol-
ogy risk factors previously found to correlate with rupture. There-
fore, qualitative analysis was based on aneurysm lobulation (uni-
lobular or multilobular).'®!” Quantitative 3D morphology risk
factors included aspect ratio, size ratio (SR), nonsphericity index
(NSI), aneurysm volume ratio (AVSV), and aneurysm surface
ratio (AASA) and were collected by using a previously developed
automatic aneurysm geometry analysis tool.*'**° Aspect ratio
was defined as the ratio between aneurysm height and aneurysm
neck (equation 1) proposed by Ujiie et al.>! SR was defined as the
ratio between aneurysm height and average parent artery diame-
ter (equation 2),'”> and NSI was computed on the basis of the ratio
of aneurysm volume and aneurysm surface area (equation 3) pro-
posed by Raghavan et al.> AVSV was computed as the ratio of the
aneurysm volume to the volume of a bounding sphere, defined by
the longest distance between 2 points on the aneurysm (equation
4), as proposed by Chien et al.* AASA was calculated by compar-
ing surface area in the same manner (equation 5). Previously re-

ported thresholds for predicting rupture were used for each

parameter®'>>":
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Because several studies have found distinct hemodynamic prop-
erties in ruptured aneurysms, qualitative and quantitative hemo-
dynamic risk factors previously reported as significant were re-
examined for all aneurysms before and after rupture. A previously
developed patient-specific hemodynamic simulation was applied
to study aneurysmal flow before and after rupture. For all cases, a
standard ICA flow profile acquired from a healthy subject with
phase-contrast MR imaging was applied.”®'®** The qualitative
hemodynamic risk factors analyzed included aneurysm inflow jet
size, flow impingement size, and aneurysmal flow pattern, as pro-
posed by Cebral et al.” Quantitative hemodynamic risk factors,
including normalized wall shear stress (WSS), maximum aneu-
rysm wall shear stress, and pulsatility index were analyzed.®'>*
On the basis of the indices proposed by Xiang et al,"> normalized
aneurysm wall shear stress was obtained by averaging wall shear
stress over a cardiac cycle (equation 6), and maximum aneurysm
wall shear stress was defined as maximum intra-aneurysmal WSS
normalized by the average parent artery WSS (equation 7)."” Pul-
satility index (PI) is an index to analyze pulsatile flow changes at a
specific region of an aneurysm. Using the flow rate collected at the
aneurysm neck as proposed by Patti et al,* we calculated PI by
finding the differences between the maximum and minimum
flow rates divided by the mean flow rate in a cardiac cycle (equa-
tion 8). As with morphology parameters, reported risk values for
distinguishing rupture and nonrupture with each index were
used™"”:

6) Normalized wall shear stress

1 aneurysm WSS

1
=g [ s
T parent artery WSS
0

where T is the duration of the cardiac cycle.
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Summary of PcomA aneurysm cases before and after rupture

Symptomatic/ Unruptured Size Ruptured Size Last Image before
Case No. Sex Age (yr) Side Asymptomatic (mm) (mm) Rupture (mo)
1 F 75 Left Asymptomatic 5.4 6.9 4
2 F 66 Left Asymptomatic 1.6 .9 12
3 F 72 Right Asymptomatic 105 12,0 20
4 F 76 Left Symptomatic 67 1.0 24

Note:—PcomA indicates posterior communicating artery.

7) Maximum wall shear stress

maximum aneurysm WSS

" average parent artery WSS

8) Pulsatility index = PI

(maximum flow rate) — (minimum flow rate)

(average flow rate)

Statistical Analysis

To compare our results with other researchers’ findings, descrip-
tive statistics, including means, SDs, and confidence intervals,
were calculated by using SPSS Statistics for Windows, Version
20.0. (IBM, Armonk, New York). Regression and correlation
analysis, Mann-Whitney tests, and Student t tests with signifi-
cance at the 5% level were used to compare risk factors in aneu-
rysms before and after rupture.

RESULTS
Details of ruptured aneurysms included in this study are shown in
the Table. Patients were all women, and the average age was
72.3 £ 4.5 years. Three of the aneurysms were incidentally de-
tected, and 1 aneurysm was found due to mass effect. The On-line
Table summarizes the results of morphologic and hemodynamic
risk factors in aneurysms before and after rupture. With the ex-
ception of case 2, qualitative risk factors generally did not cor-
rectly identify high rupture risk before aneurysm rupture. All of
the aneurysms exhibited morphology and size changes between
the unruptured and ruptured time points (average growth, 1.90 *
1.67 mm). 3D reconstructions of aneurysms before and after rup-
ture based on 3D angiography are shown in Fig 1. Detailed anal-
ysis of 3D aneurysm curvature showed clearly that curvature
changed between the unruptured and ruptured states (Fig 1C, -D,
respectively). Aneurysm blebs were found in all aneurysms after
rupture; however, only 2 cases (case 1 and case 2) had blebs pres-
ent in the unruptured state.

3D quantitative comparison of aneurysm volume before and
after rupture showed volume increases averaging 59.9 * 25.7%
and surface area increases averaging 31.8 = 16.9%. Aspect ratio
was, on the average, 1.69 = 0.44 before aneurysm rupture and
1.96 = 0.68 after rupture. SR was, on average, 2.68 = 1.07 before
and 3.27 * 0.96 after rupture. Thus, a trend of increasing SR was
found when comparing aneurysms before and after rupture. Sev-
enty-five percent of aneurysms had SRs indicating rupture risk
before rupture. NSI was, on average, 0.37 = 0.09 and 0.30 * 0.04
before and after rupture, respectively. All aneurysms were found
to be at risk for rupture from assessment of NSI at both the un-
ruptured and ruptured states. AVSV was, on average, 0.41 = 0.10
and 0.46 * 0.08 before and after rupture, respectively, showing a
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trend of AVSV increasing toward the risk threshold. AASA was,
on average, 0.69 = 0.07 and 0.67 = 0.04 before and after rupture,
respectively. All aneurysms were found to be at risk for rupture
when assessing AASA at both the unruptured and ruptured states.
There were no significant changes before and after rupture in
aspect ratio, SR, NSI, AVSV, and AASA.

Figure 2 presents the results of hemodynamic analysis showing
the WSS distributions and flow patterns in aneurysms before and
after rupture at the end of systole. Using quantitative analysis, we
found that normalized aneurysm wall shear stress was 1.85 * 0.53
before rupture and 1.73 = 0.26 after rupture, and in all of the
cases, both before and after rupture, it did not indicate rupture
risk. Maximum aneurysm wall shear stress was 2.35 = 0.43 before
rupture and 2.65 * 0.48 after rupture. Maximum aneurysm wall
shear stress indicated rupture risk both before and after rupture
for only case 4. PI was, on average, 2.63 % 0.63 before rupture and
2.57 % 0.63 after rupture. Because in the previously published
study of PI, risk was not identified on the basis of a particular
numeric threshold but as trend, a residual analysis of regression
by using previously reported trends by Patti et al® for PI was ap-
plied. For all cases, PI identified significant rupture risk before
and after rupture. When we compared indices of normalized an-
eurysm wall shear stress, maximum aneurysm wall shear stress,
and PI before and after rupture, none showed significant changes.

DISCUSSION

Previous studies of aneurysm rupture risk have analyzed ruptured
aneurysms after rupture has occurred, primarily because image
data for ruptured aneurysms before rupture are extremely rare.
Whether we can use the knowledge gained by studying groups of
ruptured and unruptured aneurysms to assess the risk of rupture
remains an important question.

In this study, we found that NSI and AASA consistently indi-
cated risk before rupture. Both NSI and AASA assess the irregu-
larity of aneurysm morphology on the basis of the aneurysm 3D
surface. NSI analyzes the ratio of volume and surface area in the
aneurysm itself. AASA is computed solely on the basis of the sur-
face area, comparing aneurysm surface area with the surface area
of a minimal bounding sphere. Other morphologic indices, aspect
ratio, SR, and AVSV, are not directly related to surface area and
did not indicate rupture risk in the cases studied. Aspect ratio
compares aneurysm height and neck, and SR compares aneurysm
height and artery diameter. AVSV analyzes shape irregularity on
the basis of volume ratio. We would expect similar results for
indices similar to AVSV, such as undulation index, which is based
on the volume ratio of the minimal convex volume around the
aneurysm.” Although currently there is no defined biologic or
pathophysiologic basis for these variables, our findings suggest



FIG 1. 3D reconstruction of aneurysm morphology before (A) and after (B) rupture. Quantitative morphology analysis of aneurysm curvature
before (C) and after (D) rupture. High-curvature convex areas, such as blebs, are shown in red, with high-curvature concave areas shown in blue.
Clear aneurysm morphology and curvature changes before and after rupture were found for all cases.

that surface-related indices such as NST and AASA may be impor-
tant morphologic bases to identify risk before rupture.

Our results showed that the WSS distribution changes before and
after rupture in aneurysms (Fig 2A, -B). In the past, research analyz-
ing unruptured aneurysms found that aneurysm growth was likely to
occur atlow WSS areas.”” Our data showed that changes in aneurysm
shape are not restricted to low WSS regions. As previously reported
by Kono et al** in a study of a single posterior communicating artery
aneurysm, we also found WSS changes before and after rupture. The
present study of 4 ruptured aneurysms provides the first comparative
data in individual aneurysms before and after rupture showing that
WSS may change. As a result, while it appears that WSS, as the shear
force on the aneurysm wall surface, may play an important role in

eliciting a cellular response,**>°

its value as a predictor of future an-
eurysm rupture was not supported by this study. Further studies with
more cases are needed to understand the mechanism of WSS in the
event of rupture and provide results with higher statistical power.
The other quantitative hemodynamic factor considered, the an-
eurysm pulsatility index, is a dynamic flow factor that examines the

pulsatile flow properties within the aneurysm. As previously reported

by Chien et al® and Baek et al,*” aneurysm and vascular shape affect
pulsatile flow properties at the aneurysm site. These effects are made
especially clear when a single, standard flow profile is used for hemo-
dynamic analysis of all cases, as is the standard method and was done
in this research. We found that all cases in the present study, both
before and after rupture, had high-risk PIs.® These results showed
that before aneurysm rupture, all of these aneurysms already had
pulsatile flow properties similar to those in previously studied rup-
tured aneurysms. Because PI is not correlated with morphologic pa-
rameters such as NSI or AASA, PI is an independent factor with
potential value when combined to help assess rupture risk in unrup-
tured aneurysms. Further study of the sensitivity of PI to different
waveforms and heart rates is needed to better understand the rela-
tionship of PI to aneurysm rupture.

Limitations

Due to the risk of rupture, unruptured aneurysms are often treated
before the rupture event occurs. In the present study, these aneu-
rysms were followed to monitor changes and were not treated due to
patient age."*® Although we present only 4 cases, this is, to our
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FIG 2. Results of hemodynamic analysis of systolic wall shear stress of ruptured aneurysms showed changes before (A) and after (B) rupture. The

aneurysm flow pattern also changed before (C) and after (D) rupture.

knowledge, the largest number of cases analyzing morphology and
hemodynamics before and after aneurysm rupture.”® Because of
software limitations, a few indices could not be included.>'> How-
ever, those analyzed represent most hemodynamic and morphologic
indices previously associated with aneurysm rupture, and most ex-
cluded indices provide equivalent information to those included. To
perform hemodynamic simulation, numeric models were made for
aneurysms and arteries. These reconstruction procedures affected
the outflow vessel geometry. Further improved algorithms to help
reconstruct accurate vascular geometry for hemodynamic simula-
tion are important to improve aneurysm risk analysis.

The main purpose of this study was to identify indices, among
those previously found to relate to rupture, that do not change due to
rupture. This study cannot distinguish imminent risk and perma-
nent danger. How early aneurysms develop risk before rupture re-
mains unclear. The statistical tests performed in this study were to
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allow comparisons with other research findings reported previously.
The primary goal of statistical tests is not to provide information
immediately applicable to clinical practice but to begin to evaluate
the many computational indices developed during the past decade.
While cases in which imaging was performed before and after rup-
ture are likely to remain rare, larger longitudinal studies of growing
aneurysms may provide insight into how various risk factors change
during the growth process and allow more powerful statistical anal-
ysis. Additional work using follow-up data of unruptured aneurysms
with matching size and location is needed to further understand
whether the aneurysm changes associated with rupture may be dis-
tinct from changes associated with growth.

CONCLUSIONS
Changes in shape and flow properties were found by analyzing
aneurysms before and after rupture. Through quantitative study



of morphologic and hemodynamic factors, this study indicates
that while certain risk factors may primarily be evident after rup-
ture (blebs, complex flow pattern, small inflow jet), other indica-
tors of high aneurysm rupture risk may be found a considerable
time before rupture. Specifically, the aneurysm surface ratio, non-
sphericity index, and pulsatility index were consistent predictive
risk factors. On the basis of the earliest available data for ruptured
aneurysms before rupture, we found that by using these predictive
risk factors, rupture risk could be detected as early as 2 years
before rupture.
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