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Abstract

Purpose Intracranial aneurysms are local dilations of brain vessels. Their rupture, as well as their treatment, is associated
with high risk of morbidity and mortality. In this work, we propose shape indices for aneurysm ostia for the rupture risk
assessment of intracranial aneurysms.

Methods We analyzed 84 middle cerebral artery bifurcation aneurysms (27 ruptured and 57 unruptured) and their ostia, with
respect to their size and shape. We extracted 3D models of the aneurysms and vascular trees. A semi-automatic approach was
used to separate the aneurysm from its parent vessel and to reconstruct the ostium. We used known indices to quantitatively
describe the aneurysms. For the ostium, we present new shape indices: the 2D Undulation Index (Ulpp), the 2D Ellipticity
Index (Elbp) and the 2D Noncircularity Index (NCIpp). Results were analyzed using the Student ¢ test, the Mann—Whitney
U test and a correlation analysis between indices of the aneurysms and their ostia.

Results Of the indices, none was significantly associated with rupture status. Most aneurysms have an NCIpp below 0.2.
Of the aneurysms that have an NCIpp above 0.5, only one is ruptured, which indicates that ruptured aneurysms often have
a circular-shaped ostium. Furthermore, the ostia of ruptured aneurysms tend to have a smaller area, which is also correlated
with the aneurysm’s size. While also other variables were significantly correlated, strong linear correlations can only be seen
between the area of the ostium with the aneurysm’s volume and surface.

Conclusion The proposed shape indices open up new possibilities to quantitatively describe and compare ostia, which can be
beneficial for rupture risk assessment and subsequent treatment decision. Additionally, this work shows that the ostium area
and the size of the aneurysm are correlated. Further longitudinal studies are necessary to analyze whether stable and unstable
aneurysms can be distinguished by their ostia.
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Introduction

Intracranial aneurysms (IAs) are pathological dilations of the
cerebral blood vessels. Such a dilation takes place locally and
leads to a bulging of the vessel wall. Aneurysms can rupture,
leading to hemorrhage in the brain. Approximately half of
the ruptures are fatal, and one-third of surviving patients suf-
fer long-term from neurological or cognitive deficits [27].
Approximately 20% of patients carrying IAs have multiple
intracranial aneurysms [20].

Localization, internal blood flow and geometry of an
aneurysm are important indicators for the risk of rupture [12,
25,28]. Different indices were developed to characterize
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the shape of the aneurysm sac [30]. Ratios between the
aneurysm height or volume and its neck size are also cal-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11548-021-02469-z&domain=pdf
http://orcid.org/0000-0003-4124-3132
http://orcid.org/0000-0002-3163-0545
http://orcid.org/0000-0001-9826-9478
http://orcid.org/0000-0002-7002-7917

1978 International Journal of Computer Assisted Radiology and Surgery (2021) 16:1977-1984

Fig.1 In a the parent vessel
(light red), the neck curve
(green) and the ostium (blue) are
depicted. In b the aneurysm got
separated from the vessel at its
neck curve. In ¢ the
reconstructed ostium is shown

culated [34]. Quantitative descriptions of the size and shape
of an aneurysm enable the comparison of different cases. In
the best case, these descriptors can be used to differentiate
sets of aneurysms with low and high risk of rupture. The
latter may give an indication of the urgency of treatment. In
contrast, only size indices like the circumference and area
are determined for the neck curve. However, the shape of
the neck curve can have a strong impact on the course of
treatment and chance of recurrence [33]. There are multiple
methods of treatment for [As, some of which, such as coiling,
require precise measurement of the aneurysm’s neck curve
to plan the intervention [10].

By segmenting a 3D model of the vessel, the aneurysm
can be extracted and the neck curve reconstructed [35]. The
3D triangulation of the neck curve forms the ostium, i.e.,
the area where the blood flows from the parent vessel into
the pathologic dilatation. The calculation of indices using the
3D model is more reliable, since when viewing the 2D image
slices or 2D angiographic projections, the perceived size of
the neck curve may vary depending on the projection angle
or interobserver variability [31,37].

Despite all efforts, existing features do not suffice to reli-
ably differentiate between aneurysms with a tendency to
rupture and safe ones. In this work, we want to propose
descriptors for the shape of the ostium and compare quanti-
tative size and shape indices of ruptured and unruptured [As
and their ostia.

Materials and methods

Intracranial aneurysm selection and surface mesh
extraction

For this study, we analyzed our intracranial aneurysm
database comprising approximately 300 patient datasets
acquired in daily clinical practice as well as the Aneurisk
repository [2]. Due to the large influence of the aneurysm
localization on rupture risk and other properties [13,19], we
chose a subset of aneurysms at the middle cerebral artery
(MCA) bifurcation with known rupture state. Intracranial
aneurysms most often occur at the anterior communicating
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artery, the internal carotid artery and the MCA [24], whereas
our database provided the largest subset for the last category.
As a result, we prepared 84 MCA bifurcation aneurysms, of
which 27 were ruptured and 57 were unruptured.

For the extraction of the 3D surface meshes of the
aneurysm and the parent vessel including the aneurysm’s
neck curve, we used the previously described approach [35].
Hence, the vessel’s centerline is employed for semi-automatic
extraction of the neck curve that virtually separates the
aneurysm from the parent vessel. The centerlines were
extracted with the vascular modeling toolkit [3]. Next, we
used the neck curves to separate the aneurysm from the parent
vessel. Afterwards, we triangulate the neck curve to recon-
struct the ostium, see Fig. 1. Based on the extracted surface
meshes of the aneurysm sacs and the ostia, we can compare
them and automatically extract parameters that quantitatively
describe them.

Parameter extraction based on intracranial
aneurysm neck curves

We developed an application to automatically calculate and
display different size- and shape-describing indices using
MATLAB 2020a (MathWorks, Natick, USA). Size indices
are defined as size-related descriptors of the morphology,
while shape indices only refer to size-invariant parame-
ters that focus on ellipticity and concavity. All indices are
rotation-independent. For the separated aneurysm sacs, vol-
ume and surface were calculated as size indices. We used
the Undulation Index (UI), Ellipticity Index (EI) and Non-
sphericity Index (NSI) as defined in [30] as shape indices.
The ostia were projected onto a 2D plane using a principal
component analysis. Based on this, we calculated the area
and circumference of each projection and its convex hull as
size indices. We used the shape indices defined by Raghavan
et al. [30] and adapted them to work with 2D shapes:

— The 2D Undulation Index Ul,p,
— The 2D Ellipticity Index El>p, and
— The 2D Noncircularity Index NCIpp.

They are explained in the following and presented in Table 1.
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Table 1 Depiction of the shape indices Ul p, El,p and NCIp
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The 2D Undulation Index (Ul>p) calculates the concavity
of the ostium border. It is calculated from the area of the
ostium A and the area of the convex hull of the ostium Acp.
An Ulpp of 0 represents a convex shape of the ostium. The
larger the result, the greater the curvature and therefore also
the concavity on the ostium border.

ULp =1— (A/Acn) (D

The 2D Ellipticity Index (El,p) is a measure for how well
the ostium may be fitted to an ellipse. Ay describes the area
and C¢, the circumference of the convex hull of the aneurysm.
The convex hull is used for the calculation to avoid that undu-
lations of the shape influence the index. The El,p varies from
0to 1, being O for a perfect circle and increasing with growing
ellipticity.

A
ELp = 1 — 2/T1=¢h )
Cch

The 2D Noncircularity Index (NCI;p) is a measure of the
deviation of the ostium’s shape from a perfect circle. It is
calculated similar to the El,p, but uses the original area A
and circumference C of the ostium.

1

2
NCLp = 1 — 211 vl 3)

Ostia whose index values are close to zero have the
approximate shape of a circle, while larger values indicate
strongly elliptical or concave shapes, see Fig. 4.

Statistical analysis

We performed a statistical analysis of the resulting shape
index values to assess their predictive power regarding
the aneurysm rupture risk based on statistical comparison
between ruptured and unruptured aneurysm group. There-
fore, we used the two-tailed independent Student ¢ tests with a

Table 2 Results of the statistical analysis regarding the aneurysm’s
rupture status

Index p value
Ostium area 0.1142
Ostium circumference 0.0652
Ulxp 0.3810
Elp 0.7624
NCIp 0.0215%*
Aneurysm volume 0.9978
Aneurysm surface 0.7466
Ul 0.6734
EIl 0.7844
NSI 0.5549

Since the values of the NClpp are not normally distributed,
the Mann—Whitney U test was used. The results of the
other parameters were calculated using the Student ¢ test.
Statistically significant results are marked by an asterisk
* indicates p values below a significance level of 0.05

significance level of p = 0.05. Since the values of the NCI,p
are not normally distributed, we used the Mann—Whitney U
test for this variable [15]. The false discovery rate correction
was applied to the significant p value [6].

In addition, the parameters of the ostium and aneurysm
are tested regarding possible correlations between shape of
the aneurysm sac and its ostium, using the Pearson correla-
tion coefficient [1]. In our search for correlations, we aim to
analyze how size and shape indices of the aneurysm sac and
ostium influence each other.

Results
Size and shape indices with respect to rupture state

In total, 84 MCA bifurcation aneurysms were used, including
27 ruptured and 57 unruptured cases. There are no significant
results for the size and shape indices for the aneurysm sacs.
Of our derived indices for the ostium, only the NCI>p was
significantly associated with the aneurysm’s rupture status at
first, see Table 2. However, the false discovery rate correction
yields a p value for the NCI>p of 0.2368, which is no longer
below the significance level of 0.05.

More than 80% of the ostia, both ruptured and unruptured,
had small values between 0 and 0.2. Eleven ostia had an
NClI,p above 0.5, of which only one belonged to a ruptured
aneurysm, see Fig. 2a.
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Fig.2 On top a shows a
comparison of the distribution of
NCI,p values for ruptured and
unruptured cases as boxplots.
Below, b shows the distribution
of ostium area values for
ruptured and unruptured cases
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Correlation with aneurysm indices

Furthermore, we compared the parameters of the ostium with
the parameters describing the aneurysm w.r.t. a possible cor-
relation using the Pearson correlation coefficient, see Fig. 3.
Even though several variables were statistically significantly
correlated (p < 0.05), the only strong linear correlation can
be seen between the area of the ostium and the volume and
surface of the aneurysm. Therefore, ostia with increasing area
indicate a corresponding increase in the size of the aneurysm
sacs. Our data also show that aneurysms with a small ostium
are more frequently ruptured, see examples in Fig. 2b. Thus,
small aneurysms are more frequently ruptured in our dataset.
However, neither aneurysm size nor ostium area was signif-
icantly related to aneurysm rupture status, see Table 2.

Discussion

The aneurysm size is an often used parameter for assessing
the rupture risk of an aneurysm [14]. At the same time, many
aneurysms that rupture are small [4,16]. Many other param-
eters, such as localization of the aneurysm and parameters
describing the internal blood flow, also play important roles
[13]. The PHASES score was developed to calculate the rup-
ture risk of an aneurysm within the next five years based on
easily obtainable parameters, like age, hypertension and pop-
ulation [17]. However, for multiple aneurysms, the PHASES
score is not sufficient, since it might severely underestimate
the rupture risk, as only the largest aneurysm contributes to
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rupture risk evaluation. Furthermore, an external evaluation
has shown that the PHASES score results in low specificity
for the classification of ruptured and unruptured as well as
high-risk and low-risk aneurysms [7].

These data give valuable hints about rupture-prone
aneurysms. Research is being conducted to find further sim-
ple and reliable parameters. Thus, many studies in the past
years focused on 3D reconstructions of the aneurysm sac, its
size and other shape indices. There are also various methods
for extracting the ostium [21,26,35], but it is usually exam-
ined only in terms of its size, even though the additional
calculation of the shape of an already extracted ostium does
not represent a considerable additional effort.

We propose shape indices to reliably describe morpholog-
ical features of the ostium that are difficult to obtain manually.
These shape descriptors allow for a standardized specifica-
tion and comparison of the ostia. To distinguish between
different aspects of the shape, we presented three indices
based on generally known indices for the description of the
aneurysm sac. The Ulpp is a measure for the concavity of
the ostium’s border, while the Elpp calculates the elliptic-
ity of the ostium. The NCI,p combines the two previously
described indices and measures whether an ostium is rather
circular and convex or elliptical and concave.

The neck shape of an aneurysm is considered impor-
tant when deciding about treatment methods [18]. Currently,
treatment decisions are mostly based on the size of the
aneurysm and its neck. Large aneurysms (diameter > 10 mm)
or wide-necked aneurysms (neck diameter > 4 mm) are often
said to be uncoilable [22]. Studies have shown that their treat-
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Fig.3 Correlation of the shape parameters of the ostia and the parameters of the aneurysm sacs. The Pearson correlation coefficient is provided at
the top left corner of each diagram, and significant correlations are highlighted in red

ment using coils has low occlusion rates and high recurrence
rates [5]. Therefore, additional techniques like flow diver-
sion and intrasaccular flow disruption are mainly used for
the treatment of large and wide-necked aneurysms. How-
ever, these techniques are still assumed to be influenced by
the morphology of the aneurysm neck. High neck ratios could
lead to lower occlusion rates [29], while a large ostium might
cause longer occlusion times [36]. The exact shape of the
ostium is not considered in these studies. Therefore, further
studies examining the relationship of the proposed indices
and occlusion rates as well as recurrence rates should be per-
formed. They might lead to more accurate predictions of the
treatment outcome and thus support choosing the appropriate
treatment methods.

Besides the ostium indices, we calculated the volume, sur-
face, UI, EI and NSI for each aneurysm sac. In our statistical
analysis, no ostium index was significantly associated with
rupture status. Of the ostia with an NCIpp above 0.5, only
one belonged to a ruptured aneurysm. This may indicate a
higher rupture probability of MCA bifurcation aneurysms
with circular ostia, see Fig. 2a. Unlike in the study of Ragha-
van et al. [30], none of the shape-describing indices for the
aneurysm sac have shown to be significant indicators for
the rupture risk. One possible explanation for this is the
localization of the aneurysms. Raghavan et al. used cerebral
aneurysms of different localization, whereas in our work only
MCA bifurcation aneurysms were considered.

Although the area and circumference of the ostium were
not significantly associated with the aneurysm’s rupture sta-
tus, we observed that ruptured MCA aneurysms of our dataset
exhibit smaller ostium areas than the unruptured ones, see
also the examples in Fig. 2b. Given the fact that ostium area
exhibits a strong linear correlation with the volume and sur-
face, and the presence of smaller ostium areas of the ruptured
aneurysms, we think the theory that larger aneurysms have
a higher risk of rupture than smaller ones, an assumption
that is also used in the calculation of the PHASES score,
might not be the best solution for this complex relationship.
As shown in Table 2, the analysis of the ostium area w.r.t.
rupture status got smaller p values than the aneurysm vol-
ume and the aneurysm surface. We think this analysis could
reveal an important trend, and we assume that the ostium area
might have a larger influence on aneurysm rupture risk than
the evaluation of the aneurysm size without considering the
ostium area. This trend should be analyzed in future work
for various aneurysm locations. The indices presented are
dependent variables, but more independent variables could
also be tested in the future. However, the problem of multiple
comparisons should be counteracted in this case.

In addition to the morphology of the ostium, the blood
flow in the aneurysm neck is also of interest for treatment
methods, e.g., flow diverters [23]. However, it is complex to
calculate, and therefore, not used in clinical practice beyond
study. Further studies may use the presented indices to inves-
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Fig.4 On top ostia from two
ruptured aneurysms with a
small shape indices and b large
indices are shown. Below are
ostia from two unruptured
aneurysms with ¢ small and d
large shape indices

(0

tigate a relationship between ostium shapes and flow patterns.
If the shape of the ostium can be used to infer certain flow
patterns, this can be a great advantage for treatment decisions.

None of the presented indices were significantly asso-
ciated with the aneurysm’s rupture status in the presented
dataset and therefore do not allow a clear distinction of
ruptured from non-ruptured aneurysms. However, they do
provide new clues about the nature of the aneurysms and
allow a further quantitative description and comparison of
different cases. It is difficult or even impossible to distinguish
ostia of ruptured and unruptured aneurysms qualitatively,
since both classes contain ostia of various shapes, see Fig. 4,
and it is hard to estimate which one is more concave or
elongated only by viewing the images of the 2D shapes.
Therefore, the shape indices give a more reliable rating of
concavity and ellipticity. Thus, they can be supportive in the
evaluation of aneurysms.

Furthermore, the division into ruptured and unruptured
aneurysms is not optimal, as theoretically any aneurysm
could rupture at some point in the future. Also, the aneurysms
might grow and change their morphological shape. There-
fore, some studies used the terms stable and unstable
aneurysms, where stable aneurysms are defined as unrup-
tured aneurysms that have not grown in size by more than
1.0 mm for at least 12 months [9]. Longitudinal studies
show that the shape of the aneurysm sac of many unstable
aneurysms changes over time [8]. Particularly, the NSI often
differs between stable and growing aneurysms [11]. Simi-
lar to our results, in the longitudinal study of Ramachandr et
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al. [32] the NSI was not significantly different between stable
and unstable aneurysms. They presumed that the differences
between the studies are due to a selection bias. However,
the necessary follow-up information required to make a dis-
tinction between stable and unstable is not available for our
data set, since they were acquired within the clinical routine.
Nevertheless, the parameter can influence upcoming clinical
decisions. As can be seen from the correlation analysis, an
increase in the size of the aneurysm can also be used to infer
a change in the ostium and vice versa, see Fig. 3.

The presented morphological analysis of the ostium is
embedded into a MATLAB software prototype. Thus, it is
easily accessible for clinical researchers and it does not
require expensive resources, e.g., for blood flow simula-
tions. Based on our discussions with clinical researchers, the
usage of MATLAB-based software prototypes is acceptable
for them. On the other hand, this analysis induces additional
work load for the clinicians. This is not justified for easy cases
or aneurysms with high rupture risk that should be treated
immediately, but it might be beneficial for complex cases
where a decision must be made as to whether and in what
form treatment should be carried out. In addition, the shape
parameters could be important for monitoring the aneurysm
growth, since they allow for a quantitative comparison of the
aneurysm neck over time.
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Conclusion

In this work, we propose indices to quantitatively describe the
shape of the ostium. We derived parameters describing the
ostia based on commonly used 3D shape parameters: the 2D
Undulation Index Ulp, the 2D Ellipticity Index El,p, and the
2D Noncircularity Index (NClyp). For statistical evaluation
of ostium shape and rupture risk, we evaluated 84 cerebral
aneurysms. To account for the dependency of localization
and rupture risk, we only considered aneurysms at the mid-
dle cerebral aneurysm bifurcation. None of the parameters
achieved statistical significance concerning the distinction
into ruptured and non-ruptured aneurysms. However, they
might have potential for longitudinal analysis since they
allow for quantitatively characterizing the aneurysm neck.
Based on our correlation analysis, the ostium’s area corre-
lates with the aneurysm sac’s surface area and volume. This
might be an indication of the importance of the ostium sur-
face area for future analyses. Finally, the shape descriptors
can be beneficial in terms of treatment decisions, since the
outcome also depends on the aneurysm’s neck shape.

In future work, the blood flow at the ostium is of interest
when choosing a treatment method. Since flow simulations
are in most cases too complex to be applied in daily clin-
ical practice, a possible relationship between the shape of
the ostium and certain flow patterns would be of interest.
For this purpose, flow simulations for the aneurysms could
be carried out in further studies. Furthermore, the relation
between the presented indices and the outcome of different
treatment methods w.r.t. occlusion rates and as recurrence
rates could be investigated in the future. This might support
the selection of appropriate treatment methods.

Since this work was implemented in MATLAB, which
is already used by clinical researchers, an extension of the
functionalities is easy to implement.
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