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ABSTRACT
Objectives  Assessing the risk associated with unruptured 
intracranial aneurysms (IAs) is essential in clinical 
decision making. Several geometric risk parameters have 
been proposed for this purpose. However, performance 
of these parameters has been inconsistent. This study 
evaluates the performance and robustness of geometric 
risk parameters on two datasets and compare it to the 
uncertainty inherent in assessing these parameters and 
quantifies interparameter correlations.
Methods  Two datasets containing 244 ruptured and 
unruptured IA geometries from 178 patients were 
retrospectively analysed. IAs were stratified by anatomical 
region, based on the PHASES score locations. 37 
geometric risk parameters representing four groups (size, 
neck, non-dimensional, and curvature parameters) were 
assessed. Analysis included standardised absolute group 
differences (SADs) between ruptured and unruptured 
IAs, ratios of SAD to median relative uncertainty (MRU) 
associated with the parameters, and interparameter 
correlation.
Results  The ratio of SAD to MRU was lower for higher 
dimensional size parameters (ie, areas and volumes) than 
for one-dimensional size parameters. Non-dimensional 
size parameters performed comparatively well with 
regard to SAD and MRU. SAD was higher in the posterior 
anatomical region. Correlation of parameters was 
strongest within parameter (sub)groups and between size 
and curvature parameters, while anatomical region did not 
strongly affect correlation patterns.
Conclusion  Non-dimensional parameters and few 
parameters from other groups were comparatively 
robust, suggesting that they might generalise better to 
other datasets. The data on discriminative performance 
and interparameter correlations presented in this study 
may aid in developing and choosing robust geometric 
parameters for use in rupture risk models.

INTRODUCTION
A relevant part of the general population 
harbours one or more unruptured intracra-
nial aneurysms (IAs), with the overall prev-
alence estimated around 3%.1 While most 
IAs do not rupture,2 the question of whether 
and when to treat them remains relevant 
due to the poor prognosis of ruptured IAs3 4 

as well as the risk of intervention.3 5 Current 
American Heart Association/American 
Stroke Association guidelines list several 
modifiable and non-modifiable risk factors 
for IA growth and/or rupture, including IA 
location, growth rate, morphology, smoking 
status, alcohol consumption, hypertension, 
age, sex, previous IA, and family history.6 
Attempts have been made to develop scoring 
systems to quantify rupture risk, growth risk, 
and/or support treatment decisions; these 
include the PHASES score by Greving et al,7 
the UIATS by Etminan et al8, and the ELAPSS 
score by Backes et al.9 All three of these scores 
are based on clinically available data and 
all include geometric rupture risk param-
eters: IA size in case of the PHASES score,7 
surface irregularity, size ratio, as well as aspect 
ratio in case of the UIATS8, and IA size as 
well as surface irregularity for the ELAPSS 
score.9 While these metrics were designed 
to support clinical decision making, perfor-
mance on clinical data has been mixed,10–12 
and improvements, particularly for patients 
harbouring multiple IAs, are desired by 
clinicians.13

The aim of this paper is to assess the ability 
of a broad number of proposed geometric 
risk parameters to differentiate between 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ This study provides location-specific estimates of 
the discriminative ability of a large set of geometric 
parameters for intracranial aneurysm rupture status 
assessment, while also considering uncertainty.

	⇒ The analysis was performed on two independent 
datasets to assess robustness of the findings.

	⇒ Even though the relative uncertainty in acquisition 
of each geometric risk parameter was evaluated 
based on more than 20 individual segmentations 
performed during the Multiple Aneurysms Anatomy 
Challenge, this evaluation was only performed on 
five aneurysms in total.
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unruptured and ruptured IAs while also comparing their 
discriminative ability relative to the uncertainty encoun-
tered in determining them. Any acquisition of patient-
specific IA geometries and subsequent use of these 
geometries to derive geometric risk parameters is affected 
by a number of uncertainty-introducing factors. These 
include the medical imaging acquisition itself, which is 
followed by image data preprocessing, segmentation, 
geometry reconstruction including postprocessing (eg, 
smoothing, checking of topology), and finally calculation 
of the geometric risk parameters. All these processing 
steps are associated with some errors, resulting in uncer-
tainty, which negatively affects the ability of parameters to 
discriminate IA rupture status. Discrimination of rupture 
status on an individual IA level is, however, necessary if 
these parameters are to support the clinical decision-
making process, including any decisions regarding treat-
ment modalities. Previous studies found high variability 
in the uncertainty of different geometric risk parame-
ters as well as differences in their ability to differentiate 
between ruptured and unruptured IAs.14–16 Furthermore, 
for geometric risk parameters with multiple alternative 
definitions, the specific implementation can affect the 
discriminative performance of the parameter itself and 
any derived parameters, as demonstrated by Lauric et al 
for parameters incorporating IA and neck size.17

The current study was performed to facilitate optimal 
selection of geometric rupture risk parameters by identi-
fying geometric parameters, which are good discrimina-
tors while also exhibiting low uncertainty. The analysis is 
performed on two datasets processed by different research 
groups and is differentiated by anatomical region, in 
order to assess how the rupture status discrimination 
of the geometric parameters is affected by geometry 
processing as well as anatomical location. Additionally, 

correlation of the geometric risk parameters with each 
other is assessed.

METHODS
Medical imaging data
IA geometries were retrospectively reconstructed and 
segmented from three-dimensional (3D) rotational angi-
ography data acquired for routine clinical indications. 
Data were collected consecutively. The inclusion criteria 
of the datasets were imaging modality and the corre-
sponding acquisition resolution. Cases with considerable 
segmentation artefacts such as close vessels that appear 
to be merged or holes in the segmented lumen were 
rejected from the analysis. 142 IAs were acquired in the 
Helios Klinikum Berlin-Buch (Berlin, Germany), 38 in 
KRH Klinikum Nordstadt (Hanover, Germany), 23 in the 
University Medical Center Schleswig-Holstein (UKSH) 
(Kiel, Germany) and 41 in the University Hospital 
Magdeburg (Magdeburg, Germany). Processing of the 
imaging data, including segmentation, was performed 
at two sites: Berlin, which processed 142 IAs from Helios 
Klinikum Berlin-Buch (dataset 1), and Magdeburg, which 
processed 102 IAs from KRH Klinikum Nordstadt, UKSH 
and University Hospital Magdeburg (dataset 2). Overall, 
244 IAs from 178 patients were included, from which 
geometric risk parameters were subsequently calculated. 
Based on the PHASES score,7 aneurysm location was clas-
sified into four anatomical regions: internal carotid artery 
(ICA), middle cerebral artery (MCA), anterior region (all 
vessels anterior of the ICA/MCA) and posterior region 
(all vessels posterior of the ICA/MCA). The distribution 
of the individual IA locations and their assignment to the 
four anatomical regions are shown in table 1.

Table 1  Frequency and rupture status of individual IA locations by dataset

Anatomical region Vessel Dataset 1 unruptured
Dataset 1 
ruptured

Dataset 2 
unruptured

Dataset 2 
ruptured

Anterior ACA 3 1 2 2

AComA 10 22 11 5

ICA AChA 0 1 1 2

ICA 29 8 19 4

MCA MCA 28 10 31 8

Posterior PComA 8 10 2 4

PCA 0 1 0 0

SCA 0 0 1 1

BA 4 3 3 4

PICA 0 4 1 0

VA 0 0 0 1

ACA, anterior cerebral artery; AchA, anterior choroidal artery; AComA, anterior communicating artery; BA, basilar artery; IA, intracranial 
aneurysm; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; PComA, posterior communicating artery; 
PICA, posterior inferior cerebellar artery; SCA, superior cerebellar artery; VA, vertebral artery.
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Geometric risk parameters
Historically, several geometric parameters for IA rupture 
risk assessment have been proposed. In order to have 
access to information on parameter uncertainty, the 
parameters chosen for this study were limited to a subset 
of the parameters reported in Goubergrits et al,14 a param-
eter uncertainty study performed on segmentation data 
obtained during the Multiple Aneurysms AnaTomy Chal-
lenge (MATCH) 2018.18 The major outcome of this study 
was the median relative uncertainty (MRU) of geometric 
parameters. Briefly, five aneurysms were segmented and 
reconstructed by 26 international research groups, which 
participated in the MATCH challenge. These segmenta-
tions were used to calculate the median and the 68.3% 
range between the 84.13th and the 15.87th percentile 
of all selected geometric parameters for each of the 
five aneurysms. The uncertainty range was selected with 
respect to the range of ±1 SD for normally distributed data 
reported in other studies. The uncertainty was defined as 
the uncertainty range divided by the median value and 
calculated for each geometric parameter. Finally, the 
average of all five aneurysms was calculated to define the 
MRU. For a detailed description of the parameters and 
the rationale for choosing the parameters, the interested 
reader is referred to Goubergrits et al.14 Briefly, most of 
the proposed geometric parameters describe aneurysm 
and/or aneurysmal neck size or shape or irregularity. 
These parameters were previously proposed as predic-
tors for rupture risk. Table 2 lists the geometric parame-
ters, their abbreviations and MRU values, as well as their 
respective references.

Since the diameter of the parent vessel was not avail-
able for all IAs studied, size ratio could not be calculated 
and was excluded. Furthermore, UI and convexity ratio 
(CR) as well as NSI and isoperimetric ratio (IPR) are 
directly related through ‍CR = 1− UI‍ and ‍IPR =

3√18π
1−NSI‍, 

respectively. CR and IPR were therefore not included in 
the analysis, in order to avoid redundancy. Geometric risk 
parameters were calculated from the IA geometries using 
MATLAB (version R2017b, MathWorks, Natick, USA), 
Python (version 3.7.1, Python Software Foundation, Dela-
ware, USA) and ZIBAmira (version 2015.28, Zuse Insti-
tute Berlin, Berlin, Germany). The individual parameter 
values, IA location, and rupture status for each IA in this 
study, as well as the exact values of the interparameter 
correlation coefficients are provided as online supple-
mental file 1, online supplemental file 2 respectively.

Statistical analysis
Since most of the geometric risk parameters were non-
normally distributed, as assessed by Q–Q plots and 
Shapiro-Wilk tests, the median was used to quantify 
central tendency and interquartile range (IQR) was 
used to quantify dispersion. Correlations were quantified 
using Pearson’s r with correlations ‍|r| ≥ 0.75‍ referred to 
as strong, while those with ‍0.75 > |r| ≥ 0.25‍ and ‍∣r∣ < 0.25‍ 
referred to as moderate and weak, respectively. Statistical 

analysis was performed using SPSS (version 28.0.0.0, IBM, 
Armonk, USA) and MATLAB.

The discriminative ability of the individual parameters 
was assessed by standardising the absolute difference 
between the medians of the ruptured and unruptured 
IAs with the weighted arithmetic mean of the IQRs of the 
two groups. This measure of effect size will be referred 
to as the standardised absolute group difference (SAD). 
Furthermore, the ratio of the SAD to the median relative 
uncertainty (MRU), a measure of the uncertainty associ-
ated with parameter calculation, from Goubergrits et al14 
was calculated for all parameters and will be referred to as 
the group difference–uncertainty ratio (DUR). The equa-

tions for SAD and DUR are thus ‍SAD =
(
nr+nu

)
·
��mr−mu

��
nrIQRr+nuIQRu ‍ 

and ‍DUR =
SAD
MRU ‍, where ‍ni‍, ‍mi‍, and ‍IQRi‍ are the sample 

sizes, median values, and IQRs of the geometric parame-
ters evaluated for ruptured (subscript r) and unruptured 
(subscript u) samples, while ‍MRU ‍ is the median relative 
uncertainty from Goubergrits et al,14 which is also listed 
in table  2. SAD and DUR may take any value ≥0 with 
higher values indicating stronger discriminative ability 
and a better ratio of discriminative ability to uncertainty, 
respectively. SAD and DUR values of zero would indicate 
no discriminative ability and the worst possible ratio of 
discriminative ability to uncertainty, respectively. Addi-
tionally, the correlation coefficients between the param-
eters were calculated. Analysis of SAD and DUR as well 
as the correlation coefficients was performed individually 
for each anatomical region and each dataset.

Patient and public involvement
Due to the purely retrospective manner of this study, 
no involvement of patients or the general public was 
considered.

RESULTS
Figure 1 shows SAD for all geometric risk parameters by 
anatomical region and dataset. Considering both data-
sets, the following parameters achieved the compara-
tively highest SAD for each anatomical region: curvature 
(HMC, MLN, HGC, GLN) and non-dimensional (AR, 
eAR, AVSV, AASA) parameters in the anterior region, 
curvature (HMC, HGC) and non-dimensional (NSI, 
AASA, EI) parameters in the ICA, non-dimensional (AR, 
eAR, BL, AVSV, AASA) parameters in the MCA, and size 
(H, Lmax, A, AMBS) and curvature (MSD, absGAA, GSD) 
parameters in the posterior region. Compared with the 
other anatomical regions, SAD was higher in the poste-
rior region, and more parameters exhibited relatively 
high SAD. Looking at all anatomical regions combined, 
curvature (HMC, MLN, absGAA, HGC, GLN) and non-
dimensional (AR, eAR, AVSV, AASA) parameters as well 
as one neck (Dneck,min) and one size (Hb) parameter show 
comparatively high SAD in both datasets. Furthermore, 
the differences between the two datasets become less 
pronounced when combining all anatomical regions. 
Moreover, this combined evaluation resulted in SAD 
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Table 2  List of the investigated geometric parameters, their descriptions, and median relative uncertainties (MRUs)

Parameter 
group

Parameter name, unit 
(exemplary reference)

Parameter 
abbreviation Short description MRU

Size Height, mm19 H Maximum perpendicular distance from the neck 
plane to the aneurysm surface

0.140

Maximum dimension, mm32 Lmax Maximum distance between two points on the 
aneurysm surface

0.157

Maximum height, mm15 Hmax Maximum distance between the centroid of the 
neck and the aneurysm surface

0.123

Maximum diameter, mm17 Dmax Maximum neck plane-parallel distance between 
two points on the aneurysm surface

0.169

Bulge height, mm19 Hb Distance between the neck plane and the 
maximum diameter

0.373

Surface area, mm215 A Surface area of the aneurysm 0.215

Convex hull surface area, mm215 ACH Surface area of the aneurysm’s convex hull 0.277

Minimal bounding sphere 
surface area, mm233

AMBS Surface area of the aneurysm’s minimal bounding 
sphere

0.305

Closed surface area, mm2 Aclosed Surface area of the neck-closed aneurysm 0.283

Volume, mm315 V Volume of the neck-closed aneurysm 0.392

Convex hull volume, mm315 VCH Volume of the aneurysm’s convex hull 0.399

Minimal bounding sphere 
volume, mm333

VMBS Volume of the aneurysm’s minimal bounding sphere 0.451

Neck Minimum neck diameter, mm17 Dneck,min Minimum distance between two opposite points on 
the neck perimeter

0.306

Maximum neck diameter, mm34 Dneck,max Maximum distance between two points on the neck 
perimeter

0.348

Neck perimeter, mm19 Pneck Perimeter of the aneurysm neck 0.374

Equivalent neck diameter, mm19 Dneck,equiv Hydraulic diameter of the aneurysm neck 0.276

Neck area, mm219 Aneck Area of the aneurysm neck 0.593

Elliptical neck area, mm2 Aneck,elliptical Neck area calculated as the product of the 
minimum and maximum neck diameter

0.650

Non-
dimensional

Aspect ratio34 AR Ratio of height to maximum neck diameter 0.293

Equivalent aspect ratio19 eAR Ratio of height to equivalent neck diameter 0.326

Bottleneck factor19 BF Ratio of maximum diameter to maximum neck 
diameter

0.201

Bulge location19 BL Ratio of bulge height to height 0.301

Nonsphericity index15 NSI Normalised ratio of volume to surface area relative 
to a hemisphere

0.108

Aneurysm volume to bounding 
sphere volume33

AVSV Ratio of volume to minimal bounding sphere 
volume

0.173

Aneurysm surface area to 
bounding sphere area33

AASA Ratio of surface area to minimal bounding sphere 
surface area

0.095

Undulation index15 UI 1 minus the ratio of volume to convex hull volume 0.709

Ellipticity index15 EI Normalised ratio of convex hull volume to convex 
hull surface area relative to a hemisphere

0.051

Continued
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being higher for the size parameters in site 2 compared 
with site 1. Here, it is worthwhile to note that the SAD of 
this combined assessment is not the average of the SAD 
of all four region-specific evaluations. Thus, pooling for 
some parameters can result in the absolute difference 
between the ruptured and unruptured groups to be 
close to zero, which results in SAD values close to zero as 
observed for the one-dimensional size parameters of the 
site 1 dataset.

Figure 2 shows DUR for all geometric risk parameters 
by anatomical region and dataset. Considering both data-
sets, the following parameters achieved the comparatively 
highest DUR for each anatomical region: non-dimensional 
(AASA, EI) and one curvature (MLN) parameter in the 
anterior region, non-dimensional (EI, AASA, NSI) param-
eters in the ICA, non-dimensional (AASA, EI) parame-
ters in the MCA, and size (H, Lmax, Hmax, A),  curvature 
(MAA, absMAA), and one non-dimensional (EI) param-
eter in the posterior region. Similar to SAD, DUR in the 
posterior region was overall higher and more parameters 
exhibited relatively high DUR, compared with the other 
anatomical regions. Looking at all anatomical regions 
combined, non-dimensional (NSI, AVSV, AASA, EI) and 
curvature (absMAA, MLN) parameters show compara-
tively high DUR in both datasets. As for SAD, the differ-
ences between the two datasets are less pronounced when 
looking at all anatomical regions combined.

Figures 3 and 4 show correlation coefficients between 
the geometric risk parameters by anatomical region for 
both datasets. The following general features are present 
in most data correlation plots: The size parameters (H, 
Lmax, Hmax, Dmax, Hb, A, ACH, AMBS, Aclosed, V, VCH, VMBS) are 
generally strongly correlated with each other. Similarly, 
the neck parameters (Dneck,min, Dneck,max, Pneck, Dneck,equiv, 
Aneck, Aneck,elliptical) are also generally strongly correlated 
with each other.

Within the non-dimensional parameter group, there 
are two distinct subgroups in most plots: one formed 
by AR, eAR, BF and BL and one formed by NSI, AVSV, 
AASA, UI and EI. Within the latter subgroup, several 
of the correlations are negative, but their magnitude is 
overall moderate to strong. The curvature parameters 
also form two subgroups: one formed by dimensional 
curvature parameters (MAA, absMAA, MDS, GAA, 
absGAA, GSD) and one by non-dimensional curvature 
parameters (HMC, MLN, HGC, GLN). With regard to 
correlations between parameter groups, there is gener-
ally moderate to strong correlation between the size 
and neck parameters. Additionally, the size and neck 
parameters are generally moderately correlated with 
the curvature parameters, the direction of the correla-
tion being positive for the non-dimensional curvature 
parameters and negative for the dimensional curvature 
parameters.

Parameter 
group

Parameter name, unit 
(exemplary reference)

Parameter 
abbreviation Short description MRU

Curvature Mean of mean curvature, 
mm−119

MAA Surface average of local mean curvature 0.136

Mean of absolute mean 
curvature, mm−1

absMAA Surface average of the magnitude of the local mean 
curvature

0.133

SD of mean curvature, mm−1 MSD SD of the local mean curvature 1.011

High mean curvature, %33 HMC Relative increase of the mean of absolute mean 
curvature over the mean curvature of the minimal 
bounding sphere

0.396

L2-norm of mean curvature19 MLN Scale invariant measure of surface irregularity, uses 
mean curvature

0.150

Mean of Gaussian curvature, 
mm−219

GAA Surface average of local Gaussian curvature 0.344

Mean of absolute Gaussian 
curvature, mm−2

absGAA Surface average of the magnitude of the local 
Gaussian curvature

0.485

SD of Gaussian curvature, mm−2 GSD SD of the local Gaussian curvature 1.798

High Gaussian curvature, %33 HGC Relative increase of the mean of absolute Gaussian 
curvature over the Gaussian curvature of the 
minimal bounding sphere

0.822

L2-norm of Gaussian 
curvature19

GLN Scale invariant measure of surface irregularity, uses 
Gaussian curvature

0.545

Note that terminology and implementation in the references might differ subtly. Derived and modified from tables 1–5 from Goubergrits et 
al,14 used under Creative Commons Attribution License (CC BY 4.0). The CC BY 4.0 license text is available at https://creativecommons.org/
licenses/by/4.0/.
MRU, median relative uncertainty.

Table 2  Continued
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DISCUSSION
Previous research has assessed the impact of uncertainty 
on geometric risk parameters in a limited fashion. Ma 
et al19 examined the influence of random noise on the 
calculation of 14 geometric risk parameters, finding 
curvature parameters more susceptible to random noise 
than size, neck, and non-dimensional parameters. Others 
have examined the influence of imaging modality20 and 
CT angiography reconstruction kernel21 on geometric 
risk parameters. Regarding image acquisition, Ramach-
andran et al20 have examined the influence of imaging 
modality while O'Meara et al21 and Berg et al22 have focused 
on the reconstruction kernel’s effect on geometric and 
haemodynamic risk parameters, respectively. The current 
study as well as the earlier uncertainty study based on 
the MATCH challenge14 were both based on 3D rota-
tional angiography imaging, which is the routine imaging 
modality in both centres involved in this study. Other 
sensitivity and uncertainty aspects of computational fluid 
dynamics approaches to IAs have been explored, for 
example, by Cebral et al,23 Sarrami-Foroushani et al24, and 
Schneiders et al.25 To the authors’ knowledge, there is, 
however, no comprehensive publication relating discrim-
inative performance and uncertainty of geometric risk 
parameters, while also providing detailed data on their 
correlation with each other.

Looking at the parameter groups examined in this 
study, the following findings can be made: the size and 

neck parameters measuring areas (A, ACH, AMBS, Aclosed, 
Aneck, Aneck,elliptical) and volumes (V, VCH, VMBS) generally 
do not achieve high DUR, despite having SAD similar to 
the size and neck parameters measuring length (H, Lmax, 
Hmax, Dmax, Hb, Dneck,min, Dneck,max, Pneck, Dneck,equiv). The cause 
is the higher uncertainty encountered in determining the 
higher dimensional parameters when compared with the 
one-dimensional parameters.14 This suggests that higher-
dimensional size parameters tend to be less robust and 
thus less suitable for use in practical risk models than one-
dimensional size parameters. Like Lauric et al,17 there are 
instances of noticeable differences in the discriminative 
performance of parameters capturing the same aspect of 
IA geometry, for example, for the neck size parameters. 
The non-dimensional parameters exhibit comparatively 
high SAD and DUR, except for BL and UI, which exhibit 
lower discriminative ability and/or higher uncertainty in 
their calculation. The curvature parameters show substan-
tial variability in SAD and DUR depending on the anatom-
ical region and the parameter, with MLN performing 
comparatively well overall. It is notable that the posterior 
region tends to exhibit higher SAD and DUR than the 
other regions, indicating more pronounced geometric 
differences between ruptured and unruptured IAs in 
this region. Regarding the differences in SAD and DUR 
between datasets 1 and 2, it is likely that differences in the 
patient collectives, subsample sizes, and reconstruction 

Figure 1  Standardised absolute group difference (SAD) for 
each anatomical region and dataset. Figure 2  Group difference–uncertainty ratio (DUR) for each 

anatomical region and dataset. ICA, internal carotid artery; 
MCA, middle cerebral artery.
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techniques are the main causes. The latter could in the 
future be tackled by machine learning-based segmenta-
tion methods, which can reduce operator-induced uncer-
tainty. Examples of such methods have previously been 
presented, for example, in the context of the CADA 
challenge.26

Regarding the correlation patterns, there is substantial 
similarity between all analysed anatomical regions and 
datasets. Parameters tend to be most strongly correlated 
with other parameters from the same parameter group, 
except for the non-dimensional and curvature parame-
ters, which form two subgroups each. This is reasonable, 
given that the parameters within each parameter group 
capture similar aspects of IA geometry. For the size 
and neck parameter groups, this is obvious, since they 
both capture aspects of IA and neck size, respectively. 
The two distinct correlation subgroups within the non-
dimensional parameter group are likely caused by the 
underlying parameter subgroups capturing different 

aspects of aneurysm shape. While the parameters of the 
first subgroup (AR, eAR, BF, BL) are simply ratios of one-
dimensional size parameters, the second subgroup (NSI, 
AVSV, AASA, UI, EI) is formed by parameters relating 
aneurysm area and/or volume to geometric reference 
objects, for example, the minimal bounding sphere or 
convex hull. The negative correlation between AVSV 
and AASA with the other parameters from the second 
subgroup is due to the parameter definitions, which 
cause AVSV and AASA to increase with increasing sphe-
ricity, while the other parameters tend to decrease with 
increasing sphericity. The curvature parameters also form 
two subgroups, with the first subgroup consisting of the 
dimensional parameters quantifying the mean or disper-
sion of IA surface curvature (MAA, absMAA, MSD, GAA, 
absGAA, GSD) and the second subgroup consisting of 
non-dimensional, scale invariant curvature parameters 
(HMC, MLN, HGC, GLN). Since the former param-
eters intrinsically decrease with IA size, while the latter 
parameters increase with IA size, the negative correlation 

Figure 3  Pearson’s r for correlation between geometric risk 
parameters by anatomical region for dataset 1. ICA, internal 
carotid artery; MCA, middle cerebral artery.

Figure 4  Pearson’s r for correlation between geometric risk 
parameters by anatomical region for dataset 2. ICA, internal 
carotid artery; MCA, middle cerebral artery.
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of the two subgroups with each other makes sense. It 
should be noted that the positive correlation of the non-
dimensional curvature parameters with IA size is not an 
intrinsic property of the non-dimensional parameters 
themselves, since they are designed to be scale invariant. 
It rather indicates that curvature and irregularities of the 
IA surface increase in larger IAs.

For a geometric risk parameter to be a good candidate 
for rupture risk prediction, it should generally have a 
high SAD, in order to be able to differentiate between 
ruptured and unruptured IAs. Additionally, DUR should 
be high, indicating low sensitivity of the parameter to 
the imaging, segmentation and calculation workflow, by 
which it is calculated. This is desirable because it allows 
models including such parameters to generalise well to 
other datasets. Finally, when choosing a set of parameters, 
data from the correlation analysis can be used to iden-
tify parameters that are not strongly correlated. Neyazi 
et al13 have previously used this method to derive a two-
parameter rupture status prediction model from a set of 
49 geometric and haemodynamic rupture risk parameters, 
identifying AR and the maximal relative residence time as 
the most suitable model parameters. Other attempts to 
identify suitable rupture status prediction models based 
on geometric risk parameters have been attempted, for 
example, Dhar et al15 and Zheng et al,27 but results have 
generally been inconsistent. Possible reasons for the 
discrepant findings regarding optimal parameter choice 
are the sample sizes used and the uncertainty inherent in 
the workflow by which the parameters are calculated. This 
may lead to the selection of less robust parameters that 
perform well on a given dataset but generalise less well to 
others. Based on the results of this study and considering 
SAD, DUR, as well as the correlation between geometric 
risk parameters, examples of more robust parameter 
choices could look as follows:

	► Hmax, Dneck,min, AR, AASA and MLN for the anterior 
region.

	► Lmax, Pneck, AR, AASA and HGC for the ICA.
	► Dmax, Dneck,min, eAR, AASA and HMC for the MCA.
	► Lmax, Dneck,min, BL, EI and absMAA for the posterior 

region.
	► Hb, Dneck,min, AR, AASA, and MLN if looking at all 

anatomical regions combined.
Overall, while individual size, neck and curvature 

parameters achieved good discriminative performance 
and robustness, the non-dimensional parameters tended 
to perform well as a group. This suggests that non-
dimensional geometric risk parameters can provide 
comparatively good discriminative performance, while 
the non-dimensionalisation itself mitigates some of the 
uncertainty introduced through the workflow by which 
the parameters are calculated.14 Neither did we attempt to 
develop a novel aneurysm rupture risk prediction model, 
nor did we test earlier published models.16 28 We decided 
against this analysis due to the large variety of published 
proposed risk models. Such models as well as the propa-
gation of the parameters’ uncertainty to the rupture risk 

assessment should be tested in a separate study. Finally, 
more elaborate models will also require further informa-
tion such as hypertension status, earlier SAH as well as 
haemodynamic parameters, which were unavailable for 
this study.

Limitations
IAs were grouped by anatomical region because IA 
location is an important determinant of rupture risk, 
as demonstrated by its weight in current risk scores.7–9 
However, by analysing the datasets by anatomical region, 
some subsamples become quite small. Small sample 
size might affect the accuracy of the median and IQR 
estimates derived from these groups. This limitation is, 
however, partially mitigated by also analysing all anatom-
ical regions combined and using two datasets, in order to 
get a more comprehensive picture of the risk parameters’ 
performance. The major focus of the study was the anal-
ysis of the performance and robustness of 37 geometric 
risk parameters. Thus, not all findings of this study could 
be assessed in depth. For example, we decided to group 
the aneurysms by anatomical regions as recommended 
by clinical scores, such as such as PHASES score.7 While 
we observed differences in both SAD and DUR based 
on the aneurysms’ location within the circulation, the 
underlying mechanisms for these differences cannot 
be assessed using the available data. However, Tykocki 
and Kostkiewicz29 found significant differences between 
some geometric parameters (parent artery size, size ratio, 
and aspect ratio) of aneurysms of the anterior and the 
posterior regions. They associated the difference in these 
parameters to different impacts on the intra-aneurysmal 
haemodynamics such as vortex formation and wall shear 
stress. Why these geometric parameters might result in 
different haemodynamic conditions and rupture risks 
must be investigated in a dedicated study. This is espe-
cially important as this study’s findings demonstrated 
differences in the SAD between locations and the cohorts 
and when all aneurysm locations were evaluated together.

Another potential limitation is the uncertainty values 
from Goubergrits et al,14 which were used to calculate 
DUR. These values were calculated on a sample containing 
MCA and posterior region IAs.14 While it does not seem 
particularly probable, it is possible that IA location and 
size might affect the uncertainty inherent in calculating 
the geometric risk parameters in a relevant manner, 
which in turn could influence DUR results. Accordingly, 
the generalisation of MRU values from the uncertainty 
study14 should be considered with caution, especially as 
those values were calculated only based on five aneurysms. 
A more fundamental limitations is the focus on geometric 
risk parameters. These parameters serve as proxies for 
the pathophysiological processes leading to IA rupture 
through the latter’s influence on the geometry of the IA 
surface. Due to their nature, geometric risk parameters 
cannot directly capture the haemodynamic, mechanical, 
or biochemical aspects of IA rupture. Nevertheless, they 
are among the most intensely researched types of IA 
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rupture risk parameters, due to the comparative ease with 
which they can be calculated from clinical data.

All parameters included within this study have been 
discussed in previous literature as potential risk param-
eters. Note, however, that the list of parameters inves-
tigated in this study is not exhaustive. More proposed 
geometric parameters can be found in recent litera-
ture.30 The parameters investigated here are limited 
to a set of parameters investigated earlier in frames of 
the uncertainty study.14 Additionally, these parameters 
were constrained to parameters that can be calculated 
automatically.

Finally, the calculation of geometric parameters 
including the ostium plane depends on a sufficient refer-
ence plane selection. Recently, Berg et al31 quantified the 
potential effect of neck curve variations on haemody-
namic predictions. These findings could be transferred 
to the cases included in this study in future work.

Due to the retrospective nature of this work, only the 
parameters’ capabilities to discriminate the rupture status 
could be assessed by comparing their respective values 
observed in ruptured or unruptured IA. To adequately 
assess the capabilities of any model using these parame-
ters for rupture risk assessment, it has to be evaluated on 
a longitudinal cohort containing only UIA.

CONCLUSION
Based on datasets from two research groups, the present 
study provides location-specific estimates of the discrimi-
native ability of a large set of geometric risk parameters 
for IA rupture status assessment, while also considering 
uncertainty. Additionally, correlation patterns between 
the parameters are identified. The presented data are 
potentially useful in evaluating geometric risk parameters 
for use in rupture risk models or when choosing input 
parameters for machine learning approaches to rupture 
risk prediction. It may also be helpful when designing 
future geometric risk parameters for clinical use.
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