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Abstract

Purpose: Intracranial aneurysms display diverse morphologies influenced by parent vessel geometry. The role of 3D
vessel tortuosity in differentiating small from large aneurysms remains underexplored. The aim of this study was to
comprehensively analyse morphometric and tortuosity parameters of internal carotid arteries (ICAs) harbouring
small (< 5 mm) versus large (= 5 mm) aneurysms using advanced 3D imaging.

Material and methods: This retrospective study included 48 patients with unruptured unilateral ICA aneurysms
(21 small, 27 large) without previous interventions. 3D digital subtraction angiography imaging was used to recon-
struct arterial models. We extracted morphometric parameters (radius, length) and tortuosity metrics including
relative length (RL), sum-of-angle metric (SOAM), inflection count metric (ICM), and normalised curvature/torsion
using validated algorithms.

Results: The ICA radius was significantly smaller in the small-aneurysm group (2.08 £0.27 mm vs. 2.22 +0.17 mm;
P =0.039). Vessels with small aneurysms demonstrated higher tortuosity: normalised torsion (3.89 + 6.96 vs. -3.43
+ 9.96; p = 0.005), normalised curvature (8.91 + 4.14 vs. 5.56 + 5.75; p = 0.025), lower RL (0.56 + 0.08 vs. 0.63
+ 0.05; p = 0.002), higher SOAM (2.48 + 0.56 vs. 2.14 = 0.51; p = 0.034), and elevated ICM (8.54 + 3.07 vs. 5.95
+2.60; p = 0.004).

Conclusions: Small ICA aneurysms occur preferentially on more tortuous vessels with a smaller parent-artery radius.
These findings support the integration of 3D vessel geometry metrics into research of aneurysm risk stratification
and treatment planning algorithms.
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Introduction
oductio because clinical decision-making relies on the accurate

Intracranial aneurysms (IAs) are pathological dilations  evaluation of both morphological and haemodynamic
of cerebral arteries that pose a significant risk of rupture,  factors [1].
leading to subarachnoid haemorrhage and high morbidity Various research suggests that the majority of all IAs are
and mortality. The assessment of aneurysm rupture risk  rather small (< 7 mm) [2-4], with some findings suggest-
remains a critical challenge in neurovascular medicine  ing that they can account for over 90% of all IA cases [5].
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Current decision-making is often guided by aneurysm
size, location, and patient-related risk factors summarised
in scoring systems such as population, hypertension,
age, size of aneurysm, earlier subarachnoid hemorrhage
(PHASES) [6] or Unruptured Intracranial Aneurysm Treat-
ment Score (UIATS) [7]. However, these frameworks have
limited predictive accuracy, as many small aneurysms rup-
ture while some larger ones remain stable over a lifetime.
Aneurysm and parent vessel morphology analysis is one
of the novel features that can elevate rupture prediction
precision. Traditional parameters such as dome size, neck
width, aspect ratio, dome-to-neck ratio, and size ratio are
routinely measured to estimate rupture risk [1,8,9].

Computational fluid dynamics (CFD) simulations
have become integral to understanding the haemody-
namic environment within aneurysms, allowing quanti-
fication of wall shear stress, oscillatory shear index, and
complex flow patterns that have been implicated in aneu-
rysm growth and rupture. Although the predictive value
of individual haemodynamic parameters remains under
investigation, prior work combining CFD with morpho-
logical descriptors has demonstrated improved risk strati-
fication [8,9].

Additionally, the tortuosity of cerebral arteries -
quantified through geometric and curvature-based indi-
ces — has been recognised as a marker of vascular disease
burden and may influence local haemodynamics and
aneurysm formation. However, due to the complex nature
of vessel geometry, especially that of the internal carotid
artery (ICA), it remains challenging to comprehensively
describe its tortuosity. Many descriptors have been pro-
posed, and the role of each in the aneurysm formation or
development process remains inconclusive. The current
development of robust, automated pipelines for tortuosity
measurement further supports comprehensive evaluation
of cerebrovascular pathology [10-12].

Therefore, the present study aimed to systematically
analyse tortuosity parameters of ICAs harbouring small
(< 5 mm) versus larger (= 5 mm) aneurysms. Using ad-
vanced 3D angiographic reconstructions, we sought to
determine whether vessel tortuosity provide additional
discriminatory value beyond traditional size-based assess-
ment. We hypothesised that arteries bearing small aneu-
rysms would demonstrate greater tortuosity and geomet-
ric complexity, potentially reflecting distinct mechanistic
pathways in aneurysm pathophysiology.

Material and methods

This retrospective study utilised data from the medical
records of patients hospitalised at the Department of Neu-
rosurgery and Neurotraumatology, Jagiellonian University
Medical College in Cracow, Poland, for unruptured IAs
of the ICA.

This study was intentionally restricted to unruptured
unilateral ICA aneurysms to minimise anatomical hetero-
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geneity and reduce confounding due to location-dependent
flow patterns.

Exclusion criteria comprised the presence of any other
intracranial pathologies, previous neurosurgical or endo-
vascular interventions, and history of ischaemic stroke or
subarachnoid haemorrhage.

Data were collected from electronic medical records by
the authors of this study. The collected data included basic
demographic characteristics, such as age, sex, medical histo-
ry, and imaging data. Aneurysms were categorised as small
or large, according to dome size. Threshold was set at 5 mm
in maximal dome size measured. A cutoff value was cho-
sen as we aimed to capture subtle geometric differences in
parent-artery tortuosity that may already be present in very
small lesions. While a 7-mm threshold is frequently used
to dichotomise aneurysm size in rupture-risk studies, our
focus was on geometry across the small-to-moderate size
spectrum rather than on direct rupture risk stratification.

Vessel morphology and tortuosity analysis

All morphological analyses were performed on digital
subtraction angiography (DSA) studies acquired as part
of the standard diagnostic work-up before any endovas-
cular intervention was undertaken. Inclusion was based
solely on baseline imaging and clinical data, irrespective
of whether patients ultimately underwent treatment or con-
servative management. All assessments were taken only on
the unilateral ICA harbouring an IA. The neuroradiology
specialist performed aneurysm dome measurements.

For all prepared ICA models, we extracted its cen-
trelines (from the point of its origin to the point of its bi-
furcation) using Vascular Modeling Toolkit 1.4 [13]. Us-
ing our own software, written in Python 3.9 with NumPy
and Visualization Toolkit libraries, we further analysed
the centrelines’ tortuosity. For patient-specific models we
extracted the number of angles, measures, and arc lengths.
Then, we extracted the following tortuosity parameters
of all models, which are presented in Figure 1:

o relative length (RL), sum-of-angle metric (SOAM), tri-
angular index (TI), and inflection-count metric (ICM)
[12,14];

o curvature (k) measured in each point on a line c(s)
parametrised through curvilinear abscissa, defined as:

|c'(s) x c"(s)]

cs)f

o torsion (1) measured in each point on a line c(s)
parametrised through curvilinear abscissa, defined as:

[c'(s) x c"(s)] - " (s)
[c'(s) x c(s)]
« curvature normalised to length (c ) defined as:
JE(s)ds
K, = —
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Figure 1. A) Schematic 3D reconstruction of the internal carotid artery (ICA) harbouring an unruptured aneurysm (arrow). The model illustrates the vas-
cular geometry used for centreline extraction. B) Visualisation of the Frenet-Serret coordinate system along a helical curve segment. The moving frame
consists of three orthogonal unit vectors: the tangent (t), normal (n), and binormal (b). The normal plane (ellipse) is orthogonal to the tangent vector t.
() Definition of the relative length (RL) metric, calculated as the ratio between the straight-line Euclidean distance (D) between the vessel origin and
bifurcation and the actual centreline length (L). D) Schematic representation of angle-based tortuosity metrics calculated from the centreline. The sum-
of-angle metric (SOAM) is defined as the sum of supplementary angles normalised by the centreline length. The inflection count metric (ICM) is calculated
as the number of inflection points multiplied by the centreline length and divided by the Euclidean distance

where L is the curve length and k(s) are curvature values
in curve points;
« torsion normalised to length (7 ), defined as:

JEx(s)ds
T =
! L

where L is the curve length and t(s) are curvature val-
ues in curve points;
« curvature normalised to distance (k,) defined as:

L
K,= K(s) ds
0 d(s)
where d(s) is the distance of point — where k(s) was
measured - to bifurcation;
o distance-tortuosity index (DTI):
N

DTI= )

n=1

o

DI

i=1"0

where N is the number of angles on the artery course,
« is the angle measure, and [ is the arc length (with «, and
[, representing arc and angle closest to bifurcation).

Results

The cohort included 48 single, ICA aneurysms (21 small,
27 large). Population characteristics are available in Table 1
and Table 2. No significant differences were observed in
age (56.5 + 12.59 vs. 58.0 * 14.75 years; p = 0.71), sex dis-
tribution (71.4% vs. 77.8% female; p = 0.70), or cardio-
vascular risk factors between small and large aneurysm
cohorts (all p > 0.05). As expected, aneurysm dome size
was significantly smaller in the small-aneurysm group
than in the large-aneurysm group (3.41 + 0.91 mm
vs. 7.50 £ 3.11 mm; p < 0.001). Morphometric analysis
revealed that the parent ICA radius was significantly small-
er in the small-aneurysm group (2.08 + 0.27 mm vs. 2.22
+ 0.17 mm; p = 0.039). Tortuosity metrics differed mark-
edly: torsion and curvature normalised to artery length
was higher in vessels with small aneurysms (mean 3.89
vs. —3.43; p = 0.005), as was normalised curvature (8.91
vs. 5.56; p = 0.025). RL was significantly lower in the small-
aneurysm group (0.56 vs. 0.63; p = 0.002), indicating great-
er overall vessel tortuosity. Similarly, SOAM was higher
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Table 1. Demographic and clinical characteristics of the study cohort
(N=48)

Age (years), mean £ SD 57.17 £13.69
Female gender, n (%) 36 (75.00)
Aneurysm dome size (mm) 5.67 £3.14
Aneurysm neck size (mm) 3.99+1.46
Small aneurysms, n (%) 21(43.75)
Right side, n (%) 27 (56.25)
Comorbidities, n (%)
Hypertension 25(52.08)
Diabetes 6(12.50)
Smoking 5(10.42)
Dyslipidaemia 2(4.17)

in the small-aneurysm group (2.48 vs. 2.14; p = 0.034),
and the ICM was elevated (8.54 vs. 5.95; p = 0.004). These
findings indicate that ICA harbouring small (< 5 mm)
aneurysms were more tortuous than those with larger
aneurysms. In contrast, other vessel descriptors showed no
significant group differences (all p > 0.05). In summary,
the small-aneurysm group was characterised by signifi-
cantly smaller parent-vessel radius and higher vessel tor-
tuosity (RL, normalised torsion/curvature, SOAM, ICM)
than the large-aneurysm group, while standard flow met-
rics were similar (Table 3, Figure 2).

Discussion

This study found that small IAs of ICA occur on more
tortuous parent vessels than large aneurysms, together
with a smaller parent artery radius. The significantly
higher normalised curvature and torsion in the small-
aneurysm group, along with lower RL and higher SOAM/
ICM (all p < 0.05), indicate that vessels bearing small
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aneurysms have more frequent bends and inflections.
These results suggest a strong coupling between parent-
vessel geometry and aneurysm size.

Prior reports have also linked vessel tortuosity to an-
eurysm formation. Kim et al. [11] reported that higher T1Is
of intracranial arteries are associated with the occurrence
of aneurysms. Similarly, Li et al. [15] found that arterial
tortuosity correlates with aneurysm occurrence, while
paradoxically inversely correlating with enlargement/
rupture risk. In other words, tortuous arteries tend to
develop aneurysms, but greater tortuosity appears pro-
tective against aneurysm growth or rupture [15]. This is
inconsistent with Krzyzewski et al. [8], who noted that
higher ICA tortuosity was linked to aneurysm growth.
In contrast, our current findings indicate that patients
with larger aneurysms exhibit lower ICA tortuosity. This
apparent discrepancy may stem from methodological dif-
ferences: our previous study relied on 2D analysis of DSA
images, which may over- or underestimate vessel curvature
due to projection artifacts and lack of spatial resolution.
In the present work, we employed a 3D approach with
centreline extraction from volumetric reconstructions,
allowing more precise quantification of vascular geometry.
Therefore, the current results probably provide a more ac-
curate representation of the relationship between ICA tor-
tuosity and aneurysm size, suggesting that lower tortuos-
ity may facilitate aneurysm expansion, or that aneurysm
growth may itself alter local vessel geometry.

Based on previous research, aneurysms - especially
small ones — may preferentially form on curvy vessel seg-
ments, whereas straighter vessels could permit aneurysms
to expand or rupture more easily [12]. Our analysis of cur-
vature and torsion can be viewed in the same vein: subtle
geometric descriptors (normalised curvature/torsion, tor-
tuosity descriptors) capture differences that aneurysm dia-
meter alone does not. Furthermore, Benemerito et al. [16]
showed that augmenting the PHASES clinical score with
image-derived shape and CFD features significantly
improved aneurysm rupture classification, with the area

Table 2. Comparison of demographic and clinical variables between patients with small (< 5 mm) and large (> 5 mm) intracranial aneurysms

Variable Small aneurysm Large aneurysm
(n=21) (n=27)
Age (years), mean £ SD 56.5+£12.59 58.0£14.75 0.71
Female gender, n (%) 15(71.42) 21(77.77) 0.70
Right side, n (%) 13(61.90) 14 (51.85) 0.53
Dome size [mm] 3.41+£091 75+3.11 <0.001
Comorbidities, n (%)
Hypertension 12 (57.14) 13 (48.14) 0.63
Diabetes 1(4.76) 5(18.51) 0.14
Smoking 1(4.76) 4(14.81) 0.09
Dyslipidaemia 0(0) 2(7.40) 0.19
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Table 3. Comparison of tortuosity and morphometric data between small and large cerebral aneurysms

Variable Small aneurysm (n=21) Large aneurysm (n=27)
Length 75.69£10.5 75.84£8.52 0.961
Sum torsion —-8.77£61.68 -37.08 £ 67.97 0.142
Mean torsion -0.03 £0.08 -0.04 £0.08 0.457
Sum curvature 115.72+70.41 106.86 + 57.3 0.644
Mean curvature 0.15+0.02 0.14+0.02 0.135
Radius 2.08+0.27 222£0.17 0.039
Torsion normalised to length 3.89+6.96 -3.43+£9.96 0.005
Curvature normalised to length 891+4.14 5.56+5.75 0.025
RL 0.56 +0.08 0.63 +0.05 0.002
Mean angle 110.22 £ 13.26 116.74 £10.95 0.077
Mean arc 13.09+2.76 13.9+3.22 0.362
SOAM 248 +0.56 2.14+0.51 0.034
Tl 1.31+£0.15 1.24+0.14 0.142
IM 8.54+3.07 595+2.6 0.004
Mean arcangle 446 +1.57 439+1.82 0.881
Angle arc distance 0.18+0.11 0.16+0.14 0.625
DTl 15.62 £ 11.57 14.8 +11.56 0.81
DTI - distance-tortuosity index, ICM — inflection count metric, RL - relative length, SOAM — sum-of-angle metric, Tl — triangular index
0 891 T
8.54
8 4
6 5.56
L4 389 7
= 208 122 248 1 5y
0 .
)
4 T T T T T T

Radius (mm) RL Normalised torsion

Normalised curvature SOAM ItM

Parameters

B Small (< 5 mm)
*p < 0.05,**p <0.01
ICM — inflection count metric, RL — relative length, SOAM — sum-of-angle metric

H |arge (>5mm)

Figure 2. Comparison of morphometric and tortuosity parameters between small and large internal carotid artery aneurysms. Small aneurysms occur on
more tortuous vessels with smaller parent artery radius. Data presented as mean values for n = 21 small aneurysms (< 5 mm) and n = 27 large aneurysms

(=5mm)

under the receiver operating characteristic curve increas-
ing from 0.63 to 0.71.

Clinically, the observed geometry-aneurysm rela-
tionship has potential implications. We can hypothesise
that small aneurysms on tortuous vessels may harbour
different rupture risk profiles than those on straighter

arteries. Due to the retrospective nature of this study,
we cannot assess how the observed correlations affect
rupture risk. At present, tortuosity metrics should be
regarded as hypothesis-generating imaging markers
rather than decision-making tools. Incorporating quan-
titative vessel-shape descriptors into future multivari-
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able prediction models may improve individualised
risk stratification, but this concept requires prospective
validation before any change in clinical practice can be
recommended.

Moreover, knowledge of parent-artery tortuosity is
relevant for endovascular planning: highly curved access
vessels can complicate catheter navigation and may influ-
ence device selection. Overall, our data support the ad-
dition of quantitative vessel-shape descriptors to existing
guidelines like PHASES or UIATS, aligning with the trend
of image-based risk models [10,16].

This study has several limitations. First, the sample
size was modest (48 aneurysms) and derived from a sin-
gle tertiary centre, which limits statistical power and ex-
ternal validity. Second, we focused exclusively on ICA
aneurysms, so the observed associations between vessel
tortuosity and aneurysm size may not apply to aneurysms
located on other intracranial arteries. The tortuosity and
curvature measures also depend on image quality and seg-
mentation algorithms, which can introduce variability. Fi-
nally, we conducted a cross-sectional analysis of untreated
aneurysms, and longitudinal data on aneurysm growth
or rupture would be needed to validate these metrics as
true prognostic markers. Future research should address
these gaps.

Morphometrics of arteries with aneurysms

Conclusions

Small ICA aneurysms occur preferentially on more
tortuous vessels with a smaller parent-artery radius. These
findings support the integration of 3D vessel geometry
metrics into research of aneurysm risk stratification and
treatment planning algorithms.
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