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Editorial
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1. Introduction

Cerebrovascular diseases represent one of the most significant challenges in modern
clinical neuroscience, encompassing a spectrum of disorders in which disturbances of cere-
bral blood flow, vascular integrity, and hemodynamic regulation culminate in devastating
neurological sequelae [1,2]. Recognizing the complex interplay of these mechanisms, this
Special Issue was conceived to capture cutting-edge research spanning mechanistic and
preclinical investigations through to translational and clinical treatment studies. Partic-
ularly noteworthy are the rapid advances in imaging technologies, biomarker discovery,
endovascular and microsurgical techniques, regenerative and neuroprotective strategies,
and, more recently, the integration of artificial intelligence into cerebrovascular diagnostics
and therapeutic planning.

In this Editorial, we provide an overview of the works published within this Special Is-
sue, delineate persisting gaps in our understanding, and propose future research directions
to guide the field toward more individualized and effective cerebrovascular care.

2. Overview of Published Works

The Special Issue brings together twenty articles that collectively map the broad con-
tinuum of cerebrovascular research—from computational modeling of aneurysm formation
to clinical studies on complex vascular malformations, and from the refinement of imaging
biomarkers to the development of novel drug delivery technologies. The publications can
be grouped into four overarching research domains:

1. Mechanistic simulations and modeling studies;
2. Imaging and diagnostic biomarker investigations;
3. Interventional and therapeutic innovations;
4. Artificial Intelligence and decision-support systems.

Mechanistic studies have provided crucial insights into the pathophysiological pro-
cesses underlying cerebrovascular disease, laying the foundation for improved clinical
comprehension [3]. Advances in imaging and the development of vessel-wall biomarkers
have expanded the diagnostic repertoire, improving both detection and risk stratifica-
tion [4]. Large surgical and endovascular cohorts have offered valuable real-world data on
treatment outcomes and procedural strategies, supporting the refinement of evidence-based
decision-making.

At the therapeutic frontier, innovative delivery systems—such as ultrasound-mediated
nimodipine release—have illustrated promising alternatives beyond conventional care
paradigms. Meanwhile, the first explorations into the role of artificial intelligence and large

Brain Sci. 2025, 15, 1281 https://doi.org/10.3390/brainsci15121281
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language models in clinical decision analysis have signaled a future in which computational
tools may augment, rather than replace, clinician judgment.

However, significant challenges persist. Mechanistic models, though increasingly
sophisticated, remain distant from clinical integration. Imaging biomarkers require prospec-
tive validation in large, heterogeneous populations. Many treatment strategies continue
to rely on expert consensus rather than robust randomized evidence, particularly for rare
vascular malformations. Artificial intelligence applications remain preliminary, often lim-
ited to retrospective analysis without demonstrated impact on patient outcomes. Similarly,
drug delivery systems and nanocarriers, while conceptually elegant, have yet to advance
beyond preclinical evaluation [5].

3. Focus on Future Research Directions

Building on the collective contributions of this Special Issue, several key avenues for
future research can be delineated:

1. Bridging mechanistic modeling and individualized risk prediction

Fluid–structure interaction studies of aneurysm initiation and modeling approaches in
leukoaraiosis underscore the value of mechanistic insight. The next step lies in translating
these models into patient-specific risk assessment tools—integrating hemodynamic, geo-
metric, and histopathological parameters to form individualized treatment strategies [6].

2. Translating novel delivery and regenerative technologies

The development of nimodipine nanocarriers exemplifies the potential for controlled,
on-demand pharmacologic interventions targeting subarachnoid hemorrhage, vasospasm,
or focal ischemia [7]. To move toward clinical application, forthcoming studies should
prioritize in vivo validation, toxicological safety profiling, and early-phase clinical trials,
ideally within multidisciplinary translational frameworks.

3. Addressing venous and microvascular pathophysiology

While arterial mechanisms have dominated research, venous outflow resistance and
microvascular dysfunction—implicated in entities such as leukoaraiosis—remain underex-
plored. Systematic investigations into the venous compartment, microcirculatory flow, and
neurovascular unit integrity will be crucial to comprehensively understanding cerebrovas-
cular disease [8].

4. Prospective validation of imaging biomarkers

Imaging markers, such as vessel-wall contrast enhancement in Moyamoya disease
and intracranial aneurysms, have demonstrated potential as predictive tools. Prospective
multicenter validation and integration into structured clinical algorithms are essential.
Analogous biomarker development should extend to other pathologies, including AVMs
and perforator aneurysms, to enable earlier and more stratified interventions [9].

5. Responsible integration of artificial intelligence

Initial evidence indicates that AI models can approximate multidisciplinary board
decisions for unruptured intracranial aneurysms. Future research must evaluate real-world
deployment, focusing on safety, interpretability, clinician acceptance, and measurable
impact on outcomes [10]. Ethical oversight and medico-legal governance must evolve
concurrently to ensure responsible adoption.

6. Advancing precision medicine and molecular targeting

The movement toward precision medicine will increasingly rely on genetic, hemo-
dynamic, and anatomical phenotyping. In AVMs, for instance, emerging data on somatic
KRAS and BRAF mutations suggest the feasibility of targeted molecular interventions [11].
Broader incorporation of molecular diagnostics into cerebrovascular management is likely
to define the next decade of translational research.

7. Strengthening evidence through multicenter clinical trials

2
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While large retrospective cohorts remain informative, randomized and multicen-
ter prospective studies are urgently needed to refine decision-making, particularly
for rare lesions such as AVMs, combined aneurysm–stenosis cases and surgical treat-
ment of (acute) stroke [12,13]. Such studies will form the backbone of evidence-based
cerebrovascular therapy.

4. Conclusions

The Special Issue “The Latest Exploration of Cerebrovascular Diseases: From Preclinical
Research to Treatment” encapsulates the dynamic evolution of the field—from hemodynamic
modeling to advanced imaging, from clinical cohorts to interventional innovation, and from
artificial intelligence to precision nanomedicine. Yet, the translation of mechanistic insights
into clinical applicability, the validation of biomarkers, the conduction of high-quality
interventional trials, and the ethical integration of AI remain critical frontiers.

We invite the readership—clinicians, scientists, bioengineers, and data specialists
alike—to engage with the comprehensive body of work presented herein, to build upon its
foundations, and to contribute toward the next generation of cerebrovascular research. The
convergence of mechanistic, imaging, therapeutic, and computational advances heralds a
transformative era in cerebrovascular medicine—one defined by precision, personalization,
and improved patient outcomes.

In this spirit, we already look forward to the second volume of the Special Issue, which
will continue this trajectory toward bridging experimental insight and clinical translation
in the management of cerebrovascular disease.

Conflicts of Interest: The authors report no conflict of interest.
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Abstract

Introduction: Leukoaraiosis (LA) or white matter disease is a significant component of
vascular dementia. There is a large overlap noted between normal-pressure hydrocephalus
(NPH) and LA. A previously reported lumped parameter modelling study of NPH led to
novel findings in this disease. Given the overlap between LA and NPH, the purpose of
the current study is to perform a lumped parameter study into LA to see if the vascular
pathophysiology is similar to NPH. Methods: A lumped parameter model originally
developed to study normal-pressure hydrocephalus was extended to investigate LA. The
model was constrained by the known cerebral blood flow and cerebral blood volumes
found in LA, as derived from the literature. Results: Similar to NPH, in LA, the model
predicted a balanced increase in arterial and venous outflow resistance, with the resulting
ischemia affecting the white matter rather than the grey matter. However, unlike NPH,
in LA, the findings are irreversible, most likely due to structural venous wall changes.
Conclusions: The model suggests that the vascular physiology of LA maybe similar to
NPH. A common pathophysiology is discussed based on a pulsation-induced increase in
the venous outflow resistance.

Keywords: cerebral blood flow; cerebral blood volume; leukoaraiosis; normal-pressure
hydrocephalus; pulsation; vascular dementia

1. Introduction

Neuroimaging often shows areas of low density on CT and a high T2 signal intensity
on MRI within the white matter of the brain. This change is denoted as white matter
disease or leukoaraiosis (LA) [1]. The term leukoaraiosis comes from the Greek language,
leuko meaning white and araiosis meaning rarefaction [2]. Pathological studies have found
demyelination and reactive gliosis [3] to be the cause of the imaging findings. The most
significant correlation of leukoaraiosis is with aging [4]. There is also a strong vascular
component to the aetiology of LA, with risk factors of hypertension, diabetes mellitis, and
cardiac disease also being prominent [5]. Indeed, leukoaraiosis is a major determinant of
vascular dementia [6], which is, by definition, known to be of vascular origin. There is
also an interesting overlap between normal-pressure hydrocephalus (NPH) and LA [7].
Up to 73% of patients with NPH have significant degrees of leukoaraiosis within the deep

Brain Sci. 2025, 15, 1023 https://doi.org/10.3390/brainsci15091023
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white matter [8]. This suggests a possible degree of common causation between these
two disorders.

In a previous study performed by the current authors, a lumped parameter vascular
model was developed to study the vascular pathophysiology of NPH [9]. This model
suggested that there was a balanced increase in the vascular resistance in the arterial inflow
and the venous outflow in this disease. There was a significant difference between the
findings in the grey matter and white matter, with significant ischemia within the white
matter in NPH [10]. Given the model’s previous findings in NPH, and the overlap between
NPH and LA, the purpose of the current study is to extend the NPH lumped parameter
modelling study [9], utilizing the parameters gleaned from the literature to study the
vascular pathophysiology of leukoaraiosis.

2. Materials and Methods

2.1. Equations

The equations used in this study were extensively discussed previously [9] and can
be reviewed in this study. However, the relevant equations will be reproduced here for
convenience. Firstly, Ohm’s law for hydraulic circuits is required:

ΔP = Q × R (1)

ΔP is the pressure drop across the vascular segment, Q is the flow rate, and R is the
resistance. Resistances in series are additive, therefore.

Rart + Rcap + Rven + Rcu f = Rtot (2)

Rart, Rcap, Rven, Rcuf, and Rtot are the resistances of the artery, capillary, venous cuff,
and the total system, respectively. Poiseuille’s equation calculates the pressure drop across
each of these segments:

ΔP =
8μLQ
πr4 (3)

ΔP is the pressure drop across the vascular segment, μ the viscosity, L the vessel length,
Q the fluid flow rate, π the circle proportionality constant, and r the radius. Given that the
viscosity and vessel lengths are constants in this study, it can be shown that there is a direct
relationship between a change in a segment’s resistance and a change in its volume.

ΔR = ΔV−2 (4)

where ΔR is the change in resistance, and ΔV the change in volume. It was previously
shown that the venous outflow varies with the transmural pressure, as demomstrated
using the following equation [9]:

ΔTMPven = −0.033ΔVven
2 + 7.49 × ΔVven − 3.44 (5)

ΔTMPven is the normalized increase in venous transmural pressure, and ΔVven is the
change in venous volume.

2.2. Model Input Parameters

The input parameters used in this modelling are also unchanged from the previous
study [9] and are summarized in Table 1. The details can be obtained from the original
study. Of note, the normal sagittal sinus pressure is derived by subtracting the CSF-venous
sinus pressure gradient from the ICP. The pre-outflow cuff pressure is obtained by adding
the venous TMP to the ICP. The total CBV is obtained by taking the percentages of the brain
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made up of the grey and white matter and multiplying each by the brain weight and then
the CBV for each of these components. The venous volume is obtained by subtracting the
arterial and capillary volume from the total.

Table 1. Summary of the normal input parameters.

Parameter Value Reference

Brain size 1500 g Bell et al. [11]
Cerebral blood flow 50 mL/100 g/min Lassen et al. [12]

Arterial inflow volume 750 mL/min Buijs et al. [13]
Mean arterial pressure 100 mmHg Ursino [14]

Pre-capillary bed pressure 32 mmHg Salmon et al. [15]
End-capillary bed pressure 15 mmHg Cirovic et al. [16]

CSF pressure 11.5 mmHg Fleishmann et al. [17]

Pressure gradient CSF-SSS 4 mmHg Benabid et al. [18]
Pollay et al. [19]

Sagittal sinus pressure 7.5 mmHg Bateman et al. [9]
Cortical vein TMP 2.5 mmHg Johnston et al. [20]

Pre-outflow cuff pressure 14 mmHg Bateman et al. [9]
Grey matter CBV 4.6 mL/100 g Helenius et al. [21]

White matter CBV 1.3 mL/100 g Helenius et al. [21]
Brain grey matter percentage 65% Good et al. [22]

Brain white matter percentage 35% Good et al. [22]
Total CBV 51 mL Bateman et al. [9]

Arterial volume 12.8 mL Hua et al. [23]
Capillary volume 20.3 mL Menéndez González [24]
Venous volume 17.9 mL Bateman et al. [9]

Note: CBV, cerebral blood volume; SSS, superior sagittal sinus; TMP, transmural pressure.

2.3. Vessel Responses to Transmural Pressure Variations

It is assumed that the changes in arterial resistance and volume in this model depend
entirely on active arterial constriction or dilatation and not the vessel transmural pressure.

The capillary and venous beds are assumed to be without active constriction or
dilatation [25] but vary depending on their transmural pressures. It is further assumed that
a moderate reduction in capillary TMP below normal does not change the capillary size, but
a maximal increase in TMP will increase their volume. The previous study indicated that
an increase in capillary TMP from 12 to 37.9 mmHg would increase the capillary volume
by 44%. or a 1.7% increase in volume for each 1 mmHg pressure rise. Below a TMP of
12 mmHg, the volume is unchanged at 20.3 mL, and above a TMP of 37.9, the elastic limit
is reached and the volume is set to 29.2 mL [9]. The veins are assumed to alter their size
purely depending on their transmural pressures. In a previous modelling study [9], the
function for outflow vein dilatation was found to be summarized by Equation (5).

The outflow cuff is the segment joining the cortical veins to the sinus wall. The
collapse of this segment occurs due to the transmural pressure between the ICP and the
sinus pressure, which is usually negative [26]. The segment is short, and it is mostly under a
state of collapse secondary to physiological ICPs. The change in volume from this segment
will be ignored in this model. However, its resistance will be taken into consideration.

3. Results

3.1. Whole-Brain Findings

The whole-brain modelling findings are summarized in Figure 1. The five vascular
segments modelled are shown in Figure 1a, with the arterial in red, the capillaries in orange,
the veins in yellow, the outflow cuff in green, and the sinus in blue. The pressures from
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Table 1 have been appended to each vascular segment within the vessels in Figure 1a. The
resistance of each segment can be calculated using Equation (1) and is appended below the
vessels in Figure 1. The normal cerebral blood volume (CBV) values are shown below the
resistances. The blue numbers represent the transmural pressure gradients for each vessel
segment, which are obtained by subtracting the ICP from the segment pressure. The red
figure is the average capillary TMP obtained by averaging the values from before and after
the capillaries. Figure 1b represents the findings in leukoaraiosis. Figure 1c was obtained
from the previous modelling study into NPH [9] and is appended for comparison. In these
later two figures, the red segments represent the areas of increased resistance compared to
the normal findings, and the green represent reduced resistance.

Figure 1. Results of modelling. (a) The normal findings. The segments are red for arterial, orange
for the capillary, yellow for the veins, green for the outflow cuff, and blue for the venous sinus. The
vascular pressures are shown within the vessels. The blue numbers are the transmural pressures at
each site. The red number is the average capillary transmural pressure. The resistances and volumes
for each segment are shown below the vessel. (b) The findings in leukoaraiosis. The red area indicates
an increase in resistance in the arteries and outflow cuff, and the green decreased resistance in the
capillaries and veins compared to normal. Both the capillary and venous TMP are increased, giving
vascular dilatation. (c) The findings in NPH from a previous study. The overall findings are similar
except the capillary TMP is lower and the pressure gradient across the sinus wall higher than in
leukoaraiosis. Note: ICP, intracranial pressure; min, minute; and mmHg, millimetres of mercury.
(a,c) are reproduced from [9] under a CC BY 4.0 commons licence.

In Figure 1b, the whole-brain findings in leukoaraiosis are modelled. The arterial
inflow and venous outflow pressures, the ICP, the mean blood flow rate, and target CBV
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were obtained from the literature. The sinus pressure was assumed to be unchanged due to
the normal ICP.

The pressure drop from the arteries to the sinus plus the blood flow through them
allows the calculation of the total vascular resistance using Equation (1), i.e., it is increased
to 153.0 mmHg/L/min compared to 123.4 mmHg/L/min in the normal model. The
increase in resistance needed to be apportioned within the model. By necessity, a change
in resistance changes the volume of the segment it affects. The TMP across the outflow
cuff (obtained by subtracting the ICP from the sinus pressure) is normal. Therefore, the
cuff outflow resistance was initially assumed to be normal. Knowing the cuff resistance
and blood flow will allow for setting the blood pressure at the end of the veins by using
Equation (1), which was therefore also normal. The normal TMP across the vein walls
meant their volume using Equation (5) was normal. Similarly, the capillary resistance
and volume were normal. In order for the total resistance to be balanced, the arterial
inflow resistance needed to be set very high, but this reduced the arterial blood volume
using Equation (4). The overall CBV at this stage undershot the target value of 59.2 mL
by a large margin. Alternatively, placing all of the increased resistance on the venous
side meant the CBV overshot the target by a large amount. Similar to the modelling we
previously performed in NPH [9], a total resistance of 153.0 mmHg/L/min and a CBV of
59.2 mL constrained the model to a single solution, which was likely somewhere between
an isolated increase in the arterial or venous outflow resistance. Using an iterative approach
from both extremes, it was found the venous outflow resistance of 19.4 mmHg/L/min was
the correct one. From this, the post-venous pressure could be calculated using Equation (1).
Using this pressure, the venous CBV was calculated using Equation (4), and the resistance
of this segment calculated using Equation (1). This gave the post-capillary pressure. Using
the capillary tube law, the volume and resistance of this segment were calculated. The
resultant volume of the capillaries was 21.7 mL. Knowing the total resistance and the other
resistances, the arterial inflow resistance could be calculated using Equation (2). Figure 1b
is the only valid solution to the constraints of the model, with all of the equations being
satisfied. Note, there is an increase in both the arterial and the outflow cuff resistance, with
a reduction in resistance of the other segments due to the increased pressures and volumes
compared to normal. There is an increase in the mean capillary transmural pressure.

In Figure 1c, the findings in NPH from the previous study are appended for compari-
son [9]. Note, the arterial and venous outflow resistances are almost identical to Figure 1b,
i.e., they are both increased over baseline, suggesting a balanced increase in the arterial and
venous resistances. The overall blood flow is less in NPH, and the capillary transmural
pressure is lower than in Figure 1b, being closer to the normal figure.

3.2. Differences Between the Grey and White Matter

Figure 2 shows extended modelling to gauge the differences between the grey and
white matter. The red segments represent the areas of increased resistance compared to
the normal findings, and the green represent reduced resistance. In Figure 2a, the brain is
modelled as if all of it was being affected in a way similar to the grey matter in LA. In the
study by Markus et al. [27], the grey matter CBF was normal, and the CBV was increased
by 28% in LA. We elected to leave the outflow resistance as unchanged from the previous
global model (Figure 1b) and reduced the arterial resistance until the CBF increased back to
normal at 750 mL/min. The result was a further dilatation of the capillary and venous beds,
with an increase in the capillary and venous transmural pressures. The CBV was increased
to 63.5 mL, which was only 2.8% less than the target of value of 65.3 mL, as suggested by
Markus et al. [27]. Figure 2b indicates the findings when the blood flow was increased
to normal in NPH, similarly to Figure 2a. The findings are very similar, except there is a
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slight increase in arterial resistance in LA. This is required to balance the increased inflow
pressure. Figure 2c shows the findings for the white matter, with increased resistance
throughout the vascular system, excluding the capillaries. Some venous wall thickening
and stenosis was required, or the low CBV could not be attained. The wall thickening
reduced the venous CBV to a level where the total CBV could be reached. Figure 2d is
the findings in the white matter in NPH, which are similar overall. Note, no venous wall
thickening was required to match the target CBV.

Figure 2. Modelling of grey and white matter. (a) Findings in leukoaraiosis following an increase
in CBF back towards normal. There is an increase in arterial, capillary, and venous volumes, giving
an overall CBV close to the target value. (b) Findings in NPH once the arterial inflow had been
returned to normal from a previous study [10]. Note, the arterial resistance is less than in LA, but the
remainder of the findings are very similar. The arterial resistance is slightly higher than normal in
leukoaraiosis because of the higher inflow pressure. (c) Findings in leukoaraiosis once the CBF was
reduced by 38%. The target CBV could not be attained unless the venous wall was thickened, giving
an overall 50% reduction in venous volume compared to (a). (d) Findings in NPH from a previous
study where the CBF was reduced. The overall findings are similar to (c), except the requirement for
venous wall thickening as seen in (c) is not required in (d). (b,d) reproduced from [10] under a CC BY
4.0 commons licence.
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4. Discussion

In this study, we have applied a lumped parameter model, previously developed to
investigate NPH, to leukoaraiosis. The overall findings suggest that the vascular patho-
physiology of LA may be similar to NPH. We have made many assumptions in this lumped
parameter modelling study. We have tested the modelling we have performed by com-
paring the outcomes predicted by the model with the available literature. Previously, the
model successfully predicted the cerebral blood volume changes found in the literature at
the limits of autoregulation, in both human and animal studies [9]. The model also correctly
predicted the cerebral blood volume changes in Alzheimer’s disease [28] and in idiopathic
intracranial hypertension [29].

4.1. Global Brain Changes in Leukoaraiosis

The global findings within the brain are summarised in Figure 1b. In a study by
Markus et al., when using an MRI contrast first-pass technique, the cerebral blood flow
(CBF) in the grey matter was normal, but in the white matter, the CBF was reduced by
38% [27]. Similarly, another study showed a normal CBF in the grey matter of leukoaraiosis
patients without dementia [30]. Given that the grey matter averages 65% of the brain
volume and the white matter 35% [22], we can calculate the global reduction in CBF in
LA to be just over 10%. This figure is comparable to a study by Henry-Feugeas et al.,
where the global reduction in CBF in leukoaraiosis was found to be 6% by using an MRI
phase-contrast flow quantification technique [31]. Thus, in the model, a CBF of 670 mL/min
was used for the blood flow rate. The mean arterial pressure in patients with significant
leukoaraiosis is 10% higher compared to those with minimal disease [32], so we have
increased the arterial inflow pressure to 110 mmHg in the model. The ICP in NPH patients
without LA (those patients had a normal ICP) was not significantly different compared
to those with mild, moderate, or severe LA [33], so we have left the ICP unchanged in
the model. Given that the ICP is normal in isolated LA, the venous sinuses are unlikely
to be compressed, so the venous sinus pressure was left unchanged from normal. The
cerebral blood volumes (CBVs) in LA found in the study by Markus et al. showed an
increase of 28% in the grey matter but a reduction of 14% in the white matter [27]. The
latter result failed to reach significance, but this was most likely due to this part of the
study being under-powered and unable to confirm this finding. However, a study using
positron emission tomography CT showed similar results to those of Markus et al., with a
reduced white matter CBV of 15% [34]. Given that the CBV of the normal grey matter is
4.6 mL/100 g, and in the white matter, it is 1.3 mL/100 g [21], and given the percentage
of the brain volume that each of these two components makes up (as already discussed),
the global CBV would be increased by 16.1% in LA, so we used this as our target value.
The CBF and CBF values constrained the model, meaning the findings in Figure 1b were
the only ones that allowed all of the equations to be satisfied. Note, there is an increase in
perfusion pressure due to the increased arterial inflow pressure. The model predicts that
the arterial resistance in LA is increased by 24.7% above normal. Normally, an increase
in the perfusion pressure from an increase in arterial pressure constricts the arterioles
(as found in the model) and therefore also reduces the global CBV [35]. However, the
global CBV is elevated in LA. Therefore, we required an increase in the venous outflow
resistance to dilate the veins and capillaries in order to resolve the equations successfully.
This outflow resistance increase appears to correlate with the literature. An increased
diameter of the basal veins of Rosenthal and internal cerebral veins is associated with the
white matter hyperintensity volume in LA [36]. In another study, the internal cerebral veins
were enlarged, which was related to both aging and increased white matter hyperintensity
independently [37]. Using an MRI susceptibility sequence, the number of pixels within the
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deep white matter (assumed to be within the larger deep medullary veins) was increased
by 40% in leukoaraiosis, compared to controls and correlated with white matter disease
volumes [32]. Given that the dilatation within the veins of the brain also extends into the
subarachnoid space component, the venous outflow stenosis producing the dilatation must
be between the distal ends of the veins and the sinuses.

It can be seen from Figure 1 that there are similarities between LA and NPH. There
is an overall reduction in CBF compared to normal, which is slightly more pronounced
in NPH than in LA. There is a 25% increase in arterial resistance compared to normal
in both diseases and a 123% increase in venous outflow resistance in LA, which is more
pronounced than the 98% increase in venous outflow resistance in NPH. The differences
between the diseases are that NPH appears to be associated with a CSF outflow resistance
increase, manifest as an increased pressure gradient across the arachnoid granulations
within the sinus wall as compared to no change in LA. The capillary transmural pressure is
higher in LA than NPH, which may bring about an increase in the overall CSF formation
rate compared to NPH if the blood–brain barrier were to be disrupted in the former [9].
Patients with leukoaraiosis showed a 34% increase in the CSF-to-serum albumin ratio,
signifying a breakdown in the blood–brain barrier [38]. This finding was independent
of the degree of dementia, atrophy, or presence of cerebral infarction. Similarly, an MRI
contrast technique indicated there was significant BBB breakdown in LA [39]. The lack of
a significant increase in ICP in LA despite the BBB’s expected increase in interstitial fluid
leakage would suggest that the CSF outflow absorption is not deficient, unlike in NPH.

4.2. Differences Between the Cortex and White Matter

Figure 2 highlights the expected differences in physiology between the cortical grey
matter and the deeper white matter. Figure 2a models the effect of increasing the blood flow
back to normal, as per the findings within the LA literature in the grey matter, as already
discussed. The outflow cuff resistance was unaltered from the previous model, and the
effect was to dilate the arteries, capillaries, and veins, with an increase in total CBV from
59.2 mL in the original LA model to 63.5 mL. Thus, the euvolaemia model predicts the CBV
to be only 2.8% less than the target value of 65.3 mL, as suggested by Markus et al. [27].
This tends to indicate that the modelling may be accurate enough for the current purposes.
Figure 2b gives the results from previous modelling where the CBF was returned to normal
in NPH [10]. The overall findings are very similar to Figure 2a, with the only significant
difference being the 8.3% increase in arterial resistance in LA compared to normal. This
mostly comes about due to the increased perfusion pressure from the increased arterial
inflow pressure. It can be seen that LA is likely not predominately a disease of the cortex,
despite the increased venous and capillary pressures, but is probably a disease of the white
matter. Illustrating this, Brown et al., using Xenon CT before and after acetazolamide
vasodilatation, found that the cortical blood flow increased normally in leukoaraiosis
patients, but there was no significant increase in the white matter blood flow, indicating an
exhaustion of autoregulation in the deeper regions and its preservation superficially [40].
However, the 61% increase in the cortical venous volume in LA as compared to normal may
be expected to narrow the venous perivascular spaces [41] and thus impede the glymphatic
outflow, as occurs in NPH [42]. Glymphatic disruption is noted to be a feature of LA [43],
like NPH. The glymphatic flow is thought to pass from the arterial perivascular spaces,
through the interstitium, and out via the venous perivascular spaces [44]. Most of the
evidence suggests that the dilated perivascular spaces are around arteries and not the
veins [44]. This would indicate that either there is a significant increase in glymphatic fluid
inflow into the arterial perivascular spaces, which the outflow cannot handle (unlikely as
the total glymphatic flow is not increased), or that the outflow passageway is obstructed,
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backing up the fluid further upstream. Dilatation of the veins within their perivascular
spaces could provide this downstream obstruction.

Figure 2c illustrates the effect of reducing the CBF to match the reduction in blood
flow found in the white matter in leukoaraiosis. The modelling was unable to reach
the target CBV unless there was also wall thickening and stenosis added to the venous
segment. Moody et al. studied the deep medullary veins of the brain from 20 to 800 μm
diameter and found significant wall thickening in LA [45]. This thickening was termed
venous collagenosis and was due to a large amount of collagen deposited within the
walls. They found that 65% of subjects older than 60 years had at least a 50% stenosis
of their periventricular veins [45]. They suggested that severe stenosis or occlusion of
the deep cerebral veins may promote the development of leukoaraiosis [45]. In another
study, collagenosis of small and medium-calibre veins was significantly worse in patients
with larger volumes of LA [46]. In fact, the strongest predictor of LA score was stenosis
of the large-calibre veins [46]. Venous collagenosis is a major difference between LA and
pure NPH, with the NPH ischaemia model in Figure 2d not requiring wall thickening or
stenosis. In those with mixed disease (LA and NPH), the LA is associated with more severe
symptoms but may not affect the CSF shunting outcome [33].

In both NPH and LA, there was a large increase in arterial inflow resistance required
in the white matter, despite the venous resistance increase. In LA, of the 97 mmHg/L/min
increase in the white matter vascular resistance, 88.2% came from the arterioles, 11% from
the venous outflow cuff, and only 0.7% from the venous bed, with the capillaries being
unchanged in resistance. A major difference between NPH and LA is the reversibility of
the reduced blood flow and presumably the reversibility of the large increase in arterial
resistance. In NPH, there was a 53% increase in CBF in those who improved with shunting,
indicating retained autoregulation [47]. This suggested to us that the brain was electing
to limit the CBF in NPH, perhaps to minimize the ICP by reducing the CSF formation
rate increase inherent when there is an opening of the blood–brain barrier [9,10]. There
is no apparent residual autoregulation within the white matter in LA [40]. This would
suggest that there may be some irreversible arterial disease as well as venous collagenosis
in the deep white matter in LA. Some authors suggest that arteriolosclerosis is almost
always detected within areas of LA [48], but not all studies show such a strong correlation.
Both arteriolosclerosis and venular collagenosis are more prevalent with age. However,
arterial sclerosis was associated with lacunar infarction and haemosiderin deposition but
not leukoaraiosis severity in one study [49]. Conversely, venular collagenosis was not
associated with lacunes or haemosiderin but was associated with leukoaraiosis in the same
study [49]. In another study, arterial wall collagen deposition was not a predictor of white
matter disease, but venous collagen deposition was such a predictor [50]. Brown et al.
indicated that the increase in resistance may be due to arteriolar tortuosity rather than
sclerosis of the wall [51]. The results of a meta-analysis suggest that although there is lower
blood flow in LA, the findings did not strongly support causation. The results suggested
that the reduced flow may reflect a reduction in supply required by the tissue secondary
to decreased neuronal activity or atrophy [52]. The findings indicate that there may be a
functional arterial cause rather than a structural cause for the lack of irreversibility of the
reduced white matter blood flow in LA.

4.3. Pulsatility as a Cause of Leukoaraiosis

It is apparent that there is a reduction in blood flow to the white matter in LA,
but as discussed, this may not be the causative factor. Previously, one of the current
authors developed a theory suggesting that there was a common pathophysiology between
Alzheimer’s disease, vascular dementia, and NPH based on intracranial pulsation energy
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dissipation [53]. It was suggested that there was a spectrum of pulsation differences
between these diseases, with the process termed pulse wave encephalopathy. The literature
appears to support this hypothesis, as the percentage of the brains volume affected by
LA increases in accordance with arterial pulse pressure quartiles in male subjects [2]. The
severity of LA correlates with the middle cerebral artery pulsatility and the pulse wave
velocity (a measure of aortic arterial stiffness) in multivariate analysis [54]. The authors
concluded that increased arterial stiffening causes increased transmission of enhanced
aortic pulsatility to the cerebral circulation, causing LA due to either decreased perfusion
in diastole, increased endothelial shear stress, or impaired autoregulation [54]. However,
the increased pulsation is not just limited to the arterial tree. Patients with dementia and
moderate leukoaraiosis showed a 69%, 48%, and 34% increase in pulsatility in the blood
flow of the arteries, sagittal sinus, and superficial cortical veins compared to dementia
patients without leukoaraiosis [55]. In vascular dementia patients, the absolute pulsation
volume of the straight sinus (which drains the deep white matter) is increased by 57%
compared to normal elderly controls [56]. These venous findings correlate with NPH, where
there was a 56% increase in the pulsatility index of the arteries and a 70% increase in this
metric within the sagittal sinus compared to dementia patients without leukoaraiosis [55].
In NPH, the CSF pulse pressure increases by 6–8 times what is normal [57]. The CSF
pulse pressure has not been measured in LA, but given the arterial, cortical vein, and sinus
pulsation findings, it is likely to be increased similar to NPH. Interestingly, when veins
are used as arterial bypass grafts and experience pulsatile flow, they become thickened
similar to the collagenosis already discussed. In a porcine venous graft model, after the first
week, wall thickening occurs largely due to extracellular matrix deposition (fibrosis) and
neointimal smooth muscle cell proliferation [58]. Could pulsation energy deposited within
the walls of the veins be behind the venous collagenosis noted in white matter disease as
well?

The modelling highlights an apparent paradox. The previous NPH modelling sug-
gested that a 37% increase in the pressure gradient across the outflow cuff led to a 98%
increase in outflow resistance of this segment (see Figure 1c) [9]. In the current modelling,
a normal pressure gradient across the outflow cuff in LA still resulted in a 123% increase
in resistance of this segment (see Figure 1b). Where does this increase in resistance come
from? We have previously suggested that this may be due to the effect of the CSF pulsation
pressure inducing a phenomenon in the veins known as impedance pumping [59]. How-
ever, there may be a simpler explanation for this finding. The cortical veins are a series
of collapsible tubes in which the pressure external to the tubes (ICP) exceeds the sinus
pressure. This arrangement represents a Starling resistor. The collapse of the distal end of a
Starling resistor maintains the pressure across the tube wall upstream to the collapse. This
upstream transmural pressure (TMP) it is only very slightly positive in classical Starling
resistors [60]. Thus, if the ICP were to increase, the venous TMP would be expected to
remain nearly constant and the venous pressure to be minimally above the ICP [60]. It is
apparent from the modelling that cortical veins do not act as traditional Starling resistors
in this regard. The normal vein TMP is 2.5 mmHg (not close to zero as an ideal Starling
resistor model would predict) and increases to 4.8 mmHg in our NPH model (see Figure 1c).
It further increases to 9 mmHg in LA in our model. If the veins were ideal Starling resistors,
then the upstream venous pressure would normally be just above the ICP, i.e., 11.5 mmHg.
This would give a normal venous cuff resistance of 5.3 mmHg/L/min, but we estimate this
resistance to be 8.7 mmHg/L/min in the normal model. The CSF pulse originates from the
intracranial arterial pulse. It is dissipated by shifting CSF backwards and forwards through
the foramen magnum and by compressing the cortical veins, making the venous outflow
in the sagittal sinus pulsatile [55]. This sinus pulsation occurs due to compression of the
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outflow cuff. In MRV studies of humans with elevated ICP, 80% showed a narrow segment
of the cortical vein, approximately 5 mm long at the level of the cuff. This appeared in
only 10% of the control subjects [61]. The diameter of the cortical veins increased by 30%
upstream from the cuff in those patients with raised ICP compared to controls, suggesting
an increase in venous outflow resistance over and above that required to keep the veins
open [61]. Increasing the ICP increases the CSF pulse pressure due to the intracranial
compliance being reduced [62], suggesting that there may be a correlation between the
ICP pulse pressure and venous outflow resistance. The peak flow in the cortical veins
lags behind the peak flow in the sinus by 100 mS [55] despite the sinus being distal to the
veins that drain into it. This suggests that cuff pulsation delays cortical vein emptying by
generating a pressure wave going back towards the capillaries [55]. It may be envisaged
that a rhythmic contraction of the vein cuff, which reduces its volume by 50% below its
mean value and then increases its volume by 50% above the mean, would increase and
decrease the resistance of the outflow by the same amount, and therefore they would cancel
each other out. However, this may not be the case. The volume of a cylinder changes as the
square of the radius, but Poiseuille’s Equation (3) indicates that the outflow resistance varies
with the inverse fourth power of the radius. Therefore, a systolic reduction in venous cuff
volume of 50% would increase its outflow resistance by 4 times, but an increase in volume
by 50% in diastole would decrease its resistance by only 0.44 times. Given that systole
lasts for 40% of the cardiac cycle and diastole for 60% on average [63], the time-averaged
cuff resistance over the entire cardiac cycle would be increased by 1.9 times normal with
such a pulsation. Reducing the average cuff volume by 2/3 in systole and increasing it by
2/3 in diastole with a larger pulse pressure would increase the average outflow resistance
by 4.9 times, suggesting that increasing the pulsation pressure may increase the venous
outflow resistance. Thus, we suggest that an increase in the CSF pulse pressure in both
NPH and LA would increase the outflow resistance and pressure and send a pressure wave
back toward the capillaries. In LA, we suggest that this pulsation energy induces vein wall
thickening, making the walls less compliant and propagating the pressure waves further
towards the capillaries with a greater amplitude [55].

4.4. Clinical Utility

If we are correct and the CSF pulsations generate both an increase in the venous
outflow pressure and a pulse pressure wave travelling back towards the capillaries, then
this could explain the blood–brain barrier disruption in both diseases. A mouse model
indicates that an increase in venous pressure will disrupt the blood–brain barrier without
any other requirement [64]. Therefore, in order to limit the effects of this pulsation energy
and the progression of LA, strategies aimed at reducing the pulsation amplitude in both
the arterial inflow and the subarachnoid space could have therapeutic value. It has been
suggested that syringomyelia of the cord (the development of a cystic cavity) secondary to a
Chiari I malformation (foramen magnum being blocked by the cerebellum) is analogous to
NPH [65]. There is a reduction in the spinal canal subarachnoid space compliance, increased
CSF pulse pressures, and disruption of the blood spinal cord barrier in syringomyelia
similar to NPH [65]. A dog model of syringomyelia showed dilatation of the venous
outflow of the cord, similar to our findings in both NPH and LA [66]. A posterior fossa
decompression increases the compliance of the spinal canal, reduces the CSF pulse pressure,
and collapses the syrinx [65]. Interestingly, increasing the cranial compliance by posterior
fossa decompression also improves Chiari I-associated hydrocephalus in 90% of cases
without further treatment [67]. Similarly, subtemporal craniectomy is noted to significantly
reduce the ventricle size in patients with shunt-dependant hydrocephalus [68]. Increasing
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the intracranial compliance by craniectomy would reduce the ICP pulse pressure. Could
the same procedure halt the progression of LA?

4.5. Limitations

Poiseuille’s equation requires that a Newtonian fluid should pass through a thin, rigid,
circular tube, without turbulence, to be valid. If these assumptions hold, the findings would
be accurate. However, despite the equation’s limitations, it is commonly used in modelling
the vasculature within the medical literature.

We have assumed the mean arterial inflow pressure to be increased in LA to
110 mmHg. We performed a sensitivity analysis to gauge any error induced by this assump-
tion, by increasing the arterial inflow pressure to less than the cut-off for autoregulation
failure at 150 mmHg [25]. We found the capillary pressure to be unchanged, because the
arterial resistance must increase to keep the blood flow from increasing [29].

We assumed the ICP in leukoaraiosis to be unchanged from normal at 11.5 mmHg,
but this was derived from a single reference [33]. We performed a sensitivity analysis by
increasing the ICP by 9% to 12.5 mmHg to gauge the effect this would have on the model.
The result was that the venous outflow cuff resistance needed to increase by 8% and the
arterial resistance reduce by 0.9% for the target CBV increase of 16.1% to be reached. This
does not materially change the findings of the model, which indicate that venous outflow
resistance must be increased in leukoaraiosis.

We assumed that the sinus pressure was normal at 7.5 mmHg in our model. Given that
the blood flow through the sinuses was 10% lower than normal, one could argue that the
sinus pressure could be less than normal if the resistance to blood flow through the venous
sinuses and neck was unchanged. A sensitivity analysis was performed by reducing the
sinus pressure by 13% to 6.5 mmHg. This increased the required total resistance in the
system by 1% to 154.5 mmHg/L/min. In order for the target CBV increase of 16.1% to
be reached, the outflow cuff resistance needed to be increased by 15% and the arterial
resistance reduced by 0.9%. Again, this does not materially change the finding that the
outflow cuff resistance must be increased in leukoaraiosis for the CBV to be increased.

The model that assumes the capillary volume is unchanged as the capillary TMP is
reduced below normal. This assumption was made because the critical buckling pressure
for such a small tube as a capillary is very high and is never approached in this model.
The critical transmural pressure at which buckling of a collapsible tube begins depends on
several variables, such as the stiffness of the wall (Young’s elastic modulus), Poisson’s ratio
(how the wall deforms under a tensile load), the wall thickness, the internal diameter of
the vessel, and the vessel length [69]. The most important of these is the ratio of the wall
thickness to the internal diameter, because the critical buckling pressure is proportional to
the cube of this ratio. The buckling pressure is linearly related to the other variables [69].
The average internal diameter of a human cerebral capillary is 8 μm, and the wall thickness
is 1 μm [70], giving a wall thickness-to-internal diameter ratio of 0.13. The average human
cortical vein adjacent to the sagittal sinus has an internal diameter of 3.3 mm and a wall
thickness of 0.044 mm [59], giving a ratio of 0.013 (tenfold less). The cube of the ratio
of thickness divided by diameter for the capillaries compared to the veins is therefore
1000. The elastic modulus for the capillaries is 0.68 MPa [70], and for cortical veins, it is
0.16 MPa [59], indicating that the capillary walls are stiffer than the veins. Poisson’s ratio
for the tensile deformation in most materials varies between 0 and 0.5, with the value for
blood vessels being 0.4 [70]. The capillaries are shorter than the cortical veins, making
them harder to collapse from this viewpoint. Given that the critical buckling pressure is
proportional to the cube of the thickness-to-diameter ratio, and the capillaries are stiffer
and shorter than veins, then the capillaries and smallest veins will have a critical buckling
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pressure that is at least 1000 times greater than the distal cortical veins. The buckling
pressure is probably very low in cortical veins, standing at approximately 0.1 mmHg in
a dog model using the inferior vena cava [71]. The figure for capillaries will therefore be
much larger, approximating 100 mmHg.

Some of the data we required is not available from human studies, and so animal
studies were utilised. The data linking dilatation of the capillaries to the changes in TMP
was taken from rodent studies, and the normal venous TMP was obtained from a primate
study. We have no way of knowing if the animal data closely approximates human findings,
so this is a limitation.

The modelling does not attempt to stratify the changes in the parameters that may
occur due to differing burdens of white matter disease. This is because there is no published
data to give the required CBV for the differing levels of LA. Interestingly, the reduction in
CBF does not appear to be directly related to the degree to LA, with one study finding that
there was no relationship between LA severity and measures of arterial inflow [72] and
another indicating no clear change in CBF with the Fazekas score [55].

5. Conclusions

Our modelling suggests that the vascular physiology of LA may be similar to NPH.
The model required thickening of the venous walls in LA, which was not required in
NPH. The increase in venous outflow resistance can be explained by pulsation-derived
compression and dilatation of the outflow cuff.
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Abstract: Background: Hemodynamics during the growth process of cerebral aneurysms are in-
completely understood. We developed a novel fluid–structure interaction analysis method for the
identification of relevant scenarios of aneurysm onset. Method: This method integrates both fluid
dynamics and structural mechanics, as well as their mutual interaction, for a comprehensive analysis.
Patients with a single unruptured cerebral aneurysm were included. Results: Overall, three scenarios
were identified. In scenario A, wall shear stress (WSS) was low, and the oscillatory shear index (OSI)
was high in large areas within the region of aneurysm onset (RAO). In scenario B, the quantities
indicated a reversed behavior, where WSS was high and OSI was low. In the last scenario C, a
behavior in-between was found, with scenarios A and B coexisting simultaneously in the RAO.
Structural mechanics demonstrated a similar but independent trend. Further, we analyzed the
change in hemodynamics between the onset and a fully developed aneurysm. While scenarios A
and C remained unchanged during aneurysm growth, 47% of aneurysms in scenario B changed into
scenario A and 20% into scenario C. Conclusions: In conclusion, these findings suggest that WSS and
the OSI are reciprocally regulated, and both low and high WSS/OSI conditions can lead to aneurysm
onset.

Keywords: cerebral aneurysm; fluid–structure interaction simulation; hemodynamics; structural
mechanics; initiation

1. Introduction

Cerebral aneurysms affect 2–5% of the general population [1]. An aneurysm rupture
may cause a severe subarachnoid hemorrhage (SAH) with high mortality and morbidity
rates [2]. Several studies have demonstrated various clinical, genetic, morphological,
or hemodynamic factors contributing to the initiation, growth, and rupture of cerebral
aneurysms [3].

Recent computational fluid dynamics (CFD) investigations revealed significantly
different hemodynamics in ruptured versus unruptured aneurysms [4,5]. Hemodynamic
phenomena can provide mechanical triggers, which are transduced into biological signals,
leading to possible aneurysm growth and rupture [6].
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Numerous attempts have been made to study the influence of the wall shear stress
(WSS), one of the best-characterized fluid-dynamic parameters, on these processes [5–8].
Meng et al. described a novel view of aneurysm development, proposing that WSS plays
a key mechanistic role, as suggested by their high-versus-low WSS theory [9]. In other
studies, similar investigations were carried out, with conflicting results [10].

If the exact mechanisms of aneurysm formation could be determined, aneurysm
rupture might be predicted and prevented [7]. Additionally, aneurysm growth may occur
in up to 18% of affected patients and may be associated with aneurysm destabilization and
rupture [2]. Similarly, other studies found a 12-fold increase in rupture risk in growing
aneurysms [11].

Currently, several studies have analyzed hemodynamics in aneurysm initiation [7,8,12].
Although many detailed fluid dynamics simulation analyses, including complex flow pat-
terns, were conducted [13–22], only a few studies have focused on structural dynamics
calculations [23–26]. Most of these studies focused on abdominal aneurysms [24–26].
However, a comprehensive evaluation of individual hemodynamics should include the
analysis of fluid as well as structural aspects using fluid–structure interaction (FSI) anal-
ysis. Therefore, basic research remains important for accurately characterizing and un-
derstanding mechanisms of cerebrovascular diseases to enable patient-specific treatment
strategy optimization.

The aim of this study is to develop a novel FSI analysis method and investigate the
impacts of both hemodynamics and structural mechanics on the initiation and growth
of cerebral aneurysms in order to better understand the controversial dynamics of the
initiation and growth process of cerebral aneurysms.

2. Methods

2.1. Patient Data

Patients with a single unruptured cerebral aneurysm treated at the Department of
Neurosurgery, Kepler University Hospital Linz in 2020 were included for the identification
of characteristic scenarios regarding the initiation and growth of cerebral aneurysms. Data
were collected retrospectively, and fusiform and dissecting aneurysms were excluded.
Additionally, we excluded large aneurysms with a size > 10 mm (n = 4) to minimize the
effect of aneurysm size on the FSI analysis, as previously reported [7,27]. Overall, 44
patients were included (26 females, mean age 54 years; ranging from 34–76 years). Micro-
surgical or endovascular treatments were performed in 19 and 25 patients, respectively.
The aneurysms were located at the internal carotid artery (n = 13), middle cerebral artery
(MCA; n = 16), anterior communicating artery (n = 9), and posterior circulation (n = 6). This
study was approved by the local ethics committee (Ethikkommission der medizinischen
Fakultät der Johannes Kepler Universität; EK Nr: 1129/2022), and the requirement for
the acquisition of informed consent from patients was waived, owing to the retrospective
nature of the research.

2.2. Patient Image Data

We extracted the aneurysm geometries from medical image data obtained via digital
subtraction angiography (DSA). Since these images showed only the cerebral blood ves-
sels with high contrast and no other anatomical structures, segmentation was relatively
straightforward and could be performed with intensity thresholding and minor editing
of the voxel volume. A hydrodynamic entrance length of 5–10 times the inlet and outlet
diameters was utilized for the inflow and outflow vessels, respectively, in order to define
the cutoff positions during the reconstruction of the vascular geometry [28,29]. In case
the quality of the DSA images did not allow such a length, the maximum possible length
was taken. The segmentation was then converted into a surface mesh (STL format), the
centerlines of the mesh were calculated, and inlet as well as outlet planes were placed
perpendicular to these lines.
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There are multiple alternatives to investigating the aneurysms onset. Possibly the most
ideal approach is the investigation of de novo aneurysms, as shown with 10 aneurysms
in [7]. Often, it is difficult to obtain patient data of a large number of de novo aneurysms;
thus, in literature, a retrospective approach is used alternatively, where aneurysms are
manually removed from the parent vessel. While this approach may have some limitations
compared to the first approach, it is still mostly utilized in literature [8,27,30–34].

In this work, the retrospective approach was utilized, due to the available patient
images. The CAD models in the form of the generated STL files of the aneurysms (see
Figure 1 left) were modified in a subsequent step by removing the aneurysm sac with
the help of a Laplacian smoother algorithm [35–38] in order to obtain the geometry of the
parent vessel without the aneurysm sac (see Figure 1 center).

Figure 1. Typical CAD geometry of a cerebral artery, with aneurysm sac (left), aneurysm sac removed
(center), and indicator line of the region of aneurysm onset (RAO, right).

In Figure 1, an estimated black line is shown, which indicates the approximate region
of aneurysm onset (RAO). This region is important for understanding the initiation process
of aneurysm growth.

The generated STL files (both with and without the aneurysm sac) were used to
generate the volumetric calculation grid for the FSI simulations. In the first step, the fluid
domain was established, and in the second subsequent step, the wall domain was created,
with a constant wall thickness of 0.3 mm [22], by extruding and creating a separate vessel
wall domain with the given thickness.

2.3. Hemodynamic and Structural Mechanical Modeling

A finite volume solver [39], based on the computational fluid dynamics framework
OpenFOAM v2012 [40,41], alongside the fluid–structure interaction library solids4Foam [42],
was utilized to numerically solve the unsteady equations of hemodynamics in the simu-
lation process. The models applied the principles of mass and momentum conservation
through both the continuity equation and the Navier–Stokes equations. For structural me-
chanics, Newton’s second law was employed. These equations were solved in a sequential
manner and were coupled with a fluid–structure interaction (FSI) boundary condition. The
details, as well as the experimental validation of the simulation methods, were described
in [39].

The fluid dynamic boundary conditions at the inflow were defined by a pulsatile flow
profile, characterized by a temporal velocity curve derived from published data [43]. The
outflow conditions were set to a time-dependent value defined by experimental pressure
measurements [44]. Boundary conditions along the interior vessel walls assumed a no-slip
condition. Blood was represented in the model as a Newtonian fluid, with viscosity set
at 0.04 poise and a constant density of 1.06 g/cm3. The simulation lasted for a single
cardiac cycle of 1 s, corresponding to a heart rate of 60 beats per minute, discretized into
100 temporal increments (Δt = 0.01 s).

The vessel walls at the in- and outflow faces were fixed on the solid mechanical side.
The vessel wall was assumed to be linear elastic, with a Young’s modulus value E of
2490 kPa [45] and a Poisson’s ratio ν of 0.49, which assumed an almost incompressible
material, as described in [25,46]. Results for this Young’s modulus are shown in Figures 2–4.
We changed the Young’s modulus from the defined value of 2490 kPa from [45] to 5700 and
500 kPa [23], respectively, to assess the influence of vessel wall stiffness.
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The investigated parameter of the oscillatory shear index OSI was defined as:

OSI = 0.5

⎛
⎝1 −

∣∣∣∫ T
0 τdt

∣∣∣
∫ T

0 |τ|dt

⎞
⎠, (1)

where τ is the wall shear stress.
Investigated cohorts did not show normal distribution; thus, standard deviation was

not given, and the significance of the difference between the means was determined with a
Mann–Whitney U test (p-values < 0.05).

2.4. Convergence Analysis

In order to guarantee the accuracy of the simulations while maintaining a reasonable
simulation runtime, the results of a convergence analysis are presented with the exemplary
aneurysm in Figure 1. For this, the following numeric parameters were analyzed:

• Time step independence;
• Calculation mesh convergence;
• Newtonian vs. non-Newtonian fluid;
• One cardiac cycle vs. five cardiac cycles.

Table 1 shows the convergence results, including the required runtime for a simulation.
A good time step convergence can be found, and a time step size of 0.01 s was utilized in
all simulations, guaranteeing accuracy and also a reasonable simulation runtime.

Table 1. Convergence analysis of time step size and mesh size independence, as well as the influence
of the non-Newtonian viscosity model and multiple cardiac cycles. (Base simulation settings consisted
of Δt = 0.01 s, Δx = 0.2 mm, 3 solid cells, Newtonian model, and one single cardiac cycle).

Parameter WSS [Pa] OSI [-] ES [-] MISES [kPa] Runtime [s]

Time independence
Δt = 0.1 s 0.083 0.148 0.033 73.54 347
Δt = 0.01 s 0.085 0.150 0.034 75.41 715
Δt = 0.001 s 0.086 0.151 0.035 75.43 1872

Fluid mesh convergence

Δx = 0.3 mm 0.080 0.139 0.031 69.84 262
Δx = 0.25 mm 0.083 0.145 0.033 72.14 426
Δx = 0.2 mm 0.086 0.150 0.034 75.41 715

Δx = 0.15 mm 0.088 0.152 0.035 76.11 1592

Solid mesh convergence
2 cells 0.086 0.150 0.032 73.94 578
3 cells 0.086 0.150 0.034 75.41 715
4 cells 0.086 0.151 0.034 75.42 1643

Viscosity model
Newtonian 0.085 0.150 0.034 75.41 715

Non-
Newtonian 0.086 0.151 0.034 75.41 727

Number of cardiac cycles 1 0.085 0.150 0.034 75.41 715
5 0.085 0.150 0.034 75.41 3512

The change in the fluid volume element edge length delivered a good convergence at
0.2 mm. The given values were target values for the meshing algorithm, and due to the
irregularity of the geometry, small local deviations were possible.

The change in the solid volume element size was defined by the utilized number
of cells over the thickness of the vessel wall; as in all simulations, a constant thickness
of 0.3 mm [22] was utilized. Three cells over the thickness offered the best compromise
between accuracy and simulation runtime.

The influence of a non-Newtonian viscosity model was also compared to the constant-
viscosity approach by utilizing the Carreau–Yasuda model, as presented in [47]. Since the
investigated aneurysms were located in arteries, the arterial blood flow with the assumed
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volume flux from [43] seemed to be dominated by high shear rates, thus resulting in a
negligible change in fluid parameters, due to non-Newtonian effects, and no considerable
change in structural mechanical parameters.

Since neither fluid nor solid mechanical properties were assumed to be viscoelastic,
no time delay was introduced into the simulations. Due to the almost incompressibility of
both the fluid as well as the vessel wall material [25,46], no significant differences can be
seen when comparing one single cycle to five cycles.

Thus, all simulations were run with the base simulation settings of Δt = 0.01 s,
Δx = 0.2 mm, 3 solid cells, constant viscosity, and one single cardiac cycle.

3. Results

3.1. Hemodynamic Scenarios in the Parent Artery and Cerebral Aneurysm

Three different scenarios can be identified (see first and third columns in Figure 2 for
behavior without the aneurysm sac).

• In Scenario A, a large area with low WSS (<~0.1 Pa) and an increased OSI (>~0.1) was
clearly visible.

• In Scenario B, high WSS values (i.e., large area with WSS > ~0.5 Pa) were observed,
while OSI values remained low (<~0.05).

• In Scenario C, an intermediate behavior was observed, where certain parts of the
region of aneurysm growth clearly showed low WSS, while other regions displayed
high WSS values.

We did not find low WSS/low OSI or high WSS/high OSI scenarios in this study.

 

Figure 2. Hemodynamic scenarios. First two columns show the wall shear stress, the first column
without the aneurysm sac and the second with the aneurysm sac; third and fourth columns show the
oscillatory shear index OSI, the third column without the aneurysm sac and the fourth column with
the aneurysm sac.
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The results indicated that WSS and the OSI were reciprocally regulated. Table 2
shows the mean values of the three scenarios without an aneurysm sac. All three scenarios
exhibited a significant difference (p < 0.05 in U-test), with scenario A clearly separating
itself from the other two. A smaller yet still significant difference was found between
scenarios B and C, with scenario C being in-between the two.

Table 2. Mean values of scenarios A, B, and C, as well as p-values between scenarios without
aneurysms.

Young’s Modulus
Mean Values p-Values

A B C A vs. B A vs. C B vs. C

2490 kPa
WSS [Pa] 0.261 1.772 1.176 1.90 × 10−4 8.86 × 10−4 3.82 × 10−2

OSI [-] 0.075 0.018 0.03 7.52 × 10−4 2.88 × 10−3 4.22 × 10−2

5700 kPa
WSS [Pa] 0.259 1.768 1.164 1.86 × 10−4 8.74 × 10−4 3.73 × 10−2

OSI [-] 0.077 0.020 0.032 7.59 × 10−4 2.92 × 10−3 4.29 × 10−2

500 kPa
WSS [Pa] 0.231 1.568 1.040 1.88 × 10−4 8.81 × 10−4 3.83 × 10−2

OSI [-] 0.084 0.020 0.034 7.56 × 10−4 2.89 × 10−3 4.25 × 10−2

The change in Young’s modulus in the structural mechanical part of the simulations
from 2490 to 5700 kPa did not affect the hemodynamic part considerably in the geometries
without an aneurysm sac. Lowering the value to 500 kPa slightly modified it. Statistical
differences between the scenarios remained significant.

In the geometries with aneurysm sacs (second and fourth column in Figure 2), a similar,
reciprocally regulated behavior of WSS and the OSI was observed. Additionally, the WSS
was lowered, compared to the geometries without an aneurysm sac, approximately by
a factor of 5–15, due to the growth of the sac, with an increase in the OSI by a factor of
approximately 2–3 in those regions. In Scenario C, the aneurysm sac could be clearly
divided into two separate regions, where either WSS was high and the OSI value was low,
or vice versa. Aneurysm growth was directed primarily in the direction of low WSS and
high OSI in all cases with an aneurysm sac.

Table 3 shows the mean values of aneurysms belonging to the three scenarios for
the geometries with an aneurysm sac. A significant difference between the scenarios was
evident (all p-values < 0.05). Also, here, Scenario A showed a strong difference compared
to scenario B, with scenario C being in-between the two.

Table 3. Mean values of scenarios A, B, and C, as well as p-values between scenarios with aneurysms.

Young’s Modulus
Mean Values p-Values

A B C A vs. B A vs. C B vs. C

2490 kPa
WSS [Pa] 0.025 0.39 0.193 3.00 × 10−3 8.54 × 10−4 1.83 × 10−2

OSI [-] 0.154 0.037 0.056 1.23 × 10−2 3.72 × 10−3 3.22 × 10−2

5700 kPa
WSS [Pa] 0.034 0.441 0.243 1.98 × 10−3 6.37 × 10−4 1.13 × 10−2

OSI [-] 0.113 0.033 0.044 9.54 × 10−3 2.27 × 10−3 1.92 × 10−2

500 kPa
WSS [Pa] 0.016 0.286 0.137 2.87 × 10−3 7.23 × 10−4 1.95 × 10−2

OSI [-] 0.241 0.050 0.078 1.33 × 10−2 3.89 × 10−3 3.12 ×10−2

The change in Young’s modulus from 2490 kPa to the higher value of 5700 kPa
increased the average WSS in aneurysms and reduced the OSI. Introducing the lower value
of 500 kPa lowered WSS and increased the OSI to a certain degree. Statistical differences
between the scenarios remained significant.

Table 4 shows the distribution of scenarios in percentages amongst the patients with
and without aneurysms. In geometries without aneurysms, scenarios B and C were more
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prominent with similar percentages, whereas scenario A was less likely. Strong contrast
geometries with aneurysms showed a tendency towards scenario C. The percentage of
scenario A was significantly increased, whereas scenario B dropped to approximately 11%
of all cases. Despite the change in Young’s modulus, all scenarios remained unaltered.

Table 4. Percentage of hemodynamic scenarios with and without aneurysms.

A B C

without aneurysm 22.7% 34.1% 43.2%
with aneurysm 38.6% 11.4% 50.0%

Scenarios A and C did not change due to growth in any of the aneurysms. A very
different behavior can be seen in geometries in scenario B. Although this scenario can
be maintained in 33.42% of the cases, it can change to scenario A (46.65%), as well as to
scenario C (19.93%). (Figure 3 shows illustrative cases).

 

Figure 3. Change in hemodynamic features for scenario B. Individual rows show individual aneurysm
geometries (row 1—scenario B to scenario A, row 2—scenario B remains scenario B, row 3—scenario
B to scenario C); first two columns show the wall shear stress without the aneurysm sac (first column)
and with the aneurysm sac (second column); third and fourth columns show the oscillatory shear
index OSI without the aneurysm sac (third column) and with the aneurysm sac (fourth column).
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3.2. Structural Mechanical Scenarios in the Parent Artery and Cerebral Aneurysm

Two scenarios (D and E) can be identified in the structural mechanical results; however,
these scenarios did not fully correspond to the hemodynamic ones (A, B, and C). Thus,
structural mechanics and hemodynamics were not directly correlated.

• Scenario D was characterized by regions with elevated equivalent wall stresses
(MISES) (i.e., areas > ~70 kPa visible; see Figure 4, first row).

• Scenario E indicated regions with low equivalent wall stresses (i.e., areas mostly < ~50 kPa)
in both the region of aneurysm onset and the aneurysm wall (see Figure 4, second row).

The aneurysm in the third row of Figure 4 showed a mixed behavior, where the parent
vessel without a sac was characterized mostly by scenario E and the configuration with a
sac by scenario D.

 

Figure 4. Structural dynamic features. The first two columns show the equivalent stress, first column
without the aneurysm sac and the second column with the aneurysm sac; the third and fourth
columns show the equivalent strain, the third column without the aneurysm sac and the fourth
column with the aneurysm sac.

Equivalent strain values were relatively low (<0.1 [23]) in all geometries (except the
simulation with low Young’s modulus; see model limitations for more details). Tables 5 and 6
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show the mean values of geometries without and with an aneurysm sac, respectively. The
statistical difference in the conducted U-test was significant. There was increased stress, as
well as strain, due to aneurysm growth.

Table 5. Mean values of scenarios D and E, as well as p-values between scenarios without aneurysms.

Young’s Modulus
Mean Values p-Value

D E D vs. E

2490 kPa
MISES [kPa] 76.5 45.8 1.27 × 10−3

ES [-] 0.033 0.019 4.14 × 10−3

5700 kPa
MISES [kPa] 77.3 46.3 1.65 × 10−3

ES [-] 0.014 0.008 4.89 × 10−3

500 kPa
MISES [kPa] 77.0 46.2 1.33 × 10−3

ES [-] 0.167 0.095 4.43 × 10−3

Table 6. Mean values of scenarios D and E, as well as p-values between scenarios with aneurysms.

Young’s Modulus
Mean Values p-Value

D E D vs. E

2490 kPa
MISES [kPa] 83.6 49.0 1.55 × 10−4

ES [-] 0.103 0.046 1.38 × 10−3

5700 kPa
MISES [kPa] 84.2 49.3 2.67 × 10−4

ES [-] 0.043 0.019 3.39 × 10−3

500 kPa
MISES [kPa] 83.9 49.1 1.94 × 10−4

ES [-] 0.515 0.23 1.77 × 10−3

The change in Young’s modulus (see Tables 5 and 6) did not change the mean stress
considerably, as due to the workflow in FSI, the force of the blood exerted by the blood
pressure upon the vessel wall remained constant; however, the strain changed according to
the linear material low in a mostly linear fashion.

The results suggested a certain dynamic between the two scenarios. In geometries
without aneurysms, scenario E with lowered stress values was more prominent (see Table 7),
whereas the initiation of an aneurysm clearly showed an increase in stress towards scenario
D. Some Scenario E aneurysms (11.4%) remained in this scenario; however, most changed
to scenario D. None of the geometries showed a decrease in stress after aneurysm growth
(i.e., no change from scenario D towards E).

Table 7. Percentage of structural mechanic scenarios with and without aneurysms.

D E

without aneurysm 43.2% 56.8%
with aneurysm 88.6% 11.4%

4. Discussion

4.1. Hemodynamics

The role of WSS in the aneurysm initiation process has recently been discussed, with
divergent results [9]. Kulcsar and Meng suggested that the combination of high WSS and
high positive spatial WSS gradient (WSSG) might play a role in aneurysm formation [9,12].
According to Fujimura, the aneurysmal initiation area may correspond to the highest WSS
divergence (WSSD point) [7]. Zimny et al. analyzed hemodynamic changes in patients
with MCA aneurysms and postulated that a higher WSS may impact aneurysm formation,
whereas WSSG may promote this process [8].
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In this study, using the distribution of WSS, as well as the OSI, the main hemodynamic
processes of aneurysm initiation could be identified. Scenario B resembled patterns identi-
fied in previously published studies [9]. Scenario A clearly showed low WSS values in the
RAO, along with high OSI values. Interestingly, in this work, additional aneurysms with a
complex hemodynamic behavior were presented in-between, as illustrated in Scenario C;
certain parts of the region of aneurysm growth clearly showed low WSS values, and other
regions showed high WSS values. However, we did not observe a specific low WSS/low
OSI or high WSS/high OSI scenario.

Aneurysm initiation has been considered to be partially dependent on chronic in-
flammation in the vascular wall [7]. Our results may indicate that these processes might
be triggered by high WSS conditions, as well as high OSI conditions. However, WSS
and the OSI seem to be reciprocally regulated in this stage of the disease. Similarly, for
aneurysm growth, Meng et al. postulated the “high-versus-low wall shear stress” con-
troversy, indicating the complexity of this disease. Our results seem to suggest that one
of these alternatives in one aneurysm does not rule the other out in another one. While
low WSS may be associated with an inflammatory cell-mediated pathway, high WSS may
lead to a mural cell-mediated pathology. Both pathways may trigger aneurysm growth
and rupture [9]. However, our results suggest that these two pathways may play a role in
aneurysm initiation and can coexist.

The investigation revealed a significant dynamic between identified scenarios. WSS
did not increase in any of the investigated geometries but decreased after aneurysm
initiation. The only change occurred in scenario B, where WSS levels were either maintained
(scenario B→B in Figure 3), lowered (scenario B→A in Figure 3), or partially lowered
(scenario B→C in Figure 3). Again, the OSI was regulated in an inverse way. Aneurysms
with low WSS and a high OSI (scenario A) did not change this behavior due to aneurysm
initiation, and a mixed distribution of WSS and OSI (scenario C) was maintained after the
start of growth. Our results provide evidence that the inflammatory cell-mediated pathway
with low WSS and a high OSI might be the more dominant one during aneurysm initiation.

The analysis of vessel wall stiffness (three different Young’s moduli) strengthened our
analysis. Changing the value from 2490 kPa [45] to the maximum value of 5700 kPa in [23]
did not influence the hemodynamic behavior. Lowering the value to the lowest reported
stiffness in [23] resulted in small changes; however, the identified behavior and dynamics
of scenarios did not change.

4.2. Structural Mechanics

The structural mechanical behavior of the vessel and aneurysm wall appeared to be
independent of the hemodynamics, showing two different scenarios (D and E). Although
scenario D showed elevated stress values (>70–100 kPa), the stress level was still far away
from the critical value of 421 kPa, as determined in [38], where rupture could be estimated.
Similarly, in the other scenario with even lower stress values, rupture may not be expected.

Aneurysm initiation induced stress in the vessel wall in more than half of the investi-
gated geometries. With the addition of cases with already elevated stress from the start,
aneurysm initiation and growth clearly placed additional stress onto the vessel tissue rather
than relieving it.

The ES in the geometries without and with an aneurysm sac were below 0.1. Cho
et al. [23] provided a critical ES threshold value of 0.3, which was not reached in any of
the geometries (with the exception of the simulations at a low Young’s modulus and with
an aneurysm sac; see model limitations). In hemodynamics, while the decreased pathway
of wall shear stress seemed to be the more dominant one, in the vessel wall, stresses and
strains seemed to increase due to aneurysm growth. Since both stress and strain values were
significantly below the critical thresholds, as identified in [23,38], respectively, increasing
the structural mechanical quantities could be considered a compromise in favor of the
preferable reduction in WSS and increase in the OSI in hemodynamics.
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The influence of stiffness can be clearly seen in the change in the equivalent strain.
By changing the Young’s modulus, the strain changed accordingly in an almost linear
fashion. Stress values did not change, as they were defined by the FSI workflow via the
force exerted by the blood pressure onto the vessel wall, which remained constant. The
small change in strain for the geometries without an aneurysm sac resulted in a negligible
or very small change in hemodynamics (see Tables 2 and 5). The increased change in strain
for the geometries with aneurysms resulted in a corresponding increased modification in
hemodynamics (see Tables 3 and 6). However, these changes could only be seen in the
mean values, and the scenarios and their dynamics still remained unaltered.

Both the behaviors in stress and strain underline the fact that none of the aneurysms
ruptured in reality. However, our results suggest that aneurysm initiation and growth are
mainly associated with a reduction in WSS, along with an increase in stress in the vessel wall.

4.3. Model Limitations

Our investigation had certain limitations due to uncertainties in input data, which
had to be approximated with certain assumptions. The assumption was made that during
aneurysm development, the main shape of the artery does not change considerably (e.g.,
angle of outflow arteries, etc.). In the FSI simulations, an assumption regarding fixing the
geometry must be made. Here, the blood vessel was fixed at the ends of the inflow vessel,
as well as the outflow vessels. This does not correspond to real life, as the blood vessels
are connected to other vessels. Additionally, the investigated parts may be in contact with
parts of brain tissue as well. This contact was neglected in the simulations.

Parent vessels without aneurysms were created by manually removing the sac. Thus,
this manual removal introduced a degree of subjective error. Therefore, extra attention was
paid during aneurysm removal to minimize such subjective user error.

For the generation of the investigated scenarios, only unruptured but treated aneurysms
were considered to avoid the influence of the change in shape due to rupture. In the next
step, the influence of ruptured aneurysms will be investigated.

In this work, a constant vessel wall thickness of 0.3 mm was assumed [22]. This topic
is currently under investigation, and further studies on wall thickness are needed in future
steps to advance toward a more reliable description of aneurysm behavior.

Simulations with an aneurysm sac with the lowest reported value of Young’s modulus
in [23] showed increased strain values of >0.5, where the limits of the utilized linear elastic
model were reached. This stiffness was considered to be a worst-case scenario for blood
vessels. In future investigations, a non-linear approach will be utilized to better describe
the material behavior at high strain values.

The data for the pulsatile blood flow was taken from experimental data found in the
literature [36]. In experiments, systematic errors occur, which add additional uncertainty
into the simulations. Since there was no information on the material properties for the
tissues of the individual investigated aneurysms in this work, an assumption from literature
was made for the Young’s modulus of the material.

5. Conclusions

Our simulations suggest that hemodynamics, through the reciprocal regulation of
WSS and OSI, are closely associated with aneurysm initiation and growth. Hemodynamics
and structural mechanics appear to present separate and independent scenarios, with
two hemodynamic scenarios remaining stable during growth, while the third showed a
tendency towards change. Structural mechanics indicate increases in stress and strain
as a result of aneurysm growth. It is important to note that our analysis was limited to
unruptured aneurysms, which presents a limitation in fully understanding the rupture risk.
Further, although 44 patients were carefully analyzed, we need to confirm these results in a
prospective multi-center investigation. However, we believe our findings provide a solid
foundation for future research aimed at predicting aneurysm rupture risk by considering
their morphology, hemodynamics, and structural mechanics.
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Abstract

Brain arteriovenous malformations (bAVMs) consist of a tangled nidus of abnormal dilated
vessels characterized by direct connections between arteries and veins that lack an inter-
vening capillary bed, creating a high-to-low flow pressure system that is predisposed to
spontaneous hemorrhage with significant associated neurologic morbidity and mortality.
Treatment options for bAVMs include the following: surgical resection, intravascular em-
bolization to obliterate blood flow through the AVM, and radiosurgery. Understanding the
molecular mechanisms of bAVM formation and factors that predispose it to hemorrhage
can lead to novel treatments that can improve the prognosis for patients. This review
summarizes emerging insights into the complex and dynamic molecular mechanisms of
bAVMs. Dysregulation in key VEGF, TGF-β/BMP9/10–ENG–ALK1–SMAD4, Notch, and
MAPK/ERK signaling pathways drive abnormal angiogenesis in both syndromic and
sporadic forms, with KRAS/BRAF/MAPK21 mutations specifically linked to the latter.
Advances in bAVM-induced animal models have corroborated many of the genetic profiles
found in humans, and they continue to provide novel insights into bAVM mechanisms.
Collectively, these mechanistic findings are guiding translational advances, with targeted
therapies and liquid biopsy approaches emerging as avenues for precision treatment and
improved patient outcomes.

Keywords: brain arteriovenous malformations; radiosurgery; embolization; neurosurgery;
organoids; animal models

1. Introduction

Brain arteriovenous malformations (bAVMs) are rare arteriovenous shunts, resulting
from abnormal connections between cerebral arteries and veins that form a central nidus [1].
The prevalence of bAVMs is estimated to be approximately 10 to 18 per 100,000 adults [2,3].
The most common symptomatic manifestations of bAVM are intracranial hemorrhages
followed closely by seizures; 11% of intracranial hemorrhages have a one-month case
fatality while there is an approximate 8% risk of seizures five years post-diagnosis [1].
These risk factors make it critical to efficiently and effectively treat bAVMs. Current
standard of care options to treat bAVMs include the following: microsurgery, embolization,
and stereotactic radiosurgery (SRS) [4]. Each of these treatment options has its own
series of risks and benefits in terms of patient experience and post-treatment outcomes.
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Microsurgery ensures a high chance of bAVM obliteration coupled with low post-op
hemorrhage occurrence with rates of 96% and 0.18% per 100 person-years, respectively [1].
However, microsurgery mandates an open craniotomy, requiring the bAVM to be in an area
with an appropriate access corridor; microsurgery is also typically associated with longer
hospital stays and recovery. The alternative option of vascular embolization provides
far more flexibility in its use by combining various treatment modalities to achieve safer
obliteration in certain cases. Lone embolization results in a lower rate of obliteration at
13% per 100 person-years, with neurological complications and hemorrhages occurring
at rates of 6.6% and 1.7% per 100 person-years, respectively [1]. SRS, on the whole, tends
to garner results in between that of microsurgery and embolization, with an obliteration
rate and hemorrhage rate of 38% per 100 person-years and 1.7%, respectively [5]. A benefit
of SRS is its minimal invasiveness and convenience for patients, but there is a latency
period where the bAVM is not obliterated post-SRS, resulting in hemorrhage risk. Given
these accumulated risks, there is an unmet need to gain a deeper understanding of the
interactions within the microenvironment of bAVMs that predispose bAVMs to hemorrhage
and rebleeding, as a means to develop strategies to reduce rupture risk.

Brain AVMs were traditionally thought to be congenital lesions arising from aberrant
vasculogenesis during the fourth and eighth weeks of gestation. However, there have been
few reported cases of fetal bAVMs, and with noted recurrence after surgical resection and
remodeling over time [6,7], as well as reports of post-traumatic [8] and post-infectious
bAVMs [9]. These observations suggest more dynamic and complex mechanisms at play.
Similarly, there exists a “second hit” hypothesis, in which patients develop bAVMs after
cerebral aneurysm occlusion, SRS treatments, hemorrhagic strokes, the growth of brain tu-
mors, or encephalitic demyelinating lesions, further exemplifying the dynamic interactions
between the local microenvironment of the brain that trigger bAVM formation [10]. We
herein review the current understanding of the molecular biology driving bAVM formation,
the signaling pathways and genes that are affected that lead to bAVM hemorrhage, and the
novel therapeutic avenues of research that intend to decrease hemorrhage risk.

2. The Physiology of Brain Arteriovenous Malformation Formation

2.1. Angiogenesis

A recently published single-cell atlas, comparing normal human brain vasculature
compared to surgically resected human bAVMs, reported differential gene expression
across 15 major cell populations [11]. Similarly to previously published gene signatures,
the study identified enriched vascular cell signatures, including the following: endothe-
lial cells (CLDN5), pericytes (KCNJ8), smooth muscle cells (MYH11), and perivascular
fibroblasts (DCN). The study also identified differential gene expression signatures to the
following four arteriovenous segments: arteries, capillaries, venues, and veins. Brain AVM
endothelial cells (ECs) were enriched in TXNIP, a regulator of glucose metabolism and
oxidative stress [12], reflecting the increased metabolic state of bAVM arterial endothelial
cells. Other genes that were enriched in human endothelial AVM zonations included VEGF
in the arteries, MFSD2A in the capillaries, and ACKR1 in the veins [13–15]. Taken together,
this study identified distinct, conserved clusters of genes in the endothelial arteriovenous
zonations in human bAVMs.

Data from animal and human studies support dysregulated angiogenesis as playing a
role in the formation of bAVMs. Human bAVM ECs have upregulation of the VEGF and
TGFβ pathways, and increased EC turnover. The localized injection of adeno-associated
viral vector expressing VEGF (AAV-VEGF) into the brains of adult transgenic mice deficient
in Eng or Acvrl induced focal angiogenesis, while the embryonic deletion of Eng caused
postnatal formation of brain, spinal cord, and intestinal AVMs [16]. Endoglin expression
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was found in the endothelium and adventitial layer of arteries and arterioles, with expres-
sion in the mesenchymal cells of the adventitia and perivascular connective tissue in the
arterialized veins of sporadic human bAVMs [17]. However, unlike hereditary hemorrhagic
telangiectasia (HHT) type 1 bAVMs, in which endoglin expression is reduced, levels of
endoglin were found to be normal with increased numbers of endoglin-positive endothelial
and adventitial cells. Endoglin expression was also seen in fibroblasts in the perivascular
stroma, suggesting an active role in vascular remodeling in response to increased blood
flow and shear stress [17]. In addition, an intronic variant of ACVRL-1, IVS3-35A>G has
been found to be associated with bAVMs [18,19], further implicating the TGFβ pathway in
the physiology of bAVM formation.

2.2. Pathophysiology of Syndromic-Related Brain Arteriovenous Malformations
2.2.1. Hereditary Hemorrhagic Telangiectasias

The majority of bAVMs are sporadic, with only approximately 5% of patients as-
sociated with genetic syndromes, such as hereditary hemorrhagic telangiectasia (HHT)
and/or capillary malformations-arteriovenous malformations (CM-AVM) [20]. HHT (also
known as Osler–Weber–Rendu syndrome) is characterized by mucocutaneous telangiec-
tasias and AVMs. However, the familial germline mutations in the genes underlying these
syndromes have shed important insights into the signaling pathways and networks that
contribute to the pathophysiology of bAVM formation. These families of genes include
the following: transforming growth factor-β (TGF-β), endoglin (ENG), activin receptor-
like kinase (ALK1), SMAD, KRAS, and MAPK [20], and are involved in the regulation of
angiogenesis [21] (Figure 1). Approximately 5–20% of HHT patients have at least one
bAVM, with multiple bAVMs being a predictive factor of HHT [22–24]. HHT-associated
bAMVs tend to have a smaller nidus than sporadic bAVMs, with no statistical significance
in age at diagnosis, prevalence of intracranial hemorrhage (ICH), or age at first ICH [25].
There are three types of HHT, characterized by mutations in members of the TGFβ/BMP
signaling pathway: (1) type 1 results from loss-of-function (LoF) mutations in one copy of
endoglin (ENG) [26,27]; (2) type 2 results from LoF mutations in activin A receptor like type
1 (ACVRL1 or ALK1+/−) [28]; and (3) mutations in SMAD4 cause a combined syndrome of
juvenile polyposis and HHT (JP-HHT), accounting for 2% of HTT cases [29] (Figure 1).

2.2.2. Wyburn–Mason Syndrome

Wyburn–Mason syndrome (WMS), also known as Bonnet–Dechaume–Blanc syndrome,
is a rare non-hereditary congenital neurocutaneous disorder characterized by AVMs. WMS
lesions typically affect the skin, retina, and brain; the resulting bAVMs tend to be ipsilateral,
with the midbrain most affected [30]. An embryonic defect is thought to result in the
spread of vascular lesions that involve both the developing optic cup and anterior neural
tube [30–32]. The specific genetic and molecular mechanisms underpinning WMS are not
yet understood, and current clinical practices in treating associated bAVMs resembles that
of sporadic bAVMs [30,31].

2.2.3. Sturge–Weber Syndrome

The presence of bAVM in patients with Sturge–Weber syndrome (SWS) are limited
to a few exceptional cases [33]. SWS typically presents as facial cutaneous vascular mal-
formations (port-wine stains), with the presence of port-wine stains underlying greater
risk in ocular and neurological disorders [34,35]. Brain involvement in SWS patients is
typically marked with leptomeningeal vascular malformation [36]. Recurrent somatic mo-
saic of the R183Q mutation in GNAQ was found to be the major determining factor in the
development of SWS [34,36]. The R183Q GNAQ mutation is thought to hyperactivate the
downstream Ras/Raf/MEK/ERK and mTOR pathways, resulting in SWS [36]. Increases in
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levels of Angiopoietin-2 from the GNAQ mutation have been implicated in the formation
of capillary malformations associated with SWS [37]. Despite our growing understanding
of the mechanisms contributing to SWS, the mechanistic link between bAVM occurrence
with SWS remains a mystery. One paper has pointed to the theory that the R183Q-GNAQ
mutation may disrupt arteriovenous specification through Notch signaling in the formation
of malformed episcleral vasculature, but direct links to bAVMs remain speculative [37].

Figure 1. Signaling pathways involved in the formation of sporadic and syndromic brain AVMs.
Abbreviations: BMP9 = bone morphogenic protein 9; BMP10 = bone morphogenic protein 10;
TGFβ = transforming growth factor beta; ENG = endoglin; TGF = transforming growth factor; HHT1,
HHT2 = hereditary hemorrhagic telangiectasia type 1, type 2; ALK-1 = activin A receptor-like
type 1; SMAD 1, 4, 5, 8 = mothers against decapentaplegic homolog 1, 4, 5, 8; JP-HHT = juve-
nile polyposis/hereditary hemorrhagic telangiectasia; PTEN = phosphatase and tensin homolog;
PI3K = phosphatidylinositol-3-kinase; AKT = protein kinase B; mTOR = mammalian target of ra-
pamycin; C-Jun = transcription factor Jun; C-Fos = protein C-Fos; p90RSK1 = 90 kilodalton protein
ribosomal protein S6 kinase 1; Tob = Tob protein; Elk = transcription factor Elk; Ets1 = transcription fac-
tor Ets1; C-Myc = proto-oncogene c-Myc; MNK = mitogen activated protein kinase-interacting kinases;
CV-AVM1, 2 = capillary malformation-arteriovenous malformation types 1 and 2; EPHB4 = Ephrin B4;
EGFR = epidermal growth factor receptor; GRB2 = growth factor receptor-bound protein 2; SOS = son
of sevenless; RAS = RAS protein; RAF = RAF protein; MEK = mitogen-activated protein kinase kinase;
MAPK = mitogen activated protein kinase; P120RASGAP = p120 RAS guanosine triphosphatase
activating protein; KRAS = Kirsten rat sarcoma virus oncogene; BRAF = B-Raf proto-oncogene; and
bAVMs = brain arteriovenous malformations.

2.3. Pathophysiology of Sporadic Brain Arteriovenous Malformations

Much of the pathophysiology of bAVM formation can be derived from understanding
the pathways that drive the normal development of the vascular system. Fibroblast growth
factor (FGF) drives the differentiation of mesodermal progenitors into hemangioblasts,
which are thought to be the precursor cells of endothelial precursor cells (EPCs) and
hematopoietic stem cells (HSCs) [38,39]. The differentiation of EPCs into ECs is an essential
step in vasculogenesis. EPCs and HSCs form blood islands under vascular endothelial
growth factor (VEGF) signaling [40]. Angiogenesis (the formation of new blood vessels from
pre-existing vessels), is also under the influence of VEGF signaling. Sprouting angiogenesis
requires proteolysis of laminin and type IV collagen in endothelial basement membranes,
a process that is initiated by matrix metalloproteinases (MMPs), heparanases, cathepsins,
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and the urokinase plasminogen activator [41–43]. The formation of a mature, organized,
vascular network depends on the inhibitory signaling via plasminogen activator inhibitor-1
(PAI-1) and the tissue inhibitors of metalloproteinases (TIMPs) [44], which lead to the
release of angiogenic factors such as VEGF, FGF, and chemokines, and anti-angiogenic
molecules to complete angiogenesis [45]. Human and animal studies support the role
of dysregulated angiogenesis as involving the TGFβ and VEGF pathways [46]. Further
dysregulation of cell proliferation and endothelial cell migration also leads to elevated
angiogenic signaling [47].

An early hypothesis explaining the sporadic formation of bAVMs postulates that a
hypoxic event occurs in the surrounding brain tissues, leading to the upregulation and over-
expression of VEGF [48]. This hypothesis is supported by the findings that VEGF is over-
expressed in tissues adjacent to bAVMs [49–51] and in peripheral blood samples [52,53].
Hypoxia inducible factor 1 (HIF-1) is normally undetectable in oxygenated tissues; however,
its expression is increased in hypoxic conditions providing a feedback loop leading to the
increased expression of VEGF and its receptors [48]. Another condition that leads to the
concomitant upregulation of HIF-1 and VEGF is intracranial venous hypertension [54,55],
which has been shown to induce high expression of VEGF in blood vessel endothelium
in rodents [56]. The upregulation of VEGF creates a positive feedback loop leading to the
increased expression of metalloproteinases MMP-2 and MMP-9 in bAVMs, and of cerebral
cavernous malformations [57,58]. The glycoprotein carcinoembryonic antigen-related cell
adhesion molecule 1, which is involved in angiogenesis and cell proliferation, has been
previously linked to bAVM rupture in male patients [59].

Abnormally elevated levels of inflammatory and immune cells have also been asso-
ciated in both unruptured and ruptured bAVMs, including perinidal macrophages [60],
neutrophils, and T lymphocytes [61]. Cx3cr1+ microglia and Ccr2+ macrophages are
present in bAVMs in Alk1 knockout mice [62]. Similarly, astrocytes and endothelial cells
upregulate the expression of glutamate transporter 1 (GLUT1) in AVM nidus vessels com-
pared to control vessels [63]. Whole exome sequencing of endothelial cells from resected
bAVMs has shown them to harbor activating somatic KRAS G12D or G12V, BRAF, and
MAP2K1/MEK mutations [64–68]. The upregulation of MEK/ERK activity can also be
detected in bAVM tissues that do not harbor KRAS mutations, suggesting the central roles
of mitogenic pathways in the pathophysiology of sporadic bAVM formation [64] (Figure 1).

While activating somatic mutations in KRAS, BRAF, and MAP2K1 have been impli-
cated in aberrant MAPK signaling in bAVM pathogenesis, studies also suggest the involve-
ment of broader dysregulation of endothelial developmental programs. Human bAVM
tissue has been found to aberrantly express genes implicated in venous and lymphatic
specification, such as COUP-TFII, PROX1, SOX18 that were co-expressed in PECAM+ ECs
which correlated with upregulated cellular proliferation [69]. The mixed venous/lymphatic
identity of the bAVM endothelium implies that, in its development, the bAVM undergoes a
reprogramming of endothelial identity [69]. This reprogramming of endothelial identity
observed in bAVMs may only reflect one part of a broader endothelial plasticity. Novel
research suggests that endothelial–mesenchymal transition (End-MT) signaling may play
a role in bAVM pathophysiology. A study by Shoemaker and colleagues reported that
compared to normal brain tissue, bAVM tissue expressed End-MT associated transcription
factors like KLF4, SNAI1, and SNAI2 along with key mesenchymal markers Vimentin,
ACTA2, and S100A4 at much greater levels [70]. Additionally, the strong collagen de-
position and high expression of PAI-1 throughout the bAVM tissue further implicates
the process of End-MT in vessel remodeling and lesion maintenance [70]. Collectively,
Shoemaker’s studies reveal that dysregulated endothelial identity and plasticity, rather
than genetic mutation alone, could underlie the maladaptive remodeling characteristic of
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bAVMs. We have summarized the genes involved in the formation of bAVMs in Table 1 for
our readers.

Table 1. Genes implicated in the development of brain arteriovenous malformations and their
mechanisms of action.

Study Genes Mechanism of Action

Fish et al., 2020 [71] MEK-ERK Upstream KRAS activation increases
MEK kinase activation.

Giarretta et al., 2021 [72];
Shoemaker et al., 2014 [69]

Shh
COUP-TFII

Induced AVM-like properties
of vessels.
Gli1 and COUP-TFII.

Wang et al., 2023 [73] ACVRL1 Mutation linked to HHT.
Found links to sporadic bAVMs.

Mansur and Radovanovic,
2023 [74];
Pérez-Alfayate et al., 2022 [75]

VEGF
Upregulated signaling in HHT
activates MAPK-ERK pathway. Role
in endothelial cell function.

Mansur and Radovanovic,
2023 [74];
Wang et al., 2023 [73];
Pan et al., 2021 [76];
Pérez-Alfayate et al., 2022 [75];
Goss et al., 2019 [77];
Fish et al., 2020 [71];
Nikolaev et al., 2018 [64]

KRAS

Increased downstream ERK
phosphorylation and
angiogenic signaling.
Enhanced cell migratory behavior.
Somatic KRAS activating mutations:
KRAS G12V, KRAS G12D, KRAS
G12C, and BRAF.
Altered endothelial morphogenesis
and growth dynamics.

Murphy et al., 2008 [78];
ZhuGe et al., 2009 [79];
Li et al., 2014 [80];
Pérez-Alfayate et al., 2022 [75];

NOTCH

Abnormal gain or loss of
NOTCH function.
Increased expression of NOTCH-1
and downstream target HES-1 are
observed in human bAVM tissue
compared to control vessels.
Alk1 knockout mice have decreased
Notch signaling. Connects Alk1 and
Notch signaling during vascular
morphogenesis.
Abnormal NOTCH-1 expression in
bAVM hemorrhage.

Zhang et al., 2016 [53];
Mansur and Radovanovic,
2023 [74];
Pan et al., 2021 [20]

Alk1

Cx3cr1+ microglia and Ccr2+

macrophages are present in AVM
lesions of an Alk1 deficient
mouse model.
LOF mutation in HHT patients.

Wang et al., 2023 [73];
Xu et al., 2023 [81] TGF-β

Mutated in ECs, essential for
bAVM initiation.
Low doses TGF-β stimulate
proliferation and migration of ECs
through ALK1.
High doses of TGF-β result in
quiescent endothelium.
End-MT in bAVM tissues.
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Table 1. Cont.

Study Genes Mechanism of Action

Mansur and Radovanovic,
2023 [74];
Wang et al., 2023 [73]

RAS-MAPK
Ex. RASA1

Mutated in ECs, essential for
bAVM initiation.
LOF mutation in RASA1 specifically
causes abnormal activation of
RAS-MAPK pathway and increases
cellular proliferation, growth,
differentiation, motility.

Mansur and Radovanovic,
2023 [74];
Pan et al., 2021 [20];
Pérez-Alfayate et al., 2022 [75]

Endoglin
(ENG)

LOF mutations.
ENG is a receptor for TGF-β and
BMPs which are predominantly
expressed in ECs.
LOF undoes BMP/Alk1 signal
cascade which suppresses
endothelial cell migration
and proliferation.

Wang et al., 2023 [73];
Pan et al., 2021 [20] SMAD4 LOF mutation in HHT patients.

Linked to juvenile polyposis.

Mansur and Radovanovic,
2023 [74];
Xu et al., 2023 [81]

BMP9,
BMP10

Mutated in HHT patients.
Plays important role in EC function
and angiogenesis.
BMP9 and BMP10 are probably the
natural ligands for the ENG/ALK1
signaling pathway.

Winkler et al., 2022 [82] PLVAP,
ANGPT2

Marker of fenestrated endothelium
normally confined to developmental
angiogenesis, the brain’s
circumventricular organs and
choroid plexus.

Adhicary et al., 2023 [83] Rbpj

GTPase-mediated cellular function in
brain ECs.
Deficient expression
increased Cdc-42 activity in
isolated ECs.
Disrupted cell polarity and focal
adhesion properties.

Hermanto et al., 2016 [84];
Shoemaker et al., 2014 [69] Sox17

Downstream pathways implicated
in bAVM.
High expression in thick-walled
veins and arteries.

Abbreviation: ACVRL1 = activin A receptor-like type 1; ALK1 = activin receptor-like kinase 1;
ANGPT2 = angiopoietin 2; AVM = arteriovenous malformation; bAVM = brain arteriovenous malformation;
BMP9/10 = bone morphogenetic proteins 9 and 10; BRAF = v-raf murine sarcoma viral oncogene homolog B1;
Cdc42 = cell division control protein 42 homolog; Cx3cr1 = C-X3-C motif chemokine receptor 1; Ccr2 = C-C
motif chemokine receptor 2; COUP-TFII = chicken ovalbumin upstream promoter transcription factor II;
ECs = endothelial cells; ENG = endoglin; ERK = extracellular signal-regulated kinase; HES1 = hairy and
enhancer of split 1; HHT = hereditary hemorrhagic telangiectasia; KRAS = Kirsten rat sarcoma viral onco-
gene homolog; LOF = loss of function; MAPK = mitogen-activated protein kinase; MEK = MAPK/ERK ki-
nase; NOTCH = neurogenic locus notch homolog protein; PLVAP = plasmalemma vesicle-associated protein;
RAS = rat sarcoma viral oncogene homolog; RASA1 = RAS p21 protein activator 1; RAS-MAPK = rat sarcoma–
mitogen-activated protein kinase; Shh = sonic hedgehog; SMAD = mothers against decapentaplegic homolog;
Sox17 = SRY-box transcription factor 17; TGF-β = transforming growth factor beta; and VEGF = vascular endothe-
lial growth factor.

The recent single-cell analysis of human bAVM samples by Winkler and colleagues
further exemplifies the diverse cellular make-up of bAVMs, identifying spatially distinct
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CLDN5+ endothelial cells, TAGLN+ smooth muscle cells, CCL19+ fibromyocytes, and
COL1A2+ perivascular fibroblasts [11]. Clusters of myeloid cells, vessel-associated mi-
croglia, dendritic cells, perivascular macrophages, monocytes, CD4+ and CD8+ T cells,
regulatory T cells, B cells, and natural killer cells were also found to be infiltrated into the
perivascular space and adjacent brain that was surrounding the AVMs. Vessel-associated
CD11c+ antigen-presenting cells, IBA1+P2RY12- macrophages, and IBA1+P2RY12+ mi-
croglia were also found infiltrated into the bAVM vasculature. Finally, AIF1+P2RY12-
monocytes were over-represented in ruptured AVMs, suggesting the upregulation of the
immune system associated with AVM hemorrhage. Taken together, these studies reveal an
intricate and dynamic cellular microenvironment that is associated with bAVMs, which
helps to remodel the surrounding brain milieu following bAVM rupture. We have summa-
rized these cell types for our readers in Table 2.

Table 2. Cell types associated with the brain arteriovenous malformation microenvironment and
their molecular roles.

Studies Cell Type Role in AVM Biology

Winkler et al., 2022 [11];
Wang et al., 2023 [73] Macrophages

Perivascular macrophages (28.3% of
bAVMs), IBA1+P2RY12− MΦ.
Significantly increased in bAVM tissue.

Winkler et al., 2022 [11] Monocytes AIF1+-P2RY12− monocytes
over-represented in ruptured bAVMs.

Winkler et al., 2022 [11] Microglia Discrete areas have numerous
IBA1+ PSRY12+ monocytes.

Wang et al., 2023 [73] Neutrophils Significantly increased in bAVM tissue.

Winkler et al., 2022 [11];
Shabani et al., 2022 [85] T lymphocytes

CD4+, CD8+, Tregs found in immune
cell clusters associated
with cerebrovasculature.
Predominant detection in unruptured
bAVM tissue.

Winkler et al., 2022 [11] Natural killer
cells

Found in immune cell clusters
associated with cerebrovasculature.

Winkler et al., 2022 [11] Plasmacytoid
Dendritic Cells

Found in immune cell clusters
associated with cerebrovasculature.

Tu et al., 2025 [86];
Shabani et al., 2022 [85];
Thomas et al., 2021 [87]

Astrocytes

Promotion of angiogenesis and vascular
instability (hemorrhagic risk).
Aberrant expressions of ALDH1A2 and
CYR61 in abnormal
neighboring astrocytes.

Winkler et al., 2022 [11];
Mansur and
Radovanovic, 2023 [74];
Nikolaev et al.,
2018 [64];
Shabani et al., 2022 [85]

Endothelial Cells

CLDN5+ within bAVM cell population.
Clusters with suppressed venule and
capillary cell identities.
Alk1, Eng, and SMAD transcription
factors work to suppress migration.
VEGF and ET-1.
KRAS mutations.

Winkler et al., 2022 [11] Fibromyocytes CCL19+ within bAVM cell population.

Winkler et al., 2022 [11] Smooth Muscle
Cells TAGLN+ within bAVM cell population.

Winkler et al., 2022 [11] Perivascular
Fibroblasts COL1A2+ within bAVM cell population.
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Table 2. Cont.

Studies Cell Type Role in AVM Biology

Winkler et al., 2022 [11];
Pan et al., 2021 [76];
Nakisli et al., 2023 [88];
Shabani et al., 2022 [85]

Mural Cells

KCNJ8+
Pericyte number and coverage reduced.
PDGF-B/PDGFR-disruption.
Notch signaling pathway.
BMP/ALK/SMAD pathway.
RAS/MAPK pathway.

Winkler et al., 2022 [11] Perivascular
Fibroblasts

DCN+

APOD+

Shoemaker et al.,
2020 [70];
Xu et al., 2023 [81]

Mesenchymal
Cells

The result of endothelial–mesenchymal
transition signaling within bAVMs.

Abbreviations: ALDH1A2 = aldehyde dehydrogenase 1 family member A2; ANGPT2 = angiopoietin 2;
APO D = apolipoprotein D; AVM = arteriovenous malformation; bAVM = brain arteriovenous malformation;
BMP = bone morphogenetic protein; CD4+ = cluster of differentiation 4 positive; CD8+ = cluster of differenti-
ation 8 positive; CLDN5 = claudin-5; COL1A2 = collagen type I alpha 2 chain; CCL19 = C-C motif chemokine
ligand 19; CYR61 = cysteine-rich angiogenic inducer 61; DCN = decorin; ECs = endothelial cells; ENG = en-
doglin; ET-1 = endothelin-1; HHT = hereditary hemorrhagic telangiectasia; IBA1 = ionized calcium-binding
adaptor molecule 1; KRAS = Kirsten rat sarcoma viral oncogene homolog; MAPK = mitogen-activated protein
kinase; MΦ = macrophage; PDGF-B = platelet-derived growth factor subunit B; PDGFR = platelet-derived
growth factor receptor; P2RY12 = purinergic receptor P2Y12; SMAD = mothers against decapentaplegic homolog;
TAGLN = transgelin; TGF-β = transforming growth factor beta; and VEGF = vascular endothelial growth factor.

2.4. Pathophysiology of Acquired Brain Arteriovenous Malformations

The hypothesis that bAVMs can be acquired comes from isolated reports of de novo
cases [8,89], recurrences in pediatric patients after surgical resections [90–92], and remod-
eling throughout the post-resection follow-up period [93,94]. Lasjaunais and colleagues
postulated that bAVMs were an indirect sequelae of other intracranial pathologies leading
to remodeling of the capillarovenous junction to form secondary acquired bAVMs [95].
Similarly, patients who acquired bAVMs after stereotactic radiotherapy treatments, hem-
orrhagic and ischemic stroke, traumatic brain injury, cerebral aneurysm occlusion, brain
tumors, or demyelinating encephalitic lesions, are thought to develop bAVMs via a “second
hit” phenomenon [10].

3. Animal Models of Brain AVMs

Studies have shown that adenovirus Cre recombinase transgenic mice with heterozy-
gous and homozygous Alk1 or Eng mutations show different vascular phenotypes. In
the brains of Eng-floxed mice, the homozygous deletion of Eng led to a severe vascular
dysplasia phenotype in mice treated with VEGF compared to heterozygous Eng mice [96].
Inducible Eng- or Alk1-conditional knockouts, specifically in brain ECs but not in pericytes
or macrophages, led to the formation of bAVMs in adult mice, suggesting that there is a
cell-specific lineage in bAVM pathogenesis [16,97]. Interestingly, Eng or Alk1 mutations in a
small portion of ECs and in bone-marrow-derived ECs were also sufficient to cause bAMV
formation, confirming a central role for ECs in bAVM pathogenesis [96,98,99]. Kim and
colleagues demonstrated that the over-expression of Alk1 can rescue the AVM phenotypes
in Alk1- and Eng-inducible knock out mice via normalizing the expression of the Notch and
Smad pathway genes in Eng-deficient ECs [100]. Activation of Notch1 and Notch4 in ECs
of mouse brains induced bAVM formation [78,101]. Inhibition of Notch signaling via the
deletion of the recombination signal binding protein for immunoglobulin kappa J region
(Rbpj) in ECs of postnatal mice also led to bAVM formation [102], while Alk1 knockout
mice have endogenously decreased Notch signaling, suggesting an intimate connection
between Alk1 and Notch involvement in vasculogenesis [103]. The over-expression of solu-
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ble ENG has been shown to cause bAVM formation in mice. Soluble ENG binds to bone
morphogenic protein type 9 (BMP9), inhibiting blood vessel formation and causing bAVM
inflammation [104,105]. Inhibiting BMP9 and BMP10 induces AVMs in the retina [106], and
studies suggest that BMP9 and BMP10 are likely natural ligands for the ENG/ALK1 sig-
naling pathway [107], thereby suggesting that the BMP9/10-ENG-ALK1-SMAD4 pathway
plays a role in bAVM formation in HHT patients [108,109].

Sporadic bAVMs have been formed in mice by generating EC-specific Kras G12D
or G12V gain-of-function mutations [71], while the adenovirus-associated viral vector
infection of Kras G12D into the brain ECs of mice also promotes the development of bAVMs
via the activation of the mitogen-activated protein kinase (MAPK) pathway [110]. In
the same study in which Fish and colleagues were able to generate bAVM in mice by
introducing EC-specific Kras G12D or G12V mutations, they also generated bAVM using
the same technique in zebrafish and were able to show that zebrafish embryos harboring
the EC-specific Kras G12V mutation had a higher incidence of cranial hemorrhage, which
was not seen in the embryos expressing wild-type Kras [71]. This correlates well with
the findings of somatic mutations in members of the KRAS/MAPK pathways in human
sporadic bAVM and peripheral AVM samples [64,66–68,77,111].

Murphy and colleagues expressed constitutively active int3, the murine homolog of
Notch4, in ECs of tetracycline-regulated transgenic mice [78]. Mutant mice died between 2
and 5 weeks of age, with signs of neurological dysfunction including ataxia and seizures,
which were evident in approximately 25% of the mice. The histology of the mutant brains
demonstrated visual evidence of intracranial hemorrhage occurring most often in the
cerebellum, followed by the neocortex, but never in the brainstem. Underlying the areas
of hemorrhage were enlarged and tangled vessels, resembling bAVMs. Leveraging their
Tet-on/off transgenic system to repress endothelial int3 expression, the authors were able to
reverse the neurological deficits in postnatal day 20- or day 21-old mice, further supporting
the role of Notch expression in the pathophysiology of bAVMs [78]. We have summarized
current animal models of bAVMs in Table 3.

Table 3. Animal models of brain arteriovenous malformations.

Animal Model Features

Engf/f mice [96]

- Ad-Cre-treated brains have Eng-null ECs.
- VEGF induced more severe vascular dyplasia

in Ad-Cre-treated brains of Engf/f mice
compared with Eng+/− mice.

Eng or Alk1 conditional knockout
mice [16,112]

- Inducible conditional knockout of Eng or
Alk1, specifically in brain ECs but not in
pericytes or macrophages.

- Leads to focal angiogenic stimulation in the
brains of mice.

Eng or Alk1 conditional knockout
mice [100]

- Showed that over-expression of Alk1 can
rescue the AVM phenotype via normalizing
expression of Notch and Smad pathways
gene in Eng-deficient ECs.
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Table 3. Cont.

Animal Model Features

KrasG12D or KrasG12V transgenic
mice [71,110]

- Brain EC-specific Kras G12D or G12V
gain-of-function mutations in mice lead to
formation of bAVMs.

- Adenovirus-associated viral vector infection
of Kras G12D into brain ECs of mice promotes
bAVM formation via activation of the
mitogen-activated protein kinase
(MAPK) pathway.

- 50% of mice developed bAVM which may not
necessarily require physiological
angiogenesis during early development.

Int3 transgenic mice [78]

- Constitutive expression of int3, the murine
homolog of Notch4, in brain ECs of
tetracycline-regulated transgenic mice leads
to formation of dilated and tangled brain
vessels that hemorrhage.

- Repression of endothelial int3 expression in
P20- or P21-day-old mice reverses
neurological deficits.

KrasG12D zebrafish [71]

- Constitutively active Kras G12D into ECs.
- 50% of zebrafish developed AV shunts.
- NOT completely representative of human

bAVMs.
- Established shunts were reversed by

pharmacological MEK inhibition but
refractory to PI3K inhibition.

Abbreviations: Ad-Cre = adenovirus–Cre recombinase; ALK1 = activin receptor-like kinase 1; AVM = ar-
teriovenous malformation; bAVM = brain arteriovenous malformation; ECs = endothelial cells; ENG = en-
doglin; HHT = hereditary hemorrhagic telangiectasia; Int3 = intracellular domain of Notch4 (murine homolog
of Notch4); KRAS = Kirsten rat sarcoma viral oncogene homolog; MAPK = mitogen-activated protein ki-
nase; P20/P21 = postnatal day 20/postnatal day 21; SMAD = mothers against decapentaplegic homolog; and
VEGF = vascular endothelial growth factor.

4. Targeted Therapeutic Approaches for the Treatment of AVMs

Brain AVMs are currently treated with surgery, radiosurgery, or embolization
(Figure 2). Each of these modalities have their pros and cons, and their inherent risks and
benefits. A large registry of 1010 bAVM patients from The Treatment of Brain Arteriovenous
Malformation Study were stratified to surgery, endovascular therapy, or radiosurgery [113].
In total, 229 out of 512 bAVM patients were selected for surgery, with the goal of cure.
Surgical cure was achieved in 88% of patients. At the mean time of follow-up, 12% of
patients reached the primary safety outcome, with serious adverse events occurring in 21%
of patients. Permanent treatment-related complications occurred in 4% of patients, the
majority of whom had complications from preoperative embolization; however, one should
take care in interpreting these results as there is considerable patient variability with low-
and high-grade bAVMs, and the jury is still out regarding whether low-grade, unruptured,
bAVMs should be observed rather than subjected to surgery [113]. Similarly, a recent
retrospective study of 262 adult patients with unruptured bAVMs, who underwent upfront
SRS, reported higher rates of post-treatment hemorrhage, with larger bAVM volumes only
among patients with a diffuse nidus compared to those with a compact nidus, exceeding
the 2.2% annual rate of post-SRS hemorrhage, suggesting that studying the cytoarchitecture
of the bAVM nidus could mitigate post-treatment complications [114]. Finally, recently
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published consensus guidelines from the ARISE I Consortium (Aneurysm/bAVM/chronic
subdural hematoma Roundtable Discussion with Industry and Stroke Experts) recognized
the need to improve bAVM characterization, genetic evaluation, and phenotyping in a
multidisciplinary manner, with collaborative research efforts to improve outcomes for
bAVM patients [4]. As a proper review of these conventional approaches exceeds the scope
of this review, we will focus on how investigators have leveraged the understanding of the
biological drivers of bAVM formation to run clinical trials using targeted pharmacological
therapies. Several of these trials are not specifically aimed at the treatment of bAVMs but
are still informative with regard to how pharmacological therapies might be translated into
viable strategies for bAVM treatment.

Figure 2. Schematic of the standard of care and potential novel targets for brain AVM therapies. Abbrevia-
tions: KRAS = Kirsten rat sarcoma virus oncogene; RAF = RAF protein; MEK = mitogen-activated protein
kinase kinase; MAPK = mitogen activated protein kinase; and AVMs = arteriovenous malformations.

Early trials targeting upstream angiogenic stimulus using tetracycline derivatives,
bevacizumab to reduce angiogenic activity, and thalidomide delivered mixed results,
with dose-limited patient toxicities to tetracylines [115], with minimal clinical effects on
angiogenic activity despite serum reductions in VEGF levels in patients with AVMs treated
with bevacizumab [116]. Surprisingly, the drug thalidomide, which was initially prescribed
to pregnant women to treat morning sickness in the early 1960s but was discontinued
due to teratogenicity, has been found to have anti-angiogenic properties through cytokine
inhibition, and the inhibition of TGFα and nitric oxide [117]. In a prospective observational
study of 18 patients with severe symptomatic extracranial AVMs treated with thalidomide,
all patients experienced reduction in pain, and decreased bleeding and ulceration [118]. Of
the twelve patients who stopped treatment due to clinical improvement, eight remained
stable, and four had a recurrence of their AVMs within the first year. Adverse events
following dose escalation included asthenia, erythroderma, and cerebral infarct (which
may have been unrelated to thalidomide drug effect). These initially promising results
in treating extracranial AVM patients with thalidomide opens up potential avenues of
translation for use in bAVM patients, but further research using preclinical animal models
of bAVMs to determine safety would be warranted.
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Isolated case reports of using the MEK inhibitor trametinib to target the KRAS/MEK/MAPK
pathway as a driver of sporadic AVM formation in the pediatric population with severe ex-
tracranial AVMs have reported a good clinical effect [119,120]. One patient also had a spinal
intramedullary AVM that responded well to trametinib, with reduced shunting and no re-
ported serious adverse events, opening the door for its potential use in treating intracranial
AVMs [121]. A phase II European safety and efficacy trial of trametinib called TRAMAV is
currently recruiting adult patients with severe extracranial AVMs (EudraCT: 2019-003573-
26). A prospective trial is also currently ongoing in Toronto, Canada, studying the safety
and efficacy of MEK inhibition for compassionate use in patients with palliative extra- and
intracranial AVMs [74]. These promising results using targeted therapies open avenues of
clinical investigation that combine novel and existing treatment modalities to enable more
effective treatment outcomes for bAVM patients. We also recognize recently published
excellent reviews on the genetic insights, advances in treatments, and emerging therapies
for bAVMs to give our readers further references to enrich their learning [122–125].

5. Future Directions

The ability to perform deep sequencing and multi-omic analysis of clinical samples
have garnered our ability to gain further insights into the biology of bAVMs. A recent study
by Scimone and colleagues conducted differential methylome analysis on ECs from human
bAVM samples and compared them to human cerebral microvascular ECs. This study
uncovered novel methylated gene loci involved in EC adhesion and crosstalk between
EC and vascular smooth muscle cell networks [126]. Not only did this study recapitulate
known loci linked to bAVM formation such as KRAS and RBPJ, but it also identified aberrant
methylation patterns at several long non-coding RNA genes targeting transcription factors
expressed in neurovascular development, and differential CHG methylated gene clustered
in pathways related to EC homeostasis, which point towards more complex mechanisms
other than EC dysfunction as a driver of bAVM formation.

A recent study of a single-cell atlas of normal and malformed human brain vasculature
by Winkler and colleagues elegantly characterized the immune microenvironment in re-
sponse to AVM rupture, identifying distinct immune cell clusters including GPNMB+ mono-
cytes as key players in the depletion of stabilizing smooth muscle cells in AVMs that have
bled [11]. They were also able to spatially define cellular and gene expression signatures
involving endothelial cell transformations localized to areas around the AVM nidus, and
identify clusters of cerebrovascular-derived inflammatory and immune cells associated
with sites of hemorrhage, which could lead to novel avenues of therapeutic targeting.

A group from Italy recently reported the use of cell-free DNA next-generation se-
quencing of liquid biopsy plasma samples to detect mutational burdens in patients with
cutaneous AVMs, as a less invasive alternative that avoids morbidities associated with
direct lesional sampling [127]. To increase sample sensitivity, they sampled blood from
patients at the time of angiography and compared this alongside paired blood from a
peripheral blood draw, and were able to detect known mutations in the isolated cell-free
DNA sampled from the efferent draining vein. A study by Zenner and colleagues also
reported the safety and efficacy of liquid biopsy sampling of peripheral AVMs and venous
malformations in detecting driver mutations [128]. Lastly, Winkler and colleagues at the
University of San Francisco proposed the “endoluminal biopsy” technique whereby DNA
is isolated from the endovascular coil that is placed next to the wall of the AVM vessel
lumen prior to a planned endovascular treatment session. The retrieval of the coil following
the procedure allowed for the genomic sampling of AVM cells that can be processed for
downstream next-generation sequencing, allowing them to identify KRAS mutations in
four patients with bAVMs [82]. This endoluminal sampling technique could further open
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avenues of investigation to gain a deeper understanding of the evolving biology of bAVMs
and to identify novel targeted therapies that could improve the outcomes of bAVM patients.

Finally, investigators are developing three-dimensional (3D) blood vessel organoids
(BVOs) to enable high-throughput screening methods to discover novel treatments for
neurovascular disorders. Several 3D vascular organoid models have been developed using
human-derived fibroblasts and reprogrammed human pluripotent stem cells (hiPSCs) to
mimic different organ systems, including that of the cardiovascular [129], pulmonary [130],
gastrointestinal [131], and brain [132]. Oh and colleagues recently utilized 3D BVOs from
ECs and compared their gene expression profiles to those of human AVM tissues [133].
Their AVM organoids expressed significantly higher levels of expression of CD31, phal-
loidin, the angiogenesis-associated gene FSTL1, and has-mir-135b-5p, a small RNA related
to AVMs. CSPG4, a capillary-related gene, exhibited the lowest expression in the 3D AVM
organoids. Nikolova and colleagues compiled a comprehensive single-cell genomic atlas of
developing hBVOs on the backdrop of genetic and environmental perturbation screens to
assess the fate and state landscape of their 3D models of human vasculature [134]. Their
hBVOs formed vascular networks of PDGFR-β+, CD31+ ECs, which matured to form
vessel lumens. Whilst the goal was to develop diabetic hBVOs that would allow them to
study diabetic vasculopathy and not AVM disease, their tunable platform demonstrates the
promise in adopting 3D hBVO technology to study neurovascular pathologies. Salewskij
and Penninger recently developed self-organizing human capillary blood vessel organoids
that recapitulate key processes of vasculogenesis and angiogenesis [135]. One key lim-
itation of these 3D hBVOs is lack of perfusion in vitro, which may be achieved only if
transplanted into an animal host for in vivo vascularization and perfusion. This in vivo
implantation process unfortunately adds significant experimental costs, precludes high-
throughput screening, and introduces potential species-specific effects. Cai and colleagues
recently published an elegant study generating 3D vascular network-inspired diffusible
(VID) scaffolds of functional midbrain organoids, which were used to test pharmacological
responses and neuronal activity changes to fentanyl exposure [136]. These VID scaffolds
deliver medium-carrying nutrients, oxygen, and signaling molecules to the organoids with
tunable delivery to engineered neural organoids (ENO), leading to reduced apoptosis,
stress, and sustained neurogenesis with region-specific functional differentiation. This is
in comparison to conventional neural organoids, which developed hypoxic and necrotic
cores. Even though this 3D ENO system was not designed with the intent to study the
interactions of the neuronal environment around AVMs, the ability to develop 3D vascular
networks around functional neural organoids holds promise in their adaptability to study
neurovascular disorders. Finally, Kistemaker and colleagues hint at the possibility of the
incorporation of hBVOs into a microfluidic chip platform, which could introduce laminar
flow and shear stress into the hBVO vasculature to overcome the current limitations of
in vitro perfusion, and improve functionality of these hBVO models [137].

6. Conclusions

In summary, advances in the understanding of the molecular drivers of non-syndromic
and syndromic bAVM formation have allowed for the development of preclinical bAVM
models which can be leveraged for translational research. Taken together, these advances
hold promise in further characterizing the pathophysiology of bAVMs and offering novel
treatment options to decrease the annual hemorrhage rates and subsequent neurological
sequelae of bAVM patients.
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Abstract: Background/Objectives: Bilateral steno-occlusive disease of the internal carotid
artery (ICA) carries an increased stroke risk with associated high morbidity and mortality.
Management of these patients is often complex. In this study, we evaluate the value
of non-invasive optimal vessel analysis quantitative magnetic resonance angiography
(NOVA-qMRA) for studying flow and collateral patterns in patients with bilateral carotid
steno-occlusive disease. Methods: Patients with bilateral ICA-stenosis ≥ 50% who received
NOVA-qMRA were included in this study. The volume flow rates (VFRs) of the A2-
segment of the anterior cerebral artery (A2-ACA), M1-segment of the middle cerebral
artery (M1-MCA), and P2-segment of the posterior cerebral artery (P2-PCA) were analyzed.
Demographic, clinical, and treatment data were collected. Results: Twenty-two patients
(mean age ± SD: 68 ± 10 years) were included. Nineteen patients (86%) were symptomatic.
Thirteen patients (59%) were revascularized; among them, M1-VFR was significantly lower
(p-value = 0.01) on the side selected for revascularization (88 mL/min ± 53) compared to
the contralateral one (130 mL/min ± 56). P2-VFR was significantly higher (p-value = 0.04)
in the treated subgroup (108 mL/min ± 41) than in the non-treated one (83 mL/min ± 34).
Conclusions: The present study supports the use of NOVA-qMRA to study flow and
collateral patterns in patients with bilateral steno-occlusive carotid disease, especially
M1- and P2-VFR. This information may be helpful for decision-making and to tailor
revascularization treatment.

Keywords: stroke; steno-occlusive disease; NOVA-qMRA

1. Introduction

Stroke represents a major burden to the healthcare system with it being the second
leading cause of death globally and a relevant cause of morbidity [1]. Bilateral ICA-
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stenosis and/or -occlusion is bearing a poor prognosis with an increased risk of stroke and
consecutive disability, coma, and death [2].

Therapeutic management for this condition varies and is debated [3]. Given the
variable symptomatology of bilateral steno-occlusive carotid disease, clinical presentation
must be supported by further parameters to tailor the therapeutic strategy [4–6].

Magnetic resonance angiography (MRA) represents a well-established tool to study
stroke patients and large cerebral artery stenosis or occlusion by using time-of-flight (TOF)
sequences [7–10]. Unlike traditional methods that often rely on invasive procedures, con-
trast agents, or ionizing radiation, non-invasive optimal vessel analysis (NOVA)-qMRA
uses TOF and phase contrast (PC) sequences. The synergy between TOF and PC sequences
not only provides detailed anatomical localization but also highly accurate flow quantifica-
tion of the major cerebral vessels (in mL/min), making it a superior method for assessing
intracranial arterial VFRs (Figure 1). This way, NOVA enables us to study cerebral collat-
eral pathways and quantify their activation [11–13]. The duration of the MRI procedure
typically takes about 30 to 60 min depending on the number of intracranial vessels being
assessed. After the acquisition of the imaging sequences, NOVA-qMRA requires the use of
dedicated post-processing software installed on an external workstation used by a trained
physician to compute the VFRs on patient-specific relevant vessels.

 

Figure 1. Workflow of the imaging post-processing in the NOVA software (VasSol, Chicago, IL, USA)
The post-processing starts with the surface rendering of the cerebral vasculature from the 3D TOF
MRA. A region of interest (ROI) is then placed perpendicular to the axis of the vessel of interest; in
this exemplifying case, it is the left MCA. In this Figure R (red line) means Right, S (blue line) means
Superior and A (green) means anterior: the axes are given for three-dimensional clarity (a). The
cut is then adjusted according to the gated 2D phase contrast sequences (b) and proofed with the
velocity contouring of the vessels, where the greatest intravascular velocity is portrayed in purple
and the concentric slower velocity and progressively identified by yellow, green and light blue (c).
The corresponding waveform, including the volume flow rate of the specific vessel, is automatically
obtained (d).

Due to the complexity and interindividual variability in the angioanatomy of patients
with bilateral ICA-stenosis and/or -occlusion, a tailored treatment strategy is required [14].
Besides clinical presentation, flow analysis might be useful as an additional parameter to
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aid the therapeutic decision-making. In this study, we report on a series of patients with
bilateral steno-occlusive carotid disease where flow and collateral patterns were studied
via NOVA-qMRA.

2. Materials and Methods

Kantonale Ethikkommission (Kanton Zürich, Switzerland) approval was obtained
(KEK-Nr: PB_2023_01011) and all patients signed an informed consent form for the sharing
and scientific diffusion of their clinical and radiological data.

2.1. Patient Cohort

Patients with bilateral ICA-stenosis ≥50% who received NOVA-qMRA between Jan-
uary 2019 and January 2022 were included in this study. The severity of ICA steno-occlusive
disease was classified according to the North American Symptomatic Carotid Endarterec-
tomy Trial (NASCET) criteria, a widely used classification system based on measuring the
degree of arterial narrowing caused by atherosclerotic plaques, with the aim of guiding
clinical decisions regarding medical or surgical treatment [15]. According to the NASCET
criteria, the degree of stenosis is calculated as a percentage reduction in the lumen diameter
of the ICA by comparing the residual lumen diameter at the site of maximal stenosis to
the normal lumen diameter of the distal ICA, which serves as the reference point. Patients
were divided into two groups, i.e., treated and non-treated, depending on whether they
were revascularized or not. Demographic, clinical, radiological, and therapeutic data of the
included patients during the hospital stay were collected. The National Institutes of Health
Stroke Scale (NIHSS) and modified Rankin scale (mRS) at the time of hospital admission
and discharge were collected to document functional status and outcome. The Trial of
Org 10172 in the acute stroke treatment (TOAST) system was used to identify the likely
etiology of the stroke of the included patients. This system does not specify nor quantify
the severity of the intracranial atherosclerosis, but it does categorize ischemic strokes into 5
subtypes based on the underlying mechanism of injury [16].

2.2. Imaging Data

The volume flow rates (VFRs) of the following arterial segments were collected: A2-
segment of the anterior cerebral artery (A2-ACA), M1-segment of the middle cerebral artery
(M1-MCA), and P2-segment of the posterior cerebral artery (P2-PCA). The hemispheric VFR
(hVFR) was calculated as the summation of the ipsilateral A2-, M1-, and P2-VFRs [16]. The
choice of the arterial segments provided a comprehensive assessment of the functionality of
both the anterior (via ACoA) and posterior (via PCoA) collateral pathways. These segments
were specifically targeted because they serve as critical “bridges” in redistributing blood
flow in the presence of steno-occlusive disease, offering insights into collateral circulation.
The VFRs were compared between the treated- and non-treated subgroups. Within the
treated group, the VFRs of the revascularized vs. non-revascularized hemisphere were also
compared (Figure 2).

In symptomatic patients, the timing at which the NOVA-qMRA was performed was
defined in the acute phase (0–7 days), subacute phase (8 days to 6 weeks), and chronic
phase (>6 weeks) from symptoms’ onset [17].
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Figure 2. NOVA-maps of a 67-year-old patient who presented with an acute left ICA-occlusion and
contralateral chronic ICA-occlusion. On the left, the preoperative NOVA-map shows a reduced left
MCA-M1-VFR of 52 mL/min (the normal range for LMCA VFR in subjects above 61 years of age is
between 81 mL/min and 201 mL/min) and an increased left PCA-P2-VFR of 134 mL/min (the normal
range for LPCA VFR in subjects above 61 years of age is between 34 mL/min and 88 mL/min) (a); on
the right is the NOVA-map 2 days after an acute left flow augmentation STA-MCA bypass showing
adequate VFR of the bypass and a reduction in the LPCA VFR, demonstrating less need for collateral
pathways (b).

2.3. Statistical Analysis

Statistical analysis was performed using R Studio (2023.06.2). After assessing the
normal distribution of the data using the Shapiro–Wilk test, VFRs of the segments A2,
M1, and P2 were analyzed and compared, either in an intra- or intergroupal manner. For
intragroupal comparisons, one-tailed, paired t-tests were conducted, and for intergroupal
comparisons, one-tailed, unpaired t-tests were performed. A p-value < 0.05 was considered
to represent statistical significance.

3. Results

3.1. Demographic and Clinical Data

In total, 22 patients (1 woman and 21 men, mean age ± SD: 68 ± 10 years) with
bilateral ICA-stenosis and/or -occlusion were included from our prospective register.
Twenty patients presented severe atherosclerosis defined as Grade 1 according to the
TOAST classification and two presented with TOAST Grade 2 [18]. Further clinical and
demographic data are summarized in Table 1.

At the time of hospital admission, only one patient (4.5%) presented with an
NIHSS > 7, and two patients (9%) had an mRS > 2. At discharge, two patients (9%) showed
an NIHSS > 7 and one patient (4.5%) presented an mRS > 2. Twelve patients (55%) received
surgical treatment, of which four (33%) underwent carotid endarterectomy (CEA), seven
(58%) underwent flow augmentation superficial temporal artery to middle cerebral artery
(STA-MCA) bypass, and one patient (8%) underwent a combined approach consisting of
CEA of the left external carotid artery (ECA) followed by ipsilateral STA-MCA bypass.
One patient (5%) received carotid artery stenting. Nine patients (41%) were managed
conservatively. The therapeutic strategies are summarized in Table 2.
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Table 1. Clinical data of included patients with bilateral ICA-stenosis and/or -occlusion (all patients
n = 22).

n (%)

Male gender 21 (95)
Symptomatic disease 19 (86)

Unilateral ICA-occlusion + contralateral stenosis ≥ 70% 7 (32)
Bilateral ICA-stenosis ≥ 70% 2 (9)

Bilateral ICA-occlusion 3 (14)
Unilateral occlusion and contralateral stenosis ≥ 50%,

<70% 10 (45)

TOAST 1 20 (91)
TOAST 2 2 (9)

Additional Basilar artery stenosis 2 (9)
Additional unilateral vertebral artery stenosis or occlusion 4 (18)
Additional bilateral vertebral artery stenosis or occlusion 1 (5)

ICA = internal carotid artery; TOAST = trial of ORG 10172 in acute stroke treatment.

Table 2. Therapeutic strategies and localization.

Therapy n (%) Bilateral
Left Side

Only
Right Side

Only

Conservative 9 (41) NA NA NA
Endovascular 1 (5) * 0 1 0

Surgery 12 (55) 1 8 3

4 CEA

7 STA-MCA
bypass

1 Combined
approach 1

CEA = carotid endarterectomy, STA-MCA bypass = superficial temporal artery-middle cerebral artery bypass,
1 Combined approach = CEA of the left ECA (external carotid artery), and ipsilateral STA-MCA bypass *: carotid
artery stenting (CAS), NA = Not applicable.

3.2. Hemodynamic Assessment

Nineteen patients (86%) presented with symptoms. The timing of the NOVA-qMRA
after the cerebrovascular insult (CVI) is shown in Table 3. In three patients (14%), bilateral
ICA-stenosis was discovered incidentally.

Table 3. Timing of NOVA-qMRA after CVI for the 19 symptomatic patients.

Acute
(0–7 Days)

Subacute
(8 Days–6 Weeks)

Chronic
(>6 Weeks)

Timing of NOVA-qMRA
after CVI 9 (47%) 5 (26%) 5 (26%)

NOVA-qMRA = non-invasive optimal vessel analysis quantitative magnetic resonance angiography;
CVI = cerebrovascular insult.

3.3. Treated Group

Thirteen patients received a cerebral revascularization procedure based on the NOVA-
qMRA VFRs co-adjuvate by the clinical presentation. In the treated group, two patients
(15%) presented with bilateral ICA-stenosis ≥ 70%, three (23%) with bilateral ICA-occlusion,
five (38%) had unilateral ICA-occlusion and contralateral stenosis ≥ 70%, and three had
unilateral ICA-occlusion and contralateral ICA-stenosis ≥ 50% and <70%. Out of the
treated patients, 11 (84%) exhibited symptoms. Before treatment, the mean VFR of the
hemisphere selected for revascularization was 253 mL/min, whereas the mean value of

60



Brain Sci. 2025, 15, 211

the contralateral hemisphere was 304 mL/min. The mean M1-VFR on the side selected for
revascularization was significantly lower than that of the contralateral side (88 mL/min
vs. 130 mL/min, p-value of 0.01). Please refer to Table 2 for an overview of the therapeutic
strategy and the chosen revascularized side in this subgroup of patients, and to Table 4 for
a visual summary of the segmental VFRs in the treated group.

Table 4. Comparison between segmental VFRs (A2, M1, P2) on the hemisphere selected for revascu-
larization and segmental VFRs of the contralateral side.

VFR (mL/min)
Side Chosen for

Revascularization
(Mean ± SD)

Contralateral Side
(Mean ± SD)

p-Values

A2 63 ± 33 68 ± 30 0.22

M1 88 ± 53 130 ± 56 0.01

P2 108 ± 41 105 ± 66 0.45

3.4. Non-Treated Group

Nine patients were treated conservatively. Among these, two patients (22%) presented
with unilateral ICA-occlusion and contralateral stenosis ≥ 70%, while the remaining seven
patients (78%) had unilateral ICA-occlusion and contralateral ICA-stenosis ≥ 50% and
<70%. In the non-treated group, eight patients (89%) were symptomatic. In this subgroup,
no significant differences were observed after comparing the segmental VFRs of the right
and left sides (see Table 5). The mean hemispheric VFR of the left side was 292 mL/min,
whereas the mean VFR of the contralateral side was 305 mL/min.

Table 5. Segmental (A2, M1, P2) VFRs of the non-treated subgroup.

VFR
(mL/min)

Left Side
(Mean ± SD)

Right Side
(Mean ± SD)

A2 78 ± 11 82 ± 27

M1 127 ± 35 150 ± 48

P2 84 ± 44 83 ± 34

3.5. Comparison Between Treated and Non-Treated Groups

When comparing the segmental VFRs between the treated and non-treated groups, the
M1-VFR was found to be significantly higher (p-value = 0.05) in the non-treated subgroup.
Furthermore, the P2- and A2-VFRs were found to be significantly higher (p-values of 0.04
and 0.03, respectively) in the treated subgroup.

4. Discussion

This study highlights the potential value of NOVA-qMRA in evaluating blood flow and
collateral circulation in patients with bilateral steno-occlusive carotid disease. Managing
these patients is particularly challenging, as their clinical presentation can vary widely
and is often nonspecific [19–21]. Incorporating flow data derived from NOVA-qMRA into
clinical assessments could enhance therapeutic decision-making, especially in cases where
the laterality of symptoms is ambiguous. This information may prove invaluable in guiding
the choice of the hemisphere to revascularize [8,17–24].

We analyzed NOVA measurements from 22 patients with bilateral internal carotid
artery (ICA) stenosis and/or occlusion, 19 of whom presented with neurological symp-
toms. Among these patients, 13 underwent revascularization. Flow velocity and vol-
ume flow rates (VFRs) were measured in key arterial segments, defined as A2, M1, and
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P2. In the treated group, the segmental VFR analysis revealed a significantly lower M1-
VFR on the revascularized side compared to the contralateral side (88 ± 53 mL/min
vs. 130 ± 56 mL/min, p = 0.01). Conversely, in the non-treated subgroup, there were no
significant differences in M1- or P2-VFRs between the two hemispheres.

Interestingly, the P2-VFRs were significantly higher in the treated group compared to
the non-treated group. This finding could reflect the increased activation of the collateral
leptomeningeal pathways through the posterior cerebral artery [16,25,26]. Such collateral
flow activation may serve as a compensatory mechanism in response to diminished anterior
circulation flow, further underlining the utility of NOVA-qMRA in identifying critical
hemodynamic patterns.

The clinical outcomes in our cohort were encouraging. At the time of hospital dis-
charge, among the patients included in the analyzed cohort, only one presented a neu-
rological worsening, while the rest of the cohort did not show any relevant neurological
exacerbation [25,27,28]. Furthermore, our findings suggest that higher M1-VFRs and lower
P2-VFRs are associated with better-preserved cerebral hemodynamics and flows [16,18,27–
29]. These observations align with the growing understanding of the importance of collat-
eral circulation in maintaining adequate cerebral perfusion in the context of ICA disease.
However, there are some limitations to this study that should be acknowledged. First, the
small sample size limits the statistical power and generalizability of our findings. Larger
studies are needed to validate and extend these results. Second, the study cohort was
recruited from a single tertiary referral center, which introduces an inherent selection bias
and may not reflect the broader patient population. Furthermore, this study represents a
retrospective analysis that aimed to provide initial data on the implementation of NOVA-
qMRA in the study of anterior cerebral circulation, and it did not provide a thorough
comparison of NOVA-qMRA with other imaging techniques in this cohort of patients;
thus, the power of the analysis is reduced. Despite these limitations, this pilot study pro-
vides important preliminary evidence supporting the integration of NOVA-qMRA into the
diagnostic workup of patients with bilateral steno-occlusive carotid disease.

5. Conclusions

This study endorses the added value of NOVA-qMRA to the diagnostic workup
process of patients with bilateral steno-occlusive carotid disease. The analysis of seg-
mental VFRs, especially of M1- and P2-VFR, might be helpful to select and tailor
revascularization treatment.
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Abbreviations

The following abbreviations are used in this manuscript:
ICA Internal Carotid Artery

NOVA-qMRA
Non-invasive optimal vessel analysis quantitative
magnetic resonance angiography

VFR Volume flow rate
ACA Anterior cerebral artery
MCA Middle cerebral artery
PCA Posterior cerebral artery
TOF Time-of-flight
PC Phase contrast
NIHSS National Institutes of Health Stroke Scale
mRS Modified Rankin scale
STA Superior temporal artery
NASCET North American Symptomatic Carotid Endarterectomy Trial
CVI Cerebrovascular insult
TOAST Trial of ORG 10172 in acute stroke treatment
ECA External carotid artery
CAS Carotid artery stenting
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Abstract: Background: The literature lacks a combined analysis of neurosurgical microvascular
anastomosis training models. We performed a systematic literature search to provide an overview
of the existing models and proposed a classification system based on the level of simulation and
reproducibility of the microvascular anastomosis. Methods: The systematic literature search followed
the PRISMA guidelines. We consulted MEDLINE, Web of Knowledge, and EMBASE independently
for papers about bypass training models. Every training model was analyzed according to six tasks
supposed to esteem their fidelity to the real operative setting by using a scoring system from zero to
two. Finally, authors classified the models into five classes, from A to E, by summing the individual
scores. Results: This study included 109 papers for analysis. Training models were grouped into
synthetic tubes, ex vivo models (animal vessels, fresh human cadavers, human placentas) and in vivo
simulators (live animals—rats, rabbits, pigs). By applying the proposed classification system, live
animals and placentas obtained the highest scores, falling into class A (excellent simulators). Human
cadavers and animal vessels (ex vivo) were categorized in class B (good simulators), followed by
synthetic tubes (class C, reasonable simulators). Conclusions: The proposed classification system
helps the neurosurgeon to analyze the available training models for microvascular anastomosis
critically, and to choose the most appropriate one according to the skills they need to improve

Keywords: neurosurgical bypass; micro-anastomosis; microsurgical training; microvascular surgery

1. Introduction

Cerebral bypass surgery has become a niche procedure that has to be performed in
high-volume cerebrovascular reference centers by experienced and dedicated microvascular
surgeons [1–3]. Maintaining sufficient know-how and improving technical skills represents
one of the significant challenges for cerebrovascular training centers [4].

Adequate training in microsuturing and microvascular anastomosis is essential to
develop the appropriate dexterity [5,6]. Ideally, training models should offer an adequate
setting to train each step of this delicate procedure. Several training models have been
proposed in the literature, which are traditionally grouped into ex vivo or in vivo models.

Brain Sci. 2024, 14, 1031. https://doi.org/10.3390/brainsci14101031 https://www.mdpi.com/journal/brainsci65



Brain Sci. 2024, 14, 1031

This paper analyzes, discusses, and classifies the main existing models used to practice
microvascular anastomosis, based on the level of simulation and anastomosis reproducibil-
ity. To the authors’ knowledge, there is no such attempt in the literature so far.

2. Materials and Methods

2.1. Research Strategy

A comprehensive literature search was performed, following the PRISMA statement.
MEDLINE, EMBASE and Web of Science were consulted between January 2019 and July
2023, using combinations of keywords and lexical variant about “training in microsurgi-
cal vascular anastomosis” ((education OR training OR simulator OR simulation) AND
(anastomosis AND (microvascular) OR (microsurgical AND vascular) OR (microsurgery
AND vascular)) OR ((micro-anastomosis AND vascular) OR (micro-anastomosis and vas-
cular))). Since this review does not have a clear link to human health, it was not eligible for
registration in PROSPERO.

All the original papers for training purposes on microvascular anastomoses written
in English were included. Microsurgical anastomosis or micro-anastomosis refers to any
vascular suture performed under an operative microscope, without a strict designation
of minimum vessel size. Supermicrosurgical anastomosis is an anastomosis performed at
30–50× magnification on 0.3 to 0.8 mm vessels [7].

Exclusion criteria were papers about basic microsuture models (e.g., gazes), papers
about microsurgical anastomosis of nerves, and micro-anastomosis papers not intended for
training. Two independent reviewers (LG and MS) screened titles to find eligible papers;
they read abstracts for primary evaluation of the studies and found additional studies in
reference lists of relevant articles. No articles were retrieved from secondary sources.

2.2. Technical Classification of Brain Bypass Simulators: Six Tasks

The international board of experts in micro-neurovascular surgery defined 6 tasks
during the international Bypass 2020 symposium in Zurich, Switzerland:

1. Vessel dissection: training with the dissection and the removal of adventitia.
2. Subarachnoidal dissection: training with the dissection of subarachnoidal spaces (cisterns).
3. Anastomosis variety: performing the standard micro-anastomoses within the same

simulator (end-to-end, end-to-side, side-to-side).
4. Number of anastomoses/vessels/diameters of vessel: performing many microvas-

cular anastomoses in the same simulator thanks to the availability of vessels of
different diameters.

5. Stenosis-leaks: developing problem-solving strategies in case of anastomosis stenosis
or anastomotic leaks (it requires perfusion and/or pressurization tests).

6. Thrombosis: developing problem-solving strategies in case of thrombosis of the
micro-anastomosis.

By attributing the scores, authors considered all the simulators as perfused.

2.3. Scoring System

The authors applied to each simulator a scoring system ranging from zero to two:

- 0 points: the surgeon cannot execute the task by the simulator;
- 1 point: the task is described to be accomplished in an acceptable way;
- 2 points: the task is reported to be optimally doable by the simulator.

Agreement between the authors was ascertained by using Cohen’s K. Therefore,
according to the total score, models were classified into five classes, from class A (excellent
simulator) to class E (not suitable as a simulator) (Table 1).
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Table 1. Features of the classification system.

Tasks Score Sum Grade

1 Vessel dissection 2
task optimally doable

10–12 A (excellent simulator)

2 Subarachnoidal dissection 7–9 B (good simulator)

3 Variety of the anastomosis 1
task doable but not in a proper way 4–6 C (reasonable simulator)

4 Number anastomosis/vessel/diameter

5 Stenosis leaks 0
task not doable

1–3 D (poor simulator)

6 Thrombosis 0 E (not a simulator)

3. Results

The literature search identified 327 non-duplicate records, of which 218 were excluded,
and 109 articles were included in the analysis (Figure 1).

Figure 1. The PRISMA flowchart of the research strategy [8].

The models identified for analysis are described in the following sections.
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3.1. Synthetic Tubes

Synthetic tubes have gained increasing success over the years because of their avail-
ability and low costs. Originally, manufacturers produced tubes in silicon [9], but current
research proposes several alternative materials to better simulate the consistency of real
arterial vessels (Gore-Tex, polyurethane, PVC, and PVA gelatin tubes).

In a recent blind randomized comparative survey between silicone and PVA tubes,
the latter was demonstrated to better simulate rat vessels [10]. A three-layered synthetic
vessel model has also been proposed [11].

Surgeons can train with single tubes, use practice cards composed of parallel tubes affixed
to a pocketbook-sized card [12], or use commercialized supports [13]. Synthetic tubes offer the
possibility to simulate standard types of vascular micro-anastomosis (task 3). The patency and
strength of the anastomosis may be tested through the infusion of fluids [14] (task 5).

Disadvantages of these models include the impossibility to train with vessel and
subarachnoid dissection (tasks 1 and 2) and to simulate thrombosis (task 6).

More complex and expensive models have been developed to overcome these limi-
tations. Inoue proposed a model of an A3-A3 side-to-side bypass by putting two parallel
prosthetic tubes on the bottom of a 6.5 cm deep paper box [15]. Takeuci presented an
anatomic model using a mannequin head and small balloons filled with water, simulating
the consistency of brain and Silastic tubes [16]. Ishikawa and Belykh developed skulls
and brain models with craniotomies to simulate trans-Sylvian, subtemporal, suboccipital,
and interhemispheric approaches [17,18]. Mori created an artificial skull and brain model
to simulate posterior circulation revascularization [19]. In 2018, Cikla developed a skull
and brain model with perfused artificial vessels to simulate both intra- and extracranial
circulation and anastomoses [20]. Finally, the recently introduced virtual/augmented
reality neurosurgical simulator boxes using synthetic perfused vessels in an anatomic
accurate brain (e.g., Mycro model, Upsurgeon) represent an affordable and useful tool as
an alternative to animal models [21].

3.2. Ex Vivo Training Models
3.2.1. Animal Vessels (In Vitro)

Microvascular trainees can perform anastomoses on vessels harvested from animals sac-
rificed for other purposes. These materials are ideal because of their similarity to macroscopic
and microscopic human vessels [22]. Arteries can be isolated and explanted or anastomosed in
situ. Once the trainee completes the anastomosis, vessels can be perfused and pressurized [23]
to assess the presence of leakages or stenosis (task 6). Chicken wings represent the most
commonly used model, since they are widely available and affordable [24,25]. The chicken
brachial artery is generally dissected from the surrounding connective tissues (task 1), cut,
and sutured under a microscope. The harvesting of both brachial and radial arteries and their
reimplantation has been suggested to simulate a superficial temporal artery–middle cerebral
artery (STA-MCA) bypass [26]. Explanted animal vessels have been put deep into a grapefruit,
between two slices [27], to simulate side-to-side distal anterior cerebral artery bypass. Other
biological materials include the following:

- Cryogenically preserved rat [28] or human vessels (from tissues in lymph node dissec-
tion) [29,30];

- Porcine coronary arteries perfused through a pulsatile pump [31];
- Sections of turkey neck with both carotid arteries perfused [32];
- Turkey wings [33];
- Fresh chicken legs [34];
- Chicken feet [35];
- Oxen tongues [36];
- Pig spleen after splenectomy [37];
- Perfused porcine thighs [38];
- Bovine heart model [39];
- Rat cadavers with an extracorporeal perfusion device [40].
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Turkey brachial arteries have been revealed to better approximate the real dimensions
of human STA and MCA, and they were more appreciated than chicken wings in a survey
among anastomosis course participants [41].

These models have several advantages: good reproducibility of a human artery’s
physical characteristics (i.e., elasticity and consistency), accessibility [42], and conservation
(most of the materials can be cheaply bought at supermarkets and stored over the long
term in a freezer). A very recent comparative trial comparing non-living and living animal
models found that trainees working with non-living chicken thigh models had better results
than students training with living rats [43].

3.2.2. Fresh Human Cadavers

As shown by Sindhu et al. in a randomized controlled trial, the higher the model fidelity
to real-life experience in the operating room, the faster the acquisition of the required skill [44].

Several different cadaveric models have been developed. Entirely pressurized fresh
cadavers are useful to simulate high-flow conventional carotid-to-middle cerebral artery
bypass with interposition of a previously harvested radial artery graft [45]. Cadaveric
heads, whose arteries and veins have been cannulated and connected to a closed pumping
circuit with subarachnoid cisternal tubes, can simulate the cisternal circulation of blood
and CSF [46,47]. Latex-injected non-pressurized cadaveric heads are used to perform the
main types of cerebral anastomoses after the removal of superficial intravascular latex [48].
Perfused and fixed human cadaveric brain [49] has been enclosed with white silk clothing
(simulating the dura) and inserted into human skulls [50].

Despite the high anatomical fidelity, these models are expensive; they are not easily
accessible and do not offer a large number of anastomoses to perform. These disadvantages
restrict their use to specific purposes for advanced training or research (for instance,
assessing the intracranial feasibility of new intracranial bypass techniques).

3.2.3. Placenta

Human and bovine placentas represent effective models for microsurgical training [51–53].
According to the histological composition of its vessels, the human placenta may be
considered an appropriate model for STA-MCA anastomosis. In contrast, the thicker
and larger diameter of bovine placenta is a good model for internal carotid artery–radial
artery–middle cerebral artery (ICA-RA-MCA) bypass [54].

Recently, Magaldi Oliveira systematically defined the nomenclature of placenta vessels
and correlated them with major intracranial arteries [51]. When perfused and pressurized,
placental arteries simulate intracranial vessels, and the trainee can perform a great variety
of simulation scenarios in a single model, allowing for many repetitive exercises and
surgical error exploration. With a single placenta model, the trainee can perform a lot of
micro-anastomoses and other procedures such vessel graft reimplantation/transplantation.
A recently introduced pulsatile flow system can further improve the surgical fidelity of
these models [55] (tasks 4). A placenta can be inserted into a skull model [54] to increase
the anatomical fidelity. Trainees can check bypass vessel patency with indocyanine green
light microscopic vision (task 5) or analyze it with the application of the anastomosis
lapse index (ALI), based on the number of average errors per anastomosis performed [56].
Human [57] and bovine [54] placentas are usually affordable and obtainable, being a
waste product of birth and calving. Placenta models are among the most promising tools
available for training in microvascular anastomoses, due to their similarity to cerebral
vessels, accessibility, and affordability.

3.3. In Vivo Training Models (Live Animals)

Microsurgical training based on live animals has been the paradigm of microsurgical
training for years, and it currently remains a very accurate, practical, and appreciated
method to simulate microvascular anastomoses [58]. In vivo models offer the unique
advantage of reproducing physiologic heart pulsation and coagulation. These models
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allow one to simulate and manage acute intraprocedural complications such as intralu-
minal thrombosis (task 6). Rats are most commonly used because of their availability,
uncomplicated perioperative care, and limited costs (about USD 120/animal [59]). Several
experimental models have been proposed over the years:

- Side-to-side anastomosis involving a bilateral common carotid artery [60], portal vein
and vena cava [61], femoral vein and artery [62], bilateral common iliac arteries [58],
and internal and external carotid artery [60];

- End-to-end anastomosis involving the common carotid [58], abdominal aorta [63],
femoral artery [64], and external jugular vein [65];

- End-to-side anastomosis involving the bilateral common carotid artery (“half-ring
model”) [66], common carotid artery and external jugular vein [66], superficial caudal
epigastric artery and contralateral femoral artery [66], iliolumbar vein and inferior
vena cava [67], left and right common iliac arteries [58,68], middle sacral artery and
common iliac artery [68].

Most animals are euthanized after the surgery: in these cases, the quality of anastomo-
sis is assessed by harvesting the artery from the living animal or during the autopsy.

Contrarily, some authors have reported on the long-term patency and onset of late
complications after training, for example, in the side-to-side internal and external carotid artery
bypass models and in the side-to-side femoral artery and vein anastomosis model [69] (task 6).

Two further proposed models involve rats. The multiple lymphatic–venous anastomo-
sis (MVLA) model consists of the anastomosis of lymphatic vessels into the lumbar vein [70];
the rat tail revascularization model offers the advantage of assessing the functionality of
the anastomosis by evaluating its vitality [71].

Even if in vivo models cannot reproduce surgical anatomy, they have unique ad-
vantages in terms of high-fidelity simulation of almost all surgical steps, including the
occurrence and management of intra-operative (anastomosis leak, acute thrombosis, va-
sospasm, or vascular stenosis) and postoperative complications (delayed thrombosis of
the anastomosis, and formation of pseudoaneurysms) (tasks 5–6) [72]. These are the rea-
sons why living rats are still among the commonly used and appreciated training models
worldwide [73].

However, the availability of these models progressively reduces because of ethical
reasons and the high costs of managing an animal laboratory. A recently published system-
atic review highlighted the lack of evidence regarding the need to teach microsurgical or
microvascular skills [74].

3.4. Classification

There was a strong agreement between authors (92%), with a Cohen K of 0.9. Based
on the proposed scoring system (Table 1), the simulation devices are classified as follows
(Table 2):

Table 2. By using this scoring system, models have been classified into 5 classes, from class A
(excellent simulator) to class E (not suitable as simulator): see Table 1.

Task
Synthetic

Tubes
Animal Vessels

(Ex Vivo)
Human

Cadavers
Placenta

Live Animals
(In Vivo)

Vessel dissection 0 1 1 2 2

Subarachnoid dissection 0 0 2 2 1

Variety of the anastomosis 2 2 2 2 2

Number anastomosis/vessel/diameter 2 2 1 2 1

Stenosis leaks 2 2 2 2 2

Thrombosis 0 0 0 0 2

TOTAL OF POINTS (class of the simulator) 6 (C) 7 (B) 8 (B) 10 (A) 10 (A)
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1—Synthetic tubes—Grade C—reasonable simulators: They allow one to perform
all the types of micro-anastomoses (task 3) and to perform several anastomoses (task 4).
More sophisticated models using synthetic tubes allow for the evaluation of the immediate
patency and strength of the anastomosis (task 5) [14]. Conversely, tubes are not suitable for
training surgeons in vessel or subarachnoid microdissection (task 1 and 2), or to simulate
the onset of thrombosis (tasks 7).

2.1—Animal vessels (ex vivo)—Grade B—good simulators: They allow one to train
with all the micro-anastomoses (task 3) several times thanks to their availability (task
4), with the advantage of improving some abilities in vessel microdissection (adventitia
removal) (task 1), even if the experience of dissecting a vessel from muscles and fat does
not perfectly fit subarachnoid dissection. When perfused/pressurized, they mimic human
vessel pulsation, allowing the surgeon to assess the presence of stenosis and leaks [23,75]
(task 5). However, these models are not suitable to simulate thrombosis (task 6).

2.2—Fresh human cadavers—Grade B—good simulators: Fresh human cadavers
allow one to train some abilities with vessel microdissection (task 1) and to perform all the
standard micro-anastomoses (task 3). This model optimally allows one to train in arachnoid
dissection (task 2). Perfusion and pressurization of the model allow for the evaluation of
stenosis or leaks of the micro-anastomosis (task 5). Trainees can perform micro-anastomosis
with vessels of different diameters and depths (task 4). Cadavers models are limited by the
impossibility to reproduce thrombosis (task 6).

2.3—Placenta—Grade A—excellent simulator: Placenta models allow the optimal
achievement of all the tasks, with the exception of simulating thrombosis scenarios (task
6). The big advantage is that it is possible to perform the tasks many times as needed, in
vessels of different sizes (task 4) [51]. Dissecting placenta vessels simulates arachnoidal
dissection.

3—Live animals (in vivo)—Grade A—excellent simulators: Given the presence of an
active coagulation system, these are the only simulators that develop thrombotic complica-
tions (task 6). These models offer a unique surgical experience when facing challenging
complications such as bleeding, micro-anastomotic leaks, and thrombosis. However, live
animals are not optimal to repeat the exercise as many times as needed and allow limited
training in subarachnoid dissection. In selected protocols, a post-anastomotic follow-up
period can be applied to evaluate the delayed bypass patency [67]. Moreover, ethical
concerns exist regarding the use of live animals.

4. Discussion

The proposed classification system provides a valuable resource to the microvascular
surgeon to critically analyze the multiplicity of available devices and choose the most
appropriate model for cerebral bypass surgery according to the skills they need to improve
(Figure 2). To the authors’ knowledge, this is the first paper to propose a classification
system of the training models.

A limitation of this classification is that it only takes into account the technical aspects
of performing a micro-anastomosis and considers neither costs nor availability nor the
ethical issues of the models. This is mostly true for class A and B models that allow for
achieving the highest number of skills. Placenta has strong overall availability and cheaper
direct and indirect costs in comparison to human cadavers and in vivo models. In this
sense, placenta models represent valid simulators for every trainee (mostly intermediate
and advanced), especially in reduced-budget educational programs. Placenta also represent
a very good model for experienced surgeons who want to regularly exercise their skills or
try/master new techniques.

A significant advantage of this classification is its dynamic nature. It can be continually
updated if researchers develop new educational models ameliorate existing models.

Importantly, the highest scored models (grades A and B) do not represent the best
simulators for all trainees. Mokhtari highlighted that entry-level surgeons who had pre-
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viously undergone training with Silastic tubes performed significantly better in terms of
anastomotic quality and average time when working with live animals [63].

Figure 2. Spider graphs presenting the features of the training models. In clockwise sense: basic
microsuture models, synthetic tubes, animal vessels (in vitro), human cadavers, placenta, and live
animals (in vivo).

In 2016, the analysis of the 10-year training results in an Okayama research center
revealed that initially performing microsurgery on silicon tubes and chicken wings enabled
a reduction in the number of animals required later in the training program [76].

An analysis by Pafitanis, involving novices training with coupler-assisted microvascu-
lar anastomoses of a three-layer silicon vessel, objectively assessed the learning curve of
the trainees. This analysis proposed objective thresholds for ethical animal model training
and safe, supervised clinical sessions in the operating theater. These studies support the
idea that the educational process of the cerebral bypass surgeon requires stepwise training.

Based on this classification, we suggest that entry-level trainees first master the micro-
anastomosis techniques on class C simulators. Thereafter, intermediate and advanced
trainees could use placenta to master microdissection and micro-anastomoses techniques.
If needed, advanced trainees may consider the use of fresh cadavers with high fidelity of
the brain and angioanatomy, which offer the unique advantage of simulating EC-IC or
IC-IC bypasses with or without interposition of a graft, or live animals, for working with
real rheological properties.

In this sense, this scoring system can support the development of educational pro-
grams in neurovascular micro-neurosurgery, helping to select the most adapted training
models according to trainee level.

Finally, despite the notable impact of training on the learning curve of cerebrovascular
microsurgeons, it is mandatory to emphasize the importance of working alongside expert
cerebral bypass surgeons [1,77].

5. Conclusions

The proposed classification considers the most relevant skills required by a neuro-
surgeon to perform a microvascular anastomosis. This system helps trainees to critically
analyze the available models and to choose the most appropriate according to their level
(entry-level vs. intermediate vs. advanced) and the skills to be improved. This way, it may
also further reduce the use of live animals as training models.
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46. Aboud, E.; Al-Mefty, O.; Yaşargil, M.G. New laboratory model for neurosurgical training that simulates live surgery. J. Neurosurg.
2002, 97, 1367–1372. [CrossRef] [PubMed]

47. Carrizales-Rodriguez, J.; Borrayo-Dorado, S.; Méndez-Guerrero, I.; Sanchez, J.; Rios-Ramirez, F.; Cardenas-Garcia, Y.; Abdala-
Vargas, N.; Höllig, A.; Méndez-Rosito, D. The Hibiscus Model: A Feasible Cadaveric Model Using Continuous Arterial Circulation
for Intracranial Bypass Training and Its Validation. World Neurosurg. 2023, 174, e17–e25. [CrossRef]

48. Steinberg, J.A.; Rennert, R.C.; Levy, M.; Khalessi, A.A. A Practical Cadaveric Model for Intracranial Bypass Training. World
Neurosurg. 2019, 121, e576–e583. [CrossRef]

49. Olabe, J.; Olabe, J.; Sancho, V. Human cadaver brain infusion model for neurosurgical training. Surg. Neurol. 2009, 72, 700–702.
[CrossRef]

50. Olabe, J.; Olabe, J.; Roda, J.M.; Sancho, V. Human cadaver brain infusion skull model for neurosurgical training. Surg. Neurol. Int.
2011, 2, 54. [CrossRef]

74



Brain Sci. 2024, 14, 1031

51. Oliveira, M.M.; Wendling, L.; Malheiros, J.A.; Nicolato, A.; Prosdocimi, A.; Guerra, L.; Costa, P.H.; Ferrarez, C.E.; Ferreira, M.T.;
Sauvageau, E.; et al. Human Placenta Simulator for Intracranial-Intracranial Bypass: Vascular Anatomy and 5 Bypass Techniques.
World Neurosurg. 2018, 119, e694–e702. [CrossRef] [PubMed]

52. De Oliveira, M.M.R.; Ferrarez, C.E.; Ramos, T.M.; Malheiros, J.A.; Nicolato, A.; Machado, C.J.; Ferreira, M.T.; De Oliveira, F.B.; De
Sousa, C.F.P.M.; Costa, P.H.V.; et al. Learning brain aneurysm microsurgical skills in a human placenta model: Predictive validity.
J. Neurosurg. 2018, 128, 846–852. [CrossRef]

53. Belykh, E.G.; Lei, T.; Oliveira, M.M.; Almefty, R.O.; Yagmurlu, K.; Elhadi, A.M.; Sun, G.; Bichard, W.D.; Spetzler, R.F.; Preul,
M.C.; et al. Carotid Endarterectomy Surgical Simulation Model Using a Bovine Placenta Vessel. Neurosurgery 2015, 77, 825–829;
discussion 829–830. [CrossRef] [PubMed]

54. Belykh, E.; Lei, T.; Safavi-Abbasi, S.; Yagmurlu, K.; Almefty, R.O.; Sun, H.; Almefty, K.K.; Belykh, O.; Byvaltsev, V.A.; Spetzler, R.F.;
et al. Low-flow and high-flow neurosurgical bypass and anastomosis training models using human and bovine placental vessels:
A histological analysis and validation study. J. Neurosurg. 2016, 125, 915–928. [CrossRef] [PubMed]

55. Gallardo, F.C.; Bustamante, J.L.; Martin, C.; Orellana, C.M.; Caviglia, M.R.; Oriola, G.G.; Diaz, A.I.; Rubino, P.A.; Quesada, V.Q.
Novel Simulation Model with Pulsatile Flow System for Microvascular Training, Research, and Improving Patient Surgical
Outcomes. World Neurosurg. 2020, 143, 11–16. [CrossRef] [PubMed]

56. Ghanem, A.M.; Al Omran, Y.; Shatta, B.; Kim, E.; Myers, S. Anastomosis Lapse Index (ALI): A Validated End Product Assessment
Tool for Simulation Microsurgery Training. J. Reconstr. Microsurg. 2016, 32, 233–241. [CrossRef]

57. Magaldi, M.O.; Nicolato, A.; Godinho, J.V.; Santos, M.; Prosdocimi, A.; Malheiros, J.A.; Lei, T.; Belykh, E.; Almefty, R.O.; Almefty,
K.K.; et al. Human Placenta Aneurysm Model for Training Neurosurgeons in Vascular Microsurgery. Oper. Neurosurg. 2014, 10,
592–601. [CrossRef]

58. Tayebi Meybodi, A.; Lawton, M.T.; Yousef, S.; Mokhtari, P.; Gandhi, S.; Benet, A. Microsurgical Bypass Training Rat Model: Part
2-Anastomosis Configurations. World Neurosurg. 2017, 107, 935–943. [CrossRef]

59. Byvaltsev, V.A.; Akshulakov, S.K.; Polkin, R.A.; Ochkal, S.V.; Stepanov, I.A.; Makhambetov, Y.T.; Kerimbayev, T.T.; Staren,
M.; Belykh, E.; Preul, M.C. Microvascular Anastomosis Training in Neurosurgery: A Review. Minim. Invasive Surg. 2018,
2018, 6130286. [CrossRef]

60. Matsumura, N.; Hamada, H.; Yamatani, K.; Hayashi, N.; Hirashima, Y.; Endo, S. Side-to-side arterial anastomosis model in the rat
internal and external carotid arteries. J. Reconstr. Microsurg. 2001, 17, 263–266. [CrossRef]

61. Lee, S.H.; Fisher, B. Portacaval shunt in the rat. Surgery 1961, 50, 668–672.
62. Matsumura, N.; Endo, S.; Hamada, H.; Kurimoto, M.; Hirashima, Y.; Takaku, A. An experimental model for side-to-side

microvascular anastomosis. J. Reconstr. Microsurg. 1999, 15, 581–583. [CrossRef] [PubMed]
63. Mokhtari, P.; Meybodi, A.T.; Lawton, M.T.; Payman, A.; Benet, A. Transfer of Learning from Practicing Microvascular Anastomosis

on Silastic Tubes to Rat Abdominal Aorta. World Neurosurg. 2017, 108, 230–235. [CrossRef] [PubMed]
64. Liu, H.L. Microvascular anastomosis of submillimeter vessels-a training model in rats. J. Hand Microsurg. 2013, 5, 14–17.

[CrossRef] [PubMed]
65. Nasir, S.; Aydin, M.A.; Karahan, N.; Demiryürek, D.; Sargon, M. New microvenous anastomosis model for microsurgical training:

External jugular vein. J. Reconstr. Microsurg. 2006, 22, 625–630. [CrossRef]
66. Mikami, T.; Suzuki, H.; Ukai, R.; Komatsu, K.; Kimura, Y.; Akiyama, Y.; Wanibuchi, M.; Mikuni, N. Surgical Anatomy of Rats for

the Training of Microvascular Anastomosis. World Neurosurg. 2018, 120, e1310–e1318. [CrossRef]
67. Onoda, S.; Kimata, Y.; Matsumoto, K. Iliolumbar Vein as a Training Model for Microsurgical End-to-Side Anastomosis. J. Craniofac

Surg. 2016, 27, 767–768. [CrossRef]
68. Yin, X.; Ye, G.; Lu, J.; Wang, L.; Qi, P.; Wang, H.; Wang, J.; Hu, S.; Yang, X.; Chen, K.; et al. A Novel Rat Model for Comprehensive

Microvascular Training of End-to-End, End-to-Side, and Side-to-Side Anastomoses. J. Reconstr. Microsurg. 2019, 35, 499–504.
[CrossRef]

69. Pruthi, N.; Sarma, P.; Pandey, P. Training in Micro-Vascular Anastomosis Using Rat Femoral Vessels: Comparison of Immediate
and Delayed Patency Rates. Turk. Neurosurg. 2018, 28, 56–61. [CrossRef]

70. Yamamoto, T.; Yamamoto, N.; Yamashita, M.; Furuya, M.; Hayashi, A.; Koshima, I. Establishment of supermicrosurgical
lymphaticovenular anastomosis model in rat. Microsurgery 2017, 37, 57–60. [CrossRef]

71. Sakrak, T.; Köse, A.A.; Karabağli, Y.; Koçman, A.E.; Ozbayoğlu, A.C.; Cetįn, C. Rat tail revascularization model for advanced
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Abstract: Background: Concentric vessel-wall contrast enhancement (VW-CE) of the terminal carotid
artery and its proximal branches may be linked to ischemic strokes, disease activity and progression
in Moyamoya disease (MMD). The objective of this retrospective cohort study is to analyze the asso-
ciation between VW-CE and perioperative acute ischemic stroke (PAIS) occurring within 24 h after
revascularization. Methods: All previously untreated MMD patients who required revascularization
and who had undergone preoperative MRI with VW-CE-sequences were included. PAIS was de-
tected by CT and/or diffusion-weighted MRI sequences within 24 h postoperatively. Results: Of the
110 patients included (female-to-male ratio: 2.7:1, median age: 45.1 (16.6–69.2); n = 247 revasculariza-
tions), a priori VW-CE was present in 67.3% (mean time from MRI to first surgery: 86 days ± 82 days).
PAIS occurred in five patients undergoing primary revascularization (PAIS rate per revascularization:
2.1%), all of whom had a preoperative pathological VW-CE in the vascular segment corresponding
to the stroke area. Two (40%) incidents of PAIS occurred in revascularized territory, while three
(60%) occurred in non-revascularized vascular territory. In each case, the supplying artery exhibited
VW-CE, indicating disease activity. No additional PAIS occurred during subsequent revasculariza-
tions in cases of multistage procedures (n = 38), such as ACA or PCA revascularization as a second
step. Conclusions: Preoperative VW-CE in one or more vascular segments may be a marker for
postoperative stroke in the respective vascular territory at the time of revascularization. VW-CE
imaging should be routinely performed when planning revascularization in MMD. If VW-CE is
found, strict perioperative monitoring of these high-risk patients should be performed to achieve the
best results possible.

Keywords: cerebral revascularization; Moyamoya disease; postoperative ischemic stroke; contrast-
enhanced vessel wall imaging

1. Introduction

Moyamoya disease (MMD) can cause ischemic stroke due to alterations in the vascular
architecture of the terminal segments of the internal carotid arteries (ICAs), proximal ante-
rior cerebral artery (ACA) or middle cerebral artery (MCA), as perfusion deficits can no
longer be compensated for by an insufficient rete mirabile. If indicated, revascularization
with extra-/intracranial (EC-IC) bypasses is regarded as the gold standard of therapy,
as it has been demonstrated to reduce the recurrence rate of stroke in hemodynamically
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insufficient patients [1]. However, ischemic strokes may also occur perioperatively, al-
though the precise pathomechanism is not yet fully understood. Several studies have
investigated the risk and protective factors for perioperative acute ischemic stroke (PAIS)
after revascularization procedures in patients with MMD, mainly focusing on comorbidi-
ties [2–7]. The potential pathomechanisms underlying this phenomenon have been subject
to considerable debate: among those discussed are hemodynamic effects due to a vas-
cular steal or watershed shift after direct revascularization on the one hand, as well as
altered cerebral blood flow caused by anesthetics and changes of arterial blood pressure on
the other [8–10]. A potential correlation between the vascular territory affected by PAIS
and MMD remains uncertain, as postoperative strokes may also occur in the hemisphere
contralateral to the operated side [11,12]. As PAIS is potentially one of the most serious
complications in the surgical treatment of MMD, a deeper understanding is crucial for
improving patient outcomes.

Vessel-wall imaging in MMD has recently received increased scientific attention [13,14].
Contrast enhancement in the affected vessel walls (VW-CE) may be an indicator of disease
activity in the vessel wall [15]. Vessel-wall alterations in MMD have been previously
identified through autopsy studies, and they are characterized by proliferating smooth
muscle cells and macrophage infiltration [16]. Although the significance of VW-CE is not
yet fully understood, studies have indicated that contrast uptake in affected vessel walls
may predict disease progression and increase the risk of poor patient outcomes [15,17–19].
Consequently, MRI screening for VW-CE is routinely performed in all MMD patients at
our center. This study retrospectively investigates the occurrence of PAIS during EC-IC
revascularization in MMD and its correlation with preoperative VW-CE imaging findings.

2. Methods

2.1. Inclusion and Exclusion Criteria

MMD was defined according to the Japanese Guidelines for the Management of Moy-
amoya disease [20]. Diagnosis and therapy were based on the consensus recommendations
of the European Stroke Organization [21]. The study included adult MMD patients who
had not previously undergone revascularization and who were treated with EC-IC bypass
for the first time at our center between 12/2013 and 12/2023. Only patients who had re-
ceived preoperative high-resolution MRI with contrast-enhanced fat-saturated vessel-wall
imaging were included in this study. Patient files were scanned for clinical signs of ischemic
stroke and imaging was used to confirm PAIS (MRI and/or CT) with an onset < 24 h after
surgery. In general, all patients underwent routine postoperative imaging by CT or MRI
within 24 h after revascularization.

2.2. VW-CE MR Imaging Protocol

VW-CE MRI was performed on a 3Tesla scanner (Magnetom Vida Fit, Siemens Healthi-
neers, Forchheim, Germany) with a 64 Channel Head/Neck Coil. The sequence parameters
were: 3D T1 SPACE (Sampling Perfection with Application optimized Contrasts using
different flip-angle evolution) with a time of repetition (TR) of 600 ms, time of echo (TE)
of 23 ms, flip angle of 120◦, slice thickness of 0.8, field of view (FOV) of 185 × 220 mm,
a time of acquisition (TA) of 3:45 and a 384 × 324 matrix, resulting in a voxel size of
0.29 × 0.29 × 0.80 mm. A contrast agent (dosage: 0.1 mmol Gadobutrol/kg) was adminis-
tered during the measurement of a perfusion sequence (TA 2:29). The VW-CE sequence
was started after a whole-brain T1 sequence (TA 1:46); so, the VW-CE imaging was started
at around 4:25 min after the contrast administration. Blood suppression was achieved by
inversion recovery, and no pulse gating was used.

2.3. Data Processing, Workflow and Statistics

All the data were stored in a custom database (REDCap) and statistically analyzed
(JMP, SAS Institute, Cary, NC, USA). Levene’s test for homogeneity of variance was applied
and pooled/unpooled t-tests were performed accordingly. p-values < 0.05 were considered
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significant. Contingency tables were analyzed with Fisher’s exact test. Nominal logistic
regression models were used for multivariate analysis. A stepwise regression approach
was used to select all the effects. Odds ratios (ORs) with 95% confidence intervals were
calculated as a measure of the strength of association.

2.4. Severity of PAIS

The Clavien–Dindo classification (CDC) was used to assess the severity of the PAIS,
which is standard for all complications in our clinic [22]. The modified Rankin Scale (mRS)
and the National Institute of Health Stroke Scale (NIHSS) were recorded preoperatively
and postoperatively to assess the clinical condition of the patient.

2.5. Standardized Diagnostic Protocol

As part of a standardized diagnostic protocol, patients suspected of having MMD
undergo conventional angiography and CO2-evoked blood-oxygenation-level dependent
(BOLD) MRI to determine vasoreactivity as a correlate of cerebral perfusion reserve, as pre-
viously described [23–28]. In cases of borderline findings, PET imaging with acetazolamide
challenge is also performed. The indication for EC-IC revascularization is then determined
on the basis of all the findings. For multi-territorial findings, revascularization of bilaterally
affected MCA territories is performed in a single-stage procedure. Any additional affected
ACA or PCA territories are then revascularized in secondary or tertiary procedures as
part of a multi-stage tailored procedure, as described previously [25]. In the event of an
initial ischemic stroke, a period of 6 to 12 weeks is typically allowed to elapse between its
occurrence and the first revascularization in order to permit stabilization of the patient’s
blood flow and clinical condition. This period of time is in accordance with the European
consensus recommendations [21]. All patients are hydrated by intravenous administration
of balanced full-electrolyte solutions for a minimum duration of 12 h prior to surgery.
Antihypertensive medication, with the exception of beta-blockers, are discontinued dur-
ing anesthesia. Perioperative blood pressure monitoring begins with an invasive arterial
blood pressure measurement while the patient is still conscious to avoid blood pressure
fluctuations due to the induction of anesthesia.

2.6. Standard Protocol Approvals, Registrations, and Patient Consent

All procedures performed in studies involving human participants were in accordance
with the ethical standards of the institutional research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethics standards. Approval from the
local ethics committee was obtained (105/2024BO2). Due to the retrospective character of
this analysis, no specific formal consent from the participating patients was obtained.

3. Results

Inclusion criteria were met by n = 110 patients. The female-to-male sex ratio was 2.7:1,
and the median age was 45.1 years (16.6–69.2) (Table 1). A total of n = 247 vascular territories
were revascularized, of which n = 157 were direct or combined (direct and indirect) bypasses
(63.6%). The majority of patients underwent single-stage revascularization surgery (65.5%;
unilateral or bilateral revascularization), while 31.8% of patients underwent two-stage
revascularization and three patients underwent up to four stages of revascularization (all
of them with secondary disease progression in a not-yet revascularized territory). The most
common target regions for the first revascularizing procedure were the MCA territory
on the right, with a total of n = 84, and on the left, with n = 82, followed by the ACA
territory (right n = 36, left = 32). The mean time between preoperative VW-CE MRI and
first revascularization procedure was 86 ± 82 d. The overall prevalence of contrast uptake
in the arterial wall (VW-CE) was 67.3%. The distal C7 segment of the ICA (right 29.9%;
left 32.2%) and the proximal branches A1 (right 13.8%; left 12.6%) and M1 (right 39.1%;
left 36.8%) of the ACA and MCA were most frequently affected by VW-CE (Figure 1).
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Table 1. Basic patient characteristics.

Patient Characteristics n (%)

Sex
- female 80 (72.7%)
- male 30 (27.2%)

Age (at first surgery) median 45.1 y (16.6–69.2)

Ethnicity
- Caucasian 99 (90.0%)
- Asian 10 (9.1%)
- Arabic 1 (0.9%)

Initial MMD onset
- hemorrhagic stroke 7 (6.4%)
- ischemic stroke or TIA/PRIND 77 (70.0%)
- minor (e.g., headache) or incidental 26 (23.6%)

Moyamoya disease
- unilateral left 21 (19.1%)
- unilateral right 16 (14.5%)
- bilateral 73 (66.4%)

Suzuki classification (Right/Left)
- grade 1 5/4
- grade 2 11/9
- grade 3 27/34
- grade 4 22/22
- grade 5 16/16
- grade 6 8/9

vessel-wall imaging 110 (100%)
- VW-CE 74 (67.3%)

Time interval between VW-CE imaging and the first surgery mean 86 d ± 82 d

Figure 1. A total of 67.3% of all MMD patients with VW-CE imaging showed contrast enhancement of
the vessel wall (VW-CE). The percentage prevalence of these VW-CEs in the different vessel segments
of the arterial circle of Willis is shown (right hemisphere (R); left hemisphere (L)). (ICA: C6 and C7;
MCA: M1 and M2; ACA: A1, ACOM and A2; PCA: P1, PCOM and P2). Note: Very rarely, VW-CE
were also seen in the C5 section of the ICA; these are not shown for reasons of clarity.

Unless otherwise specified, the value indicates the number of patients and the corre-
sponding percentage.
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Perioperative Acute Ischemic Stroke After Revascularization

The overall incidence rate of PAIS (n = 5) per bypass (n = 247) was 2.1%, 3.3% per
revascularizing operation (n = 152) and 4.5% at the first surgery (n = 110). When only
looking at patients with VW-CE, the PAIS rate at the first surgery was 6.8%. Figure 2
depicts the preoperative angiograms of patients with PAIS. All five cases of PAIS occurred
in vascular territory supplied by a vessel affected by VW-CE: PAIS in the ACA or MCA
territory (n = 4) occurred in the ipsilateral C7, A1 or M1 segment affected by CE-VW. One
PAIS occurred in the PCA territory, which corresponded to a VW-CE in the ipsilateral
P1 and P2 segments (Figure 3). Only three of the five cases of PAIS (60%) occurred in
the revascularized territory itself. The severity of PAIS according to the Clavien–Dindo
Classification (CDC) was ≤grade 2 in n = 4 cases and grade 5 in n = 1 case. This case showed
a poor outcome due to bilateral infarction in the ACA territory (Figure 3B). The remaining
cases exhibited only a modest decline in the NIHSS and mRS, accompanied by stable, or
even improved, progression at the 6-month follow-up (Table 2). After univariate analysis
of the comorbidities of smoking, diabetes mellitus (DM), alcohol consumption, body mass
index (BMI) and patient characteristics (age, sex, ethnicity, initial disease manifestation
asymptomatic vs. TIA vs. ischemic vs. hemorrhagic stroke), only increased BMI showed
a significant association with PAIS (BMI (non-PAIS) 27.2 ± 5.4 vs. BMI (PAIS) 32.8 ± 6.5;
p = 0.0273; OR = 1.2 95%CI 1.0–1.4). In a multivariate analysis of these variables, again,
only BMI could be identified as a risk factor for PAIS. The occurrence of VW-CE was not
significantly associated with PAIS.

Table 2. PAIS patient characteristics.

Case
Age

[Years]
Sex

Suzuki
(Left/
Right)

VW-CE Revascularization Ethnicity BMI Smoking HTN DM
Initial
MMD
Onset

NIHSS
Preop/
Postop/
6mFU

mRS
Preop/
Postop/
6mFU

A 63 female 3/3 C7 right
A1 right

STA-MCA right
combined Caucasian 26.6 no yes no ischemic 0/5/3 2/3/3

B 46 female 2/4 C7 left STA-MCA right
combined Caucasian 37.3 no yes yes ischemic 0/3/3 1/1/1

C 22 female 5/3
C7 right
M1 right
C7 left

STA-MCA
bilaterally
combined

Caucasian 41.9 no yes no ischemic 3/4/3 2/3/2

D 46 female 4/6
C7 left
M1 left
A1 left

STA-MCA
bilaterally direct Caucasian 29.1 no no no ischemic 2/32/ # 3/5/ #

E 59 male 4/4 P1 left
P2 left

STA-MCA
bilaterally direct Caucasian 29.1 yes yes no ischemic 0/4/ * 1/2 *

arterial hypertension (HTN), diabetes mellitus (DM), National Institute of Health Stroke Scale (NIHSS), modified
Rankin Scale (mRS). Follow-up conducted 6 months after revascularization (6mFU); #—lost to follow-up; *—6mFU
still pending.
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Figure 2. Preoperative angiograms of the five patients (A–E) with PAIS. (A) ACA supply on both sides
via the right ICA. (B) Bilateral ACA supply via the left ICA. See the corresponding infarct pattern in
Figure 3B. (C) Advanced ICA stenoses on both sides. (D) Right ICA occlusion, left hemispheric A1
stenosis and M1 occlusion. A matching PAIS pattern was also seen bilaterally in the ACA territory,
with VW-CE of the left ICA. Secondary findings: two supraophthalmic ICA aneurysms on the left
side. (E) Left ICA with collateralization to parietooccipital, consistent with PAIS (Figure 3E). Note:
Angiograms of the basilar artery are not shown for reasons of clarity.
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Figure 3. Imaging of five patients (A–E) who had a PAIS. Left column: preoperative VW-CE imaging
(MRI). White arrows mark a VW-CE (exemplary slices). Right column: postoperative imaging to
visualize a PAIS. The first two cases (A,B) received diffusion-weighted MRI sequences, while the other
(C–E) received CT imaging. (A) Ischemia in the MCA and ACA/MCA watershed area with bilateral
ACA supply via the right ICA (Figure 2A), which is possibly hemodynamically induced. (B) The
initial situation is analogous to that of case (A), with bilateral ACA supply via the left ICA. However,
in this instance, the infarcts are wedge-shaped, which may be indicative of a thromboembolic process.
(C) Right frontal ischemia in preoperatively advanced ICA stenosis on both sides. (D) Territorial
infarcts of the ACA on both sides and parietooccipital with ACA supply on both sides via the left ICA,
corresponding to VW-CE, which is most likely hemodynamically caused by intraoperative blood
pressure fluctuations. (E) Occipital ischemia on the left and collaterals (Figure 2E) via the left ICA
with VW-CE at the P1/P2 transition.
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4. Discussion

This study is the first to investigate perioperative acute ischemic stroke (PAIS) in
MMD patients following revascularization, employing a novel imaging perspective. This
perspective is based on the clinical observation of a potential correlation between the
contrast enhancement of vessels proximal to the stroke area upon preoperative baseline
MRI. All patients with PAIS exhibited preoperative concentric contrast enhancement of
the arterial walls of the terminal segments of the ICA and/or proximal branches of the
ACA, MCA, or PCA supplying the territory affected by PAIS. This anatomical association
has not previously been observed and requires further investigation. The occurrence of
VW-CE was not significantly associated with PAIS in the studied cohort, which may be
attributed to the generally low incidence of PAIS itself. Postoperative acute stroke rates
vary in the literature, partly due to differences in the time intervals studied or because
calculations were made per bypass rather than per operation in the case of multi-territorial
revascularization in single-stage procedures. While some authors report PAIS within 24 h
after surgery, as we do, others have identified PAIS with a latency of up to 7 days [5,29,30].
Our PAIS rate of 3.3% per revascularizing surgery and 2.1% per bypass seems plausible
given the rates described in the literature, which range from 2.1% to 6.9% [2,3,5,29,31].

Although PAISs were generally quite rare in the relatively large sample analyzed,
which limits stochastic analysis, this observation merits further attention. It is possible that
a pathological VW-CE may correspond to a disease activity that may result in the deteriora-
tion and instability of perfusion distal to the affected vessel segment. A correlation between
disease progression in MMD and VW-CE has already been previously demonstrated [15,19].
This finding is consistent with other studies that have demonstrated a correlation between
postoperative stroke and the imaging progression of steno-occlusive changes or clinically
unstable disease [2,19,32]. Several studies have provided support for this hypothesis, iden-
tifying preoperative ischemic events as a risk factor for PAIS [3,5,6,33,34]. All identified
patients with PAIS initially presented with symptoms of an ischemic stroke. However,
this was not demonstrated to be a significant risk factor for PAIS. It is noteworthy that no
spatial correlation with the occurrence of PAIS has yet been established, as several authors
have correctly described the occurrence of ischemic stroke in locations contralateral to
the operated hemisphere or clearly distant from the surgical site [3,7,11,12]. Therefore,
not all occurrences of PAIS can be explained by a watershed shift phenomenon, which
could be seen as a paradoxical decrease in cerebral blood flow in the adjacent cortex near
the site of local hyperperfusion, or a steal phenomenon with increased retrograde flow
versus decreased antegrade flow [8,9]. The data presented here suggest such a spatial
correlation between the VW-CE and the area affected by PAIS. This may be a potential
factor influencing the sequence of multi-stage procedures and the urgency of planning
patient-specific revascularization procedures. The time interval between VW-CE imaging
and surgical treatment in this study should not diminish the significance of the results given
the presumed long-lasting and durable nature of the VW-CE in MMD, which approximates
to at least 24 months [17,19]. During this period, a slow intensity increase of VW-CE can
be observed for approximately 12 months, followed by a decrease in intensity for another
12 months.

In our cohort, no further PAISs were observed in multi-stage procedures. This may
be attributed to the protective effect of enhanced blood flow resulting from the initial
revascularization or a stabilization of hemodynamics in segments with disease progression,
as a decreasing rate of PAIS in secondary interventions has also been reported in other
studies [3]. However, this may also be biased by the fact that the hemisphere or vascular
territory with an assignable VW-CE is often the hemisphere with the most pronounced
symptoms and a limited perfusion reserve, and it is therefore treated first in the primary
intervention. In view of our study results, the question arises as to whether revasculariza-
tion should be postponed due to an increased PAIS rate until the VW-CE has subsided.
Studies specifically addressing this issue are not known. However, based on the current
state of the evidence, the risk–benefit ratio should be clearly in favor of prompt revascular-
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ization as VW-CE indicates increased disease activity and, consequently, an elevated risk of
stroke [15,17,19].

With regard to comorbidities, this study identified obesity as a risk factor for PAIS,
while other studies have also identified diabetes mellitus as an independent vascular risk
factor [3,4,35]. These findings are conclusive in that both conditions may be interdependent
and have been shown to have an overall negative impact on the cerebral vasoarchitecture
through microvascular dysfunction [36]. In addition, patients diagnosed with PAIS exhib-
ited a higher incidence of significantly reduced high-density lipoprotein (HDL) levels [37].
There was no evidence in this study that ethnicity had an impact on VW-CE or PAIS.
However, the low proportion of non-Caucasian patients in the cohort analyzed is a limiting
factor. Whether the observations from this study are also present in Asian patients with
MMD would certainly be an interesting question for future studies.

The findings of this study indicate a possible direct relationship between VW-CE and
PAIS. Nevertheless, it is not feasible to ascertain a causal relationship and the origin of these
ischemic strokes. It seems reasonable to suggest that a VW-CE vessel segment may act as an
indicator of an actively progressing stenosis, with hemodynamic restriction occurring distal
to it. This is corroborated by the increased susceptibility of MMD patients to perioperative
fluctuations in blood pressure levels. Conversely, it is also possible that VW-CE segments
could be the origin of thromboembolic infarcts, which has already been demonstrated to
be a factor in MMD [38,39]. This is also supported by the effect of antiplatelet therapy
(APT), as a reduction in the risk of PAIS with APT was found in at least some, but not
all, studies [1,40,41]. Overall, APT is most likely to result in improved overall survival in
MMD, while the risk of hemorrhage appears to be reduced [1,42]. However, the present
study cannot make a conclusion about the effect of APT on PAIS, as all patients included
received APT as standard. Thus, MMD may be a mixed picture of hemodynamic and
thromboembolic ischemia.

This study did not specifically address intraoperative risk factors. However, as previ-
ously stated, the distinctive features of surgical procedures may be a pivotal factor in the
development of PAIS in a territory at risk due to VW-CE. Hemodynamic variations due
to anesthetic management with vasoreactive drugs and a hematocrit shift due to volume
management have been identified as risk factors for PAIS [10]. Therefore, patient-specific
blood pressure management both intraoperatively and postoperatively may reduce the risk
of PAIS [31]. In addition, the carbon dioxide sensitivity of the cerebral vasculature must
be taken into account, as an increased incidence of PAIS has been described, at least in
ventilation-associated hypocapnia and hypercapnia [5,43]. This emphasizes the necessity
for close coordination between the surgeon and anesthesiologist regarding, e.g., periopera-
tive blood pressure levels and ventilation parameters.

Limitations

This is a retrospective analysis, which always has the risk of a certain bias. Due to
the rarity of perioperative stroke, the cohort examined is rather small in comparison to the
entire cohort treated. Nevertheless, the risk of an underpowered analysis seems low given
the large study population in total. Still, further investigations of larger populations should
certainly be considered. We therefore expect to see higher data densities in the future as
we continue our imaging protocol and aim to analyze the pathophysiological impact of
vessel-wall contrast enhancement in a translational clinical trial. Moreover, the analysis
of individual dynamics of contrast enhancement before surgery was not possible, as only
one preoperative VW-CE imaging was performed for each of the patients. Furthermore,
this study concentrated on the diagnosis of VW-CE and PAIS. However, it is not possible
to draw conclusions regarding the causal relationships between these factors alone, and
further research is required to ascertain the significance of VW-CE in MMD.
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5. Conclusions

Acute perioperative ischemic stroke represents a rare but serious adverse event of
revascularization procedures in MMD. The findings of our study indicate a potential corre-
lation between PAIS and the preoperative observation of concentric contrast enhancement
of the affected vessel walls. In several studies this vessel-wall contrast enhancement was
found to be associated with disease progression in the respective vessel segment. Patients
with VW-CE may be at an elevated risk for acute perioperative ischemic strokes and should
be monitored meticulously. Further research is required to gain a deeper insight into
the relationship between VW-CE and the progression of MMD. This could potentially
lead to improved patient outcomes by determining the appropriate treatment, includ-
ing the timing of surgery and the sequence of territories to be revascularized in cases of
multi-territorial involvement. Additionally, a more comprehensive understanding of the
underlying pathophysiological processes leading to Moyamoya disease could be achieved.
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Abstract: Revascularization surgery for the symptomatic hemisphere with hemodynamic impairment
is effective for Moyamoya vasculopathy patients. However, careful patient selection is crucial and
ideally supported by advanced quantitative hemodynamic imaging. Recently, blood oxygenation
level-dependent cerebrovascular reactivity (BOLD-CVR) and quantitative magnetic resonance an-
giography with non-invasive optimal vessel analysis (qMRA-NOVA) have gained prominence in
assessing these patients. This study aims to present the results of BOLD-CVR and qMRA-NOVA
imaging along with the changes in cerebral hemodynamics and flow status following flow augmenta-
tion with superficial temporal artery–middle cerebral artery (STA-MCA) bypass in our Moyamoya
vasculopathy patient cohort. Symptomatic patients with Moyamoya vasculopathy treated at the
Clinical Neuroscience Center of the University Hospital Zurich who underwent hemodynamic and
flow imaging (BOLD-CVR and qMRA-NOVA) before and after bypass were included in the analysis.
Reduced hemispheric volume flow rates, as well as impaired BOLD-CVR, were measured in all
12 patients with Moyamoya vasculopathy before STA-MCA bypass surgery. Following the surgical
procedure, post-operative BOLD-CVR demonstrated a non-significant increase in BOLD-CVR values
within the revascularized, symptomatic middle cerebral artery territory and cerebral hemisphere. The
results of the statistical tests should be viewed as indicative due to the small sample size. Additionally,
post-operative qMRA-NOVA revealed a significant improvement in the hemispheric volume flow
rate of the affected hemisphere due to the additional bypass flow rate. Our findings affirm the
presence of hemodynamic and flow impairments in the symptomatic hemisphere of the Moyamoya
vasculopathy patients. Bypass surgery proves effective in improving both BOLD-CVR impairment
and the hemispheric volume flow rate in our patient cohort.

Keywords: moyamoya; BOLD-CVR; NOVA; STA-MCA bypass; hemodynamics; quantitative flow

1. Introduction

Moyamoya disease is a rare idiopathic vasculopathy characterized by the progressive
stenosis or occlusion of the distal internal carotid arteries (ICAs), as well as the proximal
anterior (ACAs) and middle cerebral arteries (MCAs), followed by the development of
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a collateral network of arteries [1,2]. The term “Moyamoya”, derived from Japanese,
translates to “puff of smoke”, capturing the extensive cerebral collateral network associated
with the disease. The formation of collaterals serves as a compensatory mechanism in
response to the decreased cerebral flow caused by the stenosis or occlusion of intracranial
arteries. However, this compensatory attempt is often insufficient, resulting in clinical
manifestations such as ischemic strokes and transient ischemic attacks (TIAs). Additionally,
the dense collateral network tends to cause bleeding, leading to hemorrhagic strokes [1,3].

The treatment objective of symptomatic Moyamoya patients is to enhance cerebral
perfusion, thereby reducing the risk for future ischemic and hemorrhagic events [4–6];
revascularization surgery via direct, indirect, and combined bypass procedures stands as the
sole proven and effective treatment based on clinical trials [7–9]. The most recent guidelines
on Moyamoya Angiopathy from the European Stroke Organisation (ESO) recommend
revascularization surgery using either a direct or a combined bypass procedure [10].

In the historical context, various imaging techniques [11] have been used to assess
the vessel status of patients with Moyamoya vasculopathy, with digital subtraction an-
giography (DSA) remaining a gold-standard technique [12]. However, when analyzing
the cerebral perfusion status, techniques such as single-photon emission computed to-
mography (SPECT) and positron emission tomography (PET) have been utilized. It is
noteworthy that these latter methods necessitate exposure to ionizing radiation and have
limited availability in routine clinical practice [8,12,13]. Arterial spin labeling is an effective
method for detecting the cerebral blood flow in patients with Moyamoya vasculopathy [14].

Recently, two innovative magnetic resonance imaging techniques for the quantitative
assessment of the cerebrovascular reserve capacity and blood flow in cerebral vessels have
emerged and are increasingly applied in the evaluation of patients with cerebrovascular
steno-occlusive disease:

(1) Blood oxygenation level-dependent (BOLD) magnetic resonance imaging (MRI), to
evaluate the cerebrovascular reactivity (CVR) at the brain parenchyma level, utilizing
the physiological vasodilatory response to CO2 [15–17];

(2) Quantitative magnetic resonance angiography (qMRA) with non-invasive optimal ves-
sel analysis (NOVA), which measures the volume flow rate (VFR) of large intracranial
arteries in mL/min [15,18,19].

The objective of this study is to present the results of BOLD-CVR hemodynamic
investigation and qMRA-NOVA flow imaging in our cohort of patients with Moyamoya
vasculopathy, along with the changes in cerebral hemodynamics and flow status following
revascularization surgery.

2. Methods

2.1. Patient Selection

This retrospective cohort study with prospectively collected data includes all adult
(>18 years old) patients with symptomatic Moyamoya vasculopathy who underwent a by-
pass surgery at the Clinical Neuroscience Center of the University Hospital Zurich between
May 2019 and May 2023 and who received advanced MR imaging studies (BOLD-CVR
and qMRA-NOVA). Following cerebral revascularization, qMRA-NOVA was performed
before discharge, and BOLD-CVR was performed 3 months after bypass. All 12 included
patients received a combined bypass procedure (direct STA-MCA bypass with indirect
synangiosis). The indirect revascularization techniques varied, with 9 patients undergoing
encephalo-duro-synangiosis (EDS), 2 patients encephalo-duro-myo-synangiosis (EDMS),
and 1 patient encephalo-duro-periosteo-synangiosis (EDPS).

Ethical approval for this study was obtained from the Ethics Committee of the Canton
of Zurich under the reference number KEK 2020-02314. All participants provided their
consent by signing a general informed consent form.
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2.2. Quantitative Advanced MRI Techniques

MRI data were obtained using a 3 Tesla Skyra VD13 system with a 32-channel head ma-
trix following a protocol previously published [20,21]. A (3D) T1-weighted, magnetization-
prepared rapid acquisition gradient echo (MP RAGE) image, oriented similarly to the
BOLD fMRI scans, was conducted for the purpose of overlay to capture structural infor-
mation of the entire brain. Additionally, a 3D time-of-flight (TOF) angiography and 2D
phase-contrast imaging, utilizing the 3D coordinates determined from the NOVA, were
performed to enable VFR analysis [15].

2.2.1. BOLD-CVR Measurement and Analysis

To quantitatively analyze cerebrovascular reactivity at the brain parenchymal level,
the BOLD signal was integrated with a standardized vasodilatory CO2 stimulus that was
achieved through a computer-controlled gas blender employing prospective gas-targeting
algorithms (RespirActTM), as per established protocols [22,23]. Following the examination
of raw CVR data, this approach yielded quantitative BOLD-CVR values (%BOLD signal
change/mmHg CO2) assessed for the entire brain, both grey and white matter, and for
both hemispheres. Furthermore, employing a vascular atlas on the normalized CVR maps
allowed for the calculation of quantitative BOLD-CVR values specific to the vascular
territories of both hemispheres, in accordance with previously published methods [15,16].

For this patient cohort, BOLD-CVR values were assessed for the whole brain, as
well as for symptomatic and non-symptomatic brain hemispheres, and for symptomatic
and non-symptomatic vascular territories (anterior cerebral artery (ACA), middle cerebral
artery (MCA), and posterior cerebral artery (PCA) territories).

2.2.2. qMRA NOVA

Volume flow measurements were conducted using the commercially available NOVA
(non-invasive optimal vessel analysis) software from VasSol, Inc. Chicago, IL, USA [19].
For the analysis, we focused on the volume flow rates (VFRs) of specific arterial segments:
the second segment of the anterior cerebral artery (ACA-A2), the first segment of the
middle cerebral artery (MCA-M1), and the second segment of the posterior cerebral artery
(PCA-P2). The hemispheric volume flow rate (hVFR) was computed by summing the VFR
values for ACA-A2, MCA-M1, and PCA-P2. In the post-bypass qMRA-NOVA analysis, the
affected hVFR is calculated as the sum of the VFRs of ACA-A2, MCA-M1, PCA-P2, and the
bypass VFR [15,24].

2.3. Direct STA-MCA Bypass and Indirect Revascularization

There is no consensus on the optimal type of revascularization surgery. At our insti-
tution, we use the STA-MCA bypass as a direct revascularization procedure, connecting
the STA to a cortical M4 branch in an end-to-side fashion using microsurgical techniques.
Notably, the distal part of the donor STA branch is cut in a fish-mouth fashion to increase
its opening diameter, and a linear arteriotomy is performed on the cortical recipient M4
branch, which should be at least 2.5 times the diameter of the recipient. A detailed de-
scription of the flow-augmentation bypass procedure is available elsewhere (4). Several
indirect techniques have been proposed, evolving over time. We use a combination of
vascularized tissue based on patient characteristics and tissue availability, including EDS,
EDMS, and EDPS. Combining direct and indirect revascularization procedures leverages
the advantages of both techniques [8,25,26].

2.4. Statistical Analysis

The statistical analysis was conducted using R. Dichotomous variables are expressed
as the frequency (%), while continuous variables are presented as the mean ± standard
deviation, and are compared with a paired Student’s t-test. A p value less than 0.05 was
considered statistically significant.
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3. Results

3.1. Study Population Characteristics

Out of the twelve patients included, one individual underwent two bypass operations,
initially in one symptomatic hemisphere and, subsequently, after 7 months, in the other
meanwhile-symptomatic cerebral hemisphere. For the BOLD-CVR and qMRA-NOVA
analyses, each of the two operations was treated separately, resulting in 13 imaging samples.
Among the 12 patients who underwent surgery, 9 underwent postoperative qMRA-NOVA
analysis, and 11 underwent postoperative BOLD-CVR analysis. In the case of the patient
who underwent bypass in both hemispheres, BOLD and NOVA analyses were performed
after each operation, leading to 10 qMRA-NOVA and 12 BOLD-CVR imaging samples for
the postoperative analysis.

Table 1 presents the baseline characteristics and clinical neurological scores of the
included cohort of patients with Moyamoya vasculopathy. Among the included patients,
six had unilateral vasculopathy, while the remaining six had bilateral vasculopathy. Three
patients (25%) presented with hemorrhagic stroke, four patients (33.3%) with ischemic
stroke, and five patients (41.7%) with transient ischemic attacks. Figure 1 illustrates a
representative case of a patient with Moyamoya vasculopathy who underwent a surgical
revascularization via STA-MCA bypass.

 

Figure 1. Illustrative case. A 49-year-old patient with Moyamoya vasculopathy presented with
bilateral stenosis of the supraclinoid ICA and M1 occlusion on the left side. The patient already
experienced two episodes of transitory ischemic attacks in her history, with transient weakness of
the right arm and leg, with the last episode occurring two months preoperatively. At the admission,
the patient did not have any neurological symptoms. The angiography confirmed the diagnosis
and showed a significant presence of collaterals in the left MCA territory. The patient therefore
underwent STA-MCA flow-augmentation bypass surgery with encephalo-duro-synangiosis on the
left hemisphere. Pre-bypass qMRA NOVA showed an increased flow in the left ACA and PCA, as
well as a marked flow reduction in the left MCA. BOLD-CVR showed a steal phenomenon with
impaired CVR (hemodynamic failure grade II) for the left MCA territory. After the bypass in the left
hemisphere, the qMRA-NOVA showed a patent bypass with a flow of 73 mL/min. The BOLD-CVR
showed cortical improvement in the left MCA territory after the bypass operation.

92



Brain Sci. 2024, 14, 762

Table 1. Baseline characteristics of included patient cohort.

Total Patient Cohort (n = 12)

Age (mean ± SD) 50.25 ± 13.34
Gender: male, n (%) 7 (58.3)
Smoking, n (%) 5 (41.7)
Arterial hypertension, n (%) 3 (25.0)
Dyslipidemia, n (%) 2 (16.7)
Diabetes mellitus, n (%) 4 (33.3)
mRS (median (IQR))

Before surgery 1 (2)
After surgery 0 (1)

NIHSS (median (IQR))
Before surgery 0 (2)
After surgery 0 (0)

IQR = interquartile range; mRS = modified Rankin scale; n = number; NIHSS = National Institutes of Health
Stroke Scale; SD = standard deviation.

In the case of the patient who underwent bypass in both hemispheres, BOLD and
NOVA analyses were performed after each operation, leading to 10 qMRA-NOVA and
12 BOLD-CVR imaging samples for postoperative analysis (Supplementary Table S1).

3.2. BOLD-CVR and qMRA-NOVA Imaging Data before Bypass Surgery

Table 2 shows the quantitative hemodynamic BOLD-CVR values, while Table 3
presents the qMRA-NOVA flow values before bypass. When comparing the BOLD-CVR
values between the symptomatic and non-symptomatic hemispheres, the symptomatic
MCA territory exhibited lower BOLD-CVR values (BOLD-CVR symptomatic MCA territory
vs. non-symptomatic MCA territory (%BOLD/mmHgCO2): 0.03 ± 0.07 vs. 0.10 ± 0.11;
p = 0.09), though the difference did not reach statistical significance. The results of the
statistical tests should be viewed as indicative due to the small sample size. Similarly, for
the ACA territory, the symptomatic territory showed lower absolute values compared to
the non-symptomatic one, without a statistically significant difference. A similar trend was
noted when comparing the symptomatic and the non-symptomatic hemispheres (BOLD-
CVR symptomatic vs. non-symptomatic hemisphere (%BOLD/mmHgCO2): 0.09 ± 0.07 vs.
0.12 ± 0.08) (Table 2).

Table 2. BOLD-CVR values before the bypass surgery in 12 patients (13 imaging samples).

BOLD-CVR (%BOLD/mmHgCO2) Mean ± SD

CVR whole brain 0.11 ± 0.07
CVR symptomatic hemisphere 0.09 ± 0.07
CVR non-symptomatic hemisphere 0.12 ± 0.08
CVR symptomatic ACA territory 0.08 ± 0.08
CVR non-symptomatic ACA territory 0.11 ± 0.08
CVR symptomatic MCA territory 0.03 ± 0.07
CVR non-symptomatic MCA territory 0.10 ± 0.11
CVR symptomatic PCA territory 0.23 ± 0.06
CVR non-symptomatic PCA territory 0.25 ± 0.06

ACA = anterior cerebral artery; BOLD = blood oxygenation-level dependent; CO2 = carbon diox-
ide; CVR = cerebrovascular reactivity; MCA = middle cerebral artery; PCA = posterior cerebral artery;
SD = standard deviation.

In the comparison of qMRA-NOVA-derived volume flow rates, a statistically sig-
nificant difference was observed between the symptomatic and non-symptomatic M1-
VFR (symptomatic vs. non-symptomatic (mL/min): 16.15 ± 18.45 vs. 101.38 ± 86.97;
p < 0.004). Regarding P2-VFR, although no statistically significant difference was found,
the symptomatic P2 exhibited a higher flow compared to the non-symptomatic P2 (P2-VFR
symptomatic vs. non-symptomatic (mL/min): 164.69 ± 63.20 vs. 123.54 ± 61.59;
p = 0.10). No difference was observed between symptomatic and non-symptomatic A2-
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VFRs. The cumulative flow of the symptomatic hemisphere was lower than the flow
in the non-symptomatic hemisphere (VFR of symptomatic hemisphere vs. VFR of non-
symptomatic hemisphere (mL/min): 282.77 ± 89.70 vs. 322.15 ± 109.05), though this
difference did not reach statistical significance (Table 3).

Table 3. qMRA-NOVA flow values before bypass surgery in 12 patients (13 imaging samples).

qMRA-NOVA (mL/min): Mean ± SD

VFR symptomatic A2-ACA vessel 96.69 ± 53.94

VFR non-symptomatic A2-ACA vessel 97.23 ± 70.46

VFR symptomatic M1-MCA vessel 16.15 ± 18.45

VFR non-symptomatic M1-MCA vessel 101.38 ± 86.97

VFR symptomatic P2-PCA vessel 164.69 ± 63.20

VFR non-symptomatic P2-PCA vessel 123.54 ± 61.59

VFR symptomatic hemisphere 282.77 ± 89.70

VFR non-symptomatic hemisphere 322.15 ± 109.05
A2 = second segment of the anterior cerebral artery; M1 = first segment of the middle cerebral artery; P2 = second
segment of the posterior cerebral artery; VFR = volume flow rate.

3.3. BOLD Cerebrovascular Reactivity after Bypass

Following cerebrovascular revascularization with STA-MCA bypass, every vascu-
lar territory in both the affected and unaffected hemispheres exhibited an improvement
in BOLD-CVR, although no statistically significant differences were observed for any
(Table 4). The symptomatic MCA territory demonstrated the most significant improve-
ment in BOLD-CVR after bypass surgery (Δ 0.04%BOLD/mmHgCO2), followed by the
BOLD-CVR improvement of the affected hemisphere (Δ 0.03%BOLD/mmHgCO2). Fig-
ure 2 illustrates the difference in the BOLD-CVR values of the symptomatic (affected)
hemisphere and of the MCA territory before and after bypass revascularization for each
patient. Looking at the individual data, we can see that three patients out of twelve showed
a decrease in the CVR values of the affected hemisphere following the bypass surgery. All
three patients presented with ischemic symptoms, and the bypass was patent following the
surgery.

Figure 2. Graphical representation of BOLD-CVR values of the symptomatic (affected); (A) hemi-
sphere and MCA. (B) territory before and after STA-MCA bypass.
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Table 4. Comparison of pre- and post-bypass BOLD-CVR values in 11 Moyamoya patients
(12 imaging series).

BOLD-CVR (%BOLD/mmHgCO2)

(Mean ± SD)
Pre-Bypass
(n = 12)

Post-Bypass
(n = 12)

p-Value

CVR whole brain 0.11 ± 0.07 0.12 ± 0.04 0.52
CVR symptomatic hemisphere 0.09 ± 0.07 0.12 ± 0.03 0.31
CVR non-symptomatic hemisphere 0.12 ± 0.08 0.14 ± 0.06 0.71
CVR ACA symptomatic 0.08 ± 0.08 0.09 ± 0.05 0.62
CVR ACA non-symptomatic 0.11 ± 0.08 0.13 ± 0.06 0.46
CVR MCA symptomatic 0.03 ± 0.07 0.07 ± 0.06 0.09
CVR MCA non-symptomatic 0.10 ± 0.11 0.10 ± 0.09 0.86
CVR PCA symptomatic 0.23 ± 0.06 0.26 ± 0.07 0.29
CVR PCA non-symptomatic 0.25 ± 0.06 0.28 ± 0.10 0.37

ACA = anterior cerebral artery; BOLD = blood oxygenation-level dependent; CO2 = carbon diox-
ide; CVR = cerebrovascular reactivity; MCA = middle cerebral artery; PCA = posterior cerebral artery;
SD = standard deviation.

3.4. qMRA-NOVA Values after Surgical Revascularization

Comparing hemispheric pre-bypass and post-bypass volume flow-rate values, a signif-
icant improvement after surgical revascularization is noted in the VFRs of the affected hemi-
sphere (affected hemisphere preOP vs. postOP (mL/min): 282.77 ± 89.70 vs. 383.70 ± 40.37;
p < 0.003). This increase in volume flow rate is attributed to the bypass flow (qMRA-NOVA
bypass VFR (mL/min): 86.70 ± 30.32) (Table 5). Figure 3 visually depicts the change in the
volume flow rate of the affected hemisphere for each patient before and after the bypass.
All but one patient exhibited an increase in the volume flow rate of the affected hemisphere
after surgical revascularization. This patient also showed no improvement in the CVR
values following revascularization but exhibited the most relevant affected-hemisphere
CVR worsening, as shown in the individual data in Figure 2.

Table 5. Comparison of pre- and post-revascularization qMRA-NOVA values.

qMRA-NOVA (mL/min)

(Mean ± SD)
Pre-Bypass

(n = 10)
Post-Bypass

(n = 10)
p-Value

VFR A2 affected 96.69 ± 53.94 117.10 ± 56.90 0.39
VFR A2 unaffected 97.23 ± 70.46 112.40 ± 60.58 0.59

VFR M1 affected 16.15 ± 18.45 11.00 ± 16.07 0.49
VFR M1 unaffected 101.38 ± 86.97 115.10 ± 111.99 0.74

VFR P2 affected 164.69 ± 63.20 175.40 ± 32.49 0.63
VFR P2 unaffected 123.54 ± 61.59 113.30 ± 32.69 0.64

VFR affected hemisphere * 282.77 ± 89.70 383.70 ± 40.37 0.003
VFR unaffected hemisphere 322.15 ± 109.05 349.00 ± 102.96 0.56

VFR bypass / 86.70 ± 30.32 /
A2 = second segment of the anterior cerebral artery; M1 = first segment of the middle cerebral artery; P2 = second
segment of the posterior cerebral artery; VFR = volume flow rate. * indicates a statistically significant difference
between pre- and post-bypass values.
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Figure 3. Graphical representation of hemispheric volume flow rates before and after STA-
MCA bypass.

4. Discussion

Our cohort study revealed a significant improvement in the volume flow rate within
the symptomatic hemisphere and a trend towards significant improvement in the BOLD-
CVR values of the affected MCA territory, as well as of the affected hemisphere, following
combined (direct and indirect) bypass in Moyamoya vasculopathy patients. The improved
flow in the affected hemisphere stemmed from the efficacy of the flow-augmentation
bypass. The BOLD-CVR analyses demonstrated an interesting trend, with an improve-
ment in the absolute cerebrovascular reactivity values in all vascular territories of the
symptomatic hemisphere.

4.1. Cerebral Hemodynamics in Patients with Moyamoya Vasculopathy

In individuals with Moyamoya vasculopathy, the gradual narrowing of the supracli-
noidal ICA and its proximal branches, coupled with the development of numerous delicate
collateral vessels, leads to compromised and often negative cerebrovascular reactivity, ele-
vating the risk of recurrent ischemic stroke events [1,8,27]. The vasodilatation of arterioles
and the establishment of collateral flow pathways serve as compensatory mechanisms to
maintain regional cerebral blood flow [28–30]. Previous studies have utilized impaired
BOLD-CVR, along with (recurrent) clinical symptoms, to identify patients who could bene-
fit from surgical revascularization. These studies showed that bypass surgery improved
cerebrovascular reactivity in the revascularized hemisphere [31–33].

In our cohort, the observed improvement in cerebrovascular reactivity did not reach
statistical significance. This can be attributed to three key factors: the timepoint of the
advanced neuroimaging, the size of the patient sample, as well as the inclusion of both pa-
tients with ischemic and hemorrhagic presentations. In our investigation, which focused on
post-operative BOLD-CVR analysis, we considered the initial BOLD-CVR images following
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surgical revascularization that were obtained approximately three months after the surgery.
Given that Moyamoya vasculopathy involves chronic vascular impairment [2], it may take
several months for the effects of the surgical revascularization on brain hemodynamics
to become more evident. This could explain the lack of significant improvement if the
initial post-revascularization BOLD-CVR imaging was conducted “too early” after surgery.
However, nine out of twelve patients (75%) showed an improvement in the absolute CVR
values of the affected hemisphere and the affected (symptomatic) MCA territory.

Moreover, one important aspect is that the patients underwent a combined (direct + indirect)
revascularization. It is known that the impact of revascularization with an indirect bypass
promotes neoangiogenesis over time, resulting in more delayed benefits. It could be that
the three patients with CVR worsening relied more on the indirect bypass rather than the
direct bypass, and therefore, there was no CVR improvement in the first postoperative
BOLD-CVR study, since an indirect bypass requires time before its positive effects become
apparent. Conversely, in cases where BOLD-CVR images were acquired later after surgical
revascularization, an eventual natural progression of Moyamoya disease might lead to a
worsening in the hemodynamic status of the contralateral hemisphere, potentially influ-
encing the cerebrovascular reactivity of the revascularized hemisphere. The second factor
involves the patient sample. Our study comprised 12 patients, and it is conceivable that a
study with a larger cohort could yield statistically significant results.

Our findings align with previous studies, supporting the efficacy of cerebrovascular
revascularization surgery in enhancing cerebrovascular reactivity in the affected hemi-
sphere. A study conducted by Han et al. [31] emphasized that extracranial-to-intracranial
bypass resulted in a normalized or improved cerebrovascular reactivity in 52 out of
55 impaired hemispheres [31]. Another study by Sam and colleagues demonstrated a
post-revascularization improvement in cerebrovascular reactivity in both the affected and
unaffected middle cerebral artery territory [34]. In our study, we similarly observed a
post-revascularization improvement in the CVR of the affected middle cerebral artery
territory. However, we did not observe improvement in the CVR of the unaffected middle
cerebral artery territory. Notably, the anterior cerebral artery territory exhibited the lowest
improvement in the cerebrovascular reactivity after bypass surgery. This can be attributed
to the fact that the STA-MCA bypass directly revascularizes only the MCA territory and
does not directly enhance perfusion in the ACA territory. Our results, coupled with the
existing literature, affirm that STA-MCA bypass surgery in Moyamoya patients effectively
increases the cerebrovascular reactivity and restores cerebrovascular impairment in the
middle cerebral artery territory.

4.2. Quantitative Flow Analysis in Patients with Moyamoya Vasculopathy

The preoperative findings from the qMRA-NOVA analysis reveal that the posterior
cerebral arteries exhibit the highest VFR values compared to other arteries in the circle of
Willis. This observation is attributed to the predominant involvement of stenosis in Moy-
amoya vasculopathy in the anterior circulation, while the posterior circulation possesses
a significant compensatory mechanism due to leptomeningeal collateral engagement. A
study conducted by Khan et al. indicates that the flow in the affected posterior circulation
decreases six months after STA-MCA bypass surgery [35].

The increase in the post-operative volume flow rate in the affected hemisphere is attributed
to the STA-MCA bypass, which demonstrated an average flow of 86.70 ± 30.32 mL/min in
our study cohort. Notably, two patients exhibited bypass volume flow rates exceeding
100 mL/min (111 mL/min and 152 mL/min, respectively), highlighting the principle
that the bypass flow is contingent on the flow demand of the revascularized vascular
territory [8,36]. As noted in Table 5, there is a decrease in the mean value of the volume
flow rate of the affected M1, which could be due to some backflow caused by strong
bypass flow.
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4.3. Uncovering the Link between Impaired Hemodynamics and Blood Flow in
Moyamoya Vasculopathy

Preoperative diagnostic angiography of all 12 enrolled patients with Moyamoya
vasculopathy revealed leptomeningeal collaterals in the middle cerebral artery territory
originating from both the anterior cerebral artery and posterior cerebral artery. These
collaterals serve to compensate for the flow deficit in the middle cerebral artery region.
The risk of hemorrhage or ischemic manifestation is contingent upon the efficacy of these
collaterals, emphasizing the need to quantify collateral flow [37]. While angiography allows
us to demonstrate the cerebrovascular anatomy and to detect the occluded vessels and
illustrates the presence of collaterals, it does not assess the impact of collateral vessels
on the perfusion of a specific vascular territory, i.e., there is no information about the
functionality of these vessels and the flow they provide [27,35,38]. In our study, some
patients, despite the bilateral involvement of the supraclinoid ICA and its branches, pre-
sented with fewer symptoms compared to other patients with stenosis in a single artery.
This once again highlights that angiography alone is insufficient for predicting clinical
symptoms (i.e., future stroke events) and functional outcomes in individuals affected by
Moyamoya vasculopathy.

BOLD-CVR and qMRA-NOVA serve as complementary techniques for quantifying
the cerebral hemodynamics and flow rate. BOLD-CVR enables the measurement of the
cerebrovascular reserve capacity, while qMRA-NOVA provides information about the
collateral vessel status and quantitative flow through the intracranial arteries and the
bypass [39]. Our BOLD-CVR and qMRA-NOVA values indicated a correlation between
impaired BOLD-CVR values and the low-flow areas defined by qMRA-NOVA values. Brain
territories exhibiting a lower BOLD-CVR are those perfused by stenotic vessels with a
reduced volume flow rate. Abnormal BOLD-CVR values were predominantly observed in
the anterior and middle cerebral artery territories, whereas the BOLD-CVR in posterior
territories was relatively spared. In all the included patients, the BOLD-CVR of the PCA
territory remained preserved. As previously mentioned, this preservation is attributed to
the fact that intracranial stenosis in Moyamoya patients primarily involves the anterior
circulation, and the posterior circulation possesses a compensatory mechanism, especially
through leptomeningeal collaterals [37]. Given that impaired CVR is an important risk
factor for future cerebral infarction and can serve as an indication for surgical revasculariza-
tion [31,40,41], regular monitoring of the cerebrovascular reserve capacity and quantitative
blood flow has an important role for patients with Moyamoya vasculopathy.

4.4. Limitations

Moyamoya vasculopathy is relatively rare in Switzerland. Our study specifically
focused on the adult population, even though a significant proportion comprises children.
The limitations of our study stem from the small size of the patient sample along with the
considerable diversity among the included patients (unilateral and bilateral vasculopathy).
The indirect revascularization techniques varied among the patients: nine underwent EDS,
two underwent EDMS, and one underwent EDPS. These variations in indirect revascu-
larization should not significantly impact hemodynamic and flow outcomes, as indirect
bypass takes time to develop. Our BOLD-CVR imaging was conducted around 3 months
post-surgery and qMRA-NOVA a few days post-surgery. Additionally, the timing of
the advanced quantitative MRI performed after surgical revascularization varied, with
NOVA conducted immediately after the surgery and BOLD-CVR conducted approximately
3 months after surgery.

4.5. Future Directions

Our results emphasize the significance of advanced quantitative hemodynamic and
flow studies in patients with Moyamoya vasculopathy. Our future objectives involve
expanding the patient cohort for analysis, validating our findings in an external cohort,
and introducing the BOLD-CVR as a hemodynamic marker and qMRA-NOVA as a flow
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marker in the decision-making process for determining whether a conservative or surgical
treatment is more suitable for individual patients with Moyamoya vasculopathy. Further-
more, our goal is to conduct larger multi-center studies and randomized clinical trials using
BOLD-CVR for the hemodynamic assessment of patients with Moyamoya vasculopathy.
It is important to note that the BOLD-CVR technique can be easily implemented across
different MRI vendors, and the sequence itself takes only a few minutes.

5. Conclusions

Our findings affirm the existence of hemodynamic and flow impairments in patients
with Moyamoya vasculopathy. Bypass surgery emerges as an effective treatment strategy,
demonstrating (non-significant) improvements in impaired BOLD-CVR and an increase in
cumulative cerebral blood flow.
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Abstract: Background/Objectives: Microsurgical clipping has traditionally been considered a stan-
dard treatment for middle cerebral artery (MCA) aneurysms. Recently, a caseload reduction related
to improved endovascular treatment options has occurred in cerebrovascular neurosurgery. There-
fore, studies that report the clinical and radiological outcomes after clipping are highly warranted.
Methods: Patients with an unruptured MCA bifurcation aneurysm, who were surgically treated at
the Department of Neurosurgery in Linz between 2002 and 2019, were included in this study. Clinical
and radiological outcome parameters were evaluated for each patient. Results: Overall, 272 patients
were eligible for inclusion. Complete aneurysm occlusion was demonstrated in 266 (99.3%) of the 268
(98.5%) patients who underwent postoperative digital subtraction angiography. In six (2.2%) patients,
a permanent new neurological deficit (pNND) persisted after treatment. Intraoperative aneurysm
rupture was a significant factor (p = 0.0049) in the logistic regression. At the last follow-up, only two
patients (0.7%) had an unfavorable outcome (mRS > 2). More recent surgeries were associated with
fewer cases of pNND (p = 0.009). A transient new neurological deficit occurred in 13 patients (4.8%),
with aneurysm size being a significant risk factor (p = 0.009). Surgical site infections were reported in
four patients (1.5%), with patient age (p = 0.039) and time (p = 0.001) being significant factors. Two
patients died (0.7%) perioperatively and two patients (0.7%) needed a retreatment in the long-term
follow-up. Conclusions: The findings indicate that microsurgical clipping is a safe procedure with
minimal need for retreatment. It achieves a high occlusion rate while maintaining a very low rate
of adverse outcomes. Continuous intraoperative enhancements over time have contributed to a
progressive improvement in clinical outcomes in recent years. This trend is exemplified by the
absence of detectable pNND in the era of ICG angiography. Consequently, these data support the
conclusion that microsurgical clipping should still be considered an appropriate treatment option for
unruptured MCA bifurcation aneurysms.

Keywords: intracranial aneurysm; unruptured intracranial aneurysm; middle cerebral artery aneurysm;
clipping; microsurgical treatment; outcome

1. Introduction

The prevalence of unruptured intracranial aneurysms (UIAs) is estimated at 3%, and
their detection has significantly improved, attributable to advancements in and increased
accessibility of intracranial imaging techniques [1–3]. The natural course of UIAs remains
inherently uncertain, and approximations of the rupture risk assessment are available in
previous studies [4–6]. The risk of aneurysm rupture and consequently of a subarachnoid
hemorrhage (SAH) needs to be balanced with the risk of prophylactic aneurysm treatment,
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regardless of the treatment modality. For predicting clinical and functional outcomes
after microsurgical treatment of UIAs, Machine Learning (ML)-based models have been
published recently [7]. A multidisciplinary consensus on which aneurysms have a higher
rupture risk and therefore which ones need to be treated has already been discussed in
several consensus papers [8,9]. The question of the most appropriate treatment method
becomes more debatable due to the increasing number of endovascular options [10,11].

Approximately one third of UIAs are middle cerebral artery (MCA) aneurysms [5].
Microsurgical clipping has long been the exclusive treatment strategy for unruptured
intracranial aneurysms (UIAs), particularly for those located in the MCA bifurcation [12].
Rapidly emerging modern endovascular therapy approaches, such as coiling, stent- or
balloon-assisted coiling, Flow Diverter (FD) or WovenEndoBridge (WEB) Implantation,
now aim to compete with the results of the gold standard of microsurgical clipping [13–18].

The discourse surrounding the optimal future treatment method for unruptured
intracranial aneurysms is dynamic and ongoing. Recent cohort studies highlight the
potential of endovascular techniques, pointing to their enhanced long-term occlusion rates
and minimally invasive nature as reasons for their increasing adoption [18–20].

In terms of occlusion rate, permanent repair, or thromboembolic events, a number of
cohort studies still show superior results with microsurgical clipping for unruptured MCA
aneurysms [10,21–25]. The anatomical characteristics of unruptured MCA aneurysms,
including their wide-necked bases, trifurcated anatomy, and involvement of M2 branches,
have traditionally been viewed as challenges for endovascular treatment, making microsur-
gical clipping a preferred approach for these specific situations [22].

In the context of evolving therapeutic techniques, the need for a detailed evaluation
of outcomes and complications across a comprehensive cohort becomes paramount. This
retrospective explorative study, by focusing on the microsurgical treatment of 272 unrup-
tured MCA bifurcation aneurysms at a high-volume center over an extended duration
of 18 years, aims to contribute valuable insights to the scientific discourse on the most
effective treatment modalities for these aneurysms, enhancing our understanding of patient
outcomes in the long term.

2. Material and Methods

2.1. Overview

The retrospective explorative study obtained ethical approval from the local Ethics
Committee of the Federal State Upper Austria (EK-No.: 1255/2019). This investigation
centered on patients with an unruptured MCA bifurcation aneurysm who received micro-
surgical clipping treatment at the Department of Neurosurgery, Kepler University Hospital
Linz, from January 2002 to October 2019. The patient cohort was derived from our hospi-
tal’s surgical database, which is maintained for clinical purposes and quality assurance.
Patient data were systematically collected and collated in a retrospective database for
subsequent analysis.

2.2. Patient-Specific Parameters

Fundamental patient demographics, encompassing age and gender, were extracted
from the medical records of the Department of Neurosurgery at the Kepler University
Hospital Linz. Additionally, a comprehensive assessment of individual medical histories
was carried out, which included an investigation into any previous occurrences of SAH
and the confirmed diagnosis of autosomal dominant polycystic kidney disease (ADPKD).

2.3. Aneurysm-Specific Parameters

Angiographic imaging was systematically conducted for all patients as a preoperative
measure, utilizing either digital subtraction angiography (DSA) or computed tomography
angiography (CTA). A meticulous evaluation of various aneurysm-related parameters was
undertaken based on the radiographic reports. In the case of missing reports, experienced
neuroradiologists conducted a thorough reassessment of the radiographic images.
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The size of each aneurysm was stratified into three categories: small (<10 mm), large
(10–25 mm), and giant aneurysms (>25 mm) [26]. Additionally, the study evaluated various
factors, including the aneurysm’s specific location, the presence of blebs, evidence of
calcification or thrombosis, any previous attempts at coiling, and the detection of concurrent
aneurysms. The presence of coincident aneurysms was not considered as an exclusion
criterion. Only MCA bifurcation aneurysms were included in this study. Thus, aneurysms
of the M1 segment, as well as peripheral MCA aneurysms of the M3 and M4 segments,
were excluded.

2.4. Intraoperative Parameters

The microsurgical procedures were executed by experienced senior neurosurgeons.
Intraoperative metrics, including the quantity of clips used, the utilization of intraoperative
neuromonitoring through somatosensory evoked potentials (SSEP) and motor evoked
potentials (MEP), the application of intraoperative indocyanine green (ICG) angiogra-
phy, instances of intraoperative aneurysm rupture, and the need for clip repositioning or
temporary clipping for proximal vascular control, were systematically extracted from the
surgical reports. The surgical technique employed was uniform across all cases, ensuring a
standardized and comparable basis for analysis.

2.5. Radiological Outcome Parameters

Aneurysm occlusion was rigorously assessed through either intraoperative or post-
operative DSA (Figure 1). Occlusion levels were determined using the Raymond Roy
Occlusion Classification (RROC), which organizes occlusion results into three specific
categories: Class I, which represents complete occlusion without any remaining aneurysm;
Class II, which denotes the presence of a residual neck; and Class III, which indicates the
continued existence of a residual aneurysm [27].

 
Figure 1. Illustration of a representative case of the cohort (clipping of a left-sided MCA bifurcation
aneurysm). Preoperative Digital Subtraction Angiography (1) and the reconstructed 3D Rotational
Angiography (2). Intraoperative view of the MCA aneurysm with its blebs just before the clipping
(3), and the intraoperative reconstructed 3D Rotational Angiography (4).

This categorization framework provided a nuanced evaluation of the effectiveness of
the surgical intervention and was pivotal for discerning the extent of aneurysm closure in a
standardized manner.

2.6. Clinical Outcome Parameters

To assess morbidity and mortality, an array of postoperative parameters was extracted
from the medical records in accordance with the current literature [21,27,28]. These param-
eters included postoperative intracerebral hemorrhage (ICH), incidents of postoperative
epileptic seizures, and occurrences of postoperative surgical site infection (SSI).

New postoperative neurological deficits (NND) were categorized into transient (tNND)
and permanent (pNND) categories—with pNND persisting beyond hospital discharge.
Additional outcome parameters included chronic subdural hematoma (cSDH), pulmonary
embolism (PE), and perioperative mortality.
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Reoperations necessitated by the primary surgical procedure were systematically doc-
umented as critical outcome variables. Moreover, longitudinal monitoring was employed to
assess aneurysm recurrence and the incidence of subarachnoid hemorrhage (SAH) during
the follow-up. These measures facilitated a nuanced understanding of postoperative and
long-term patient outcomes, crucial for evaluating the procedure’s efficacy and safety.

2.7. Statistical Analysis

The statistical analysis was conducted at the Center for Clinical Studies (CCS) of the
Johannes Kepler University in Linz. Statistical analysis included descriptive statistics for all
valid observations. For nominal variables, absolute and relative frequencies, and for metric
variables, mean and standard deviation (SD) as well as median and range were computed.
To analyze the association between two nominal variables, Fisher’s exact test was used.
Logistic regression models were fitted to model the effects of patient-specific, aneurysm-
specific, and intraoperative parameters on the probability of the following outcomes: NND,
pNND, tNND, postoperative epileptic seizures, and SSI. For each of these outcomes, a
model with all potential regressors not leading to separation was first fitted. Then, stepwise
variable selection using the Akaike Information Criterion (AIC) was performed. In all
regression analyses, observations with missing values in any of the relevant variables
were excluded. All statistical analyses were performed using the statistical software R (R
Foundation for Statistical Computing, Version 4.4.1, Vienna, Austria).

3. Results

In the analysis, 272 aneurysms were evaluated in total. The patient cohort had a mean
age of 55 years, with 76 (27.9%) males and 196 (72.1%) females. Additionally, 42 (15.4%)
patients presented with a documented history of SAH, although the origin of the bleeding
was not linked to the MCA bifurcation aneurysms being studied. All patient-specific
preoperative data are succinctly summarized in Table 1.

Table 1. Descriptive statistics of preoperative patient- and aneurysm-specific parameters. For
categorial variables, absolute frequencies (percent) are reported. There were no missing values.
ADPKD = autosomal dominant polycystic kidney disease, SAH = subarachnoidal haemorrhage,
max. = maximal, mm = millimeter, prev. = previously.

Preoperative Parameters Value

Number of aneurysms (n) 272

Patient-specific parameters

Sex
female 196 (72.06%)

male 76 (27.94%)

Mean Age in years (standard deviation) 55.08 (10.4)

ADPKD 5 (1.84%)

Unrelated SAH in anamnesis 42 (15.44%)

Aneurysm-specific parameters

Side
right 151 (55.51%)

left 121 (44.49%)

Size

Small (<10 mm) 242 (88.97%)

Large (10–25 mm) 29 (10.66%)

Giant (>25 mm) 1 (0.37%)

Max. Diameter mean in mm (range) 5.81 (2–25)

Prev. Coiled
No 265 (97.43%)

Yes 7 (2.57%)
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Table 1. Cont.

Preoperative Parameters Value

Thrombosed
No 263 (96.69%)

Yes 9 (3.31%)

Blebs
No 219 (80.51%)

Yes 53 (19.49%)

Fusiform
No 268 (98.53%)

Yes 4 (1.47%)

Analysis of aneurysm-specific parameters revealed that 151 (55.5%) of the aneurysms
were located in the right MCA bifurcation, whereas 121 (44.5%) were found in the left
MCA bifurcation. The majority of these aneurysms, accounting for 242 (89%) cases, exhib-
ited a maximum diameter size of the aneurysm smaller than 10 mm, whereas 29 (10.7%)
aneurysms measured between 10 and 25 mm. Remarkably, only one (0.4%) aneurysm char-
acterized as giant—with a diameter exceeding 25 mm—was documented within the registry.
The calculated average diameter across all aneurysms was 5.8 mm (range 2–25 mm).

Notably, in seven (2.6%) instances, aneurysms were initially treated with coiling and
then necessitated subsequent microsurgical intervention due to recurrence. Additionally,
preoperative angiography revealed the presence of a daughter aneurysm, resembling a
bleb, in 53 (19.5%) cases. It is important to highlight that preoperative DSA was accessible
for 241 (88.6%) patients, whereas 31 patients (11.4%) underwent preoperative assessment
using CTA. Comprehensive details of the aneurysm-specific preoperative parameters are
also summarized in Table 1.

3.1. Intraoperative Parameters

The intraoperative parameters are detailed in Table 2. The average number of clips
used for aneurysm treatment was 1.5, ranging from 1 to 8. Notably, the repositioning of
clips became necessary in 60 (22.4%) cases, and 8 (3.0%) aneurysms experienced rupture
during the surgical approach. Temporary clipping of the parenteral vessel was required
in 38 (14.1%) instances. Intraoperative monitoring, encompassing MEP and SSEP, was
available in 68 (25%) procedures, while intraoperative ICG angiography was used in 102
(37.5%) cases.

Table 2. Intraoperative parameters. For categorical variables, absolute frequencies (percent of
non-missing values) are reported. MEP = motor evoked potentials, SSEP = somatosensory evoked
potentials, ICG = indocyanine green angiography.

Intraoperative Parameters Value (%)

Reposition of clips 60 (22.39%)

Average number of clips 1.46

Intraoperative Rupture of aneurysm 8 (2.96%)

Temporary Clipping 38 (14.13%)

Intraoperative Neuromonitoring (MEP, SSEP) 68 (25%)

Intraoperative ICG angiography 102 (37.5%)

3.2. Outcome Parameters

In 268 (98.5%) patients, either intraoperative or postoperative DSA was conducted. In
99.3% of cases, the DSA demonstrated a RROC Class I occlusion—a complete occlusion
without any evidence of a residual neck or aneurysmal remnants. Three patients (1.1%)
were identified with an ICH necessitating surgical revision. These hemorrhages were
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associated with the surgical approach, and aneurysm-related secondary bleeding was
conclusively ruled out in all instances.

Postoperatively, NND was observed in 19 (7%) patients, with 6 (2.2%) patients exhibit-
ing pNND and 13 (4.8%) patients experiencing tNND. Eleven (4%) patients presented with
epileptic seizures for the first time postoperatively. SSI necessitating revision occurred in
four (1.7%) cases, and cSDH requiring burr hole trepanation at follow-up was observed
in three (1.1%) cases. Two patients died postoperatively, and therefore overall mortality
was 0.7% (fulminant sepsis, pulmonary embolism). Additionally, two (0.7%) patients
experienced recurrent aneurysms in the subsequent follow-up—both underwent surgical
retreatment. Details of all postoperative radiological and clinical parameters are presented
in Tables 3 and 4.

Table 3. Radiological and Clinical Outcome Parameters. For categorical variables, absolute fre-
quencies (percent of non-missing values) are reported; DSA = digital subtraction angiography,
RROC = Raymond–Roy occlusion classification, ICH = intracerebral hematoma, NND = new neu-
rological deficit, MRI = magnetic resonance imaging, SSI = surgical site infection, cSDH = chronic
subdural hematoma, SAH = subarachnoidal haemorrhage; a = data missing for four patients.

Radiological Outcome Parameters Absolut Frequency (%)

Intra-/Postoperative DSA 268 (98.53%)

Postoperative occlusion rate (a)

RROC Class I 266 (99.25%)

RROC Class II 0

RROC Class III 2 (0.75%)

Clinical outcome parameters Absolut frequency (%)

Postoperative ICH 3 (1.1%)

New neurological deficit (NND) 19 (6.99%)

permanent NND 6 (2.21%)

mRS 0–2 („favorable outcome“) 4 (1.47%)

mRS 3–5 („unfavorable outcome“) 2 (0.74%)

transient NND 13 (4.78%)

Epileptic seizure postoperative 11 (4.04%)

Surgical site infection (SSI) 4 (1.47%)

Chronic subdural hematoma (cSDH) 3 (1.1%)

Pulmonary embolism 2 (0.74%)

Recurrent Aneurysm (follow-up) 2 (0.74%)

Retreatment (follow-up) 2 (0.74%)

SAH in follow-up 1 (0.37%)

Perioperative Death 2 (0.74%)
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Table 4. This table reports the results of the logistic regression model for the outcome parameter NND.
Stepwise variable selection was performed using the Akaike Information Criterion (AIC). Fusiform
is not used as regressor due to separation. NND = new neurological deficit; ADPKD = autosomal
dominant polycystic kidney disease, ICG = indocyanine green angiography, No. = number.

Estimate Std. Error z-Value p-Value

New neurological Deficit (NND)

Intercept −2.546 0.860 −2.961 0.003

Sex (male) −0.243 0.628 −0.387 0.699

Age (in years) 0.046 0.029 1.596 0.111

ADPKD (yes) 0.753 1.935 0.389 0.697

Side (left) 0.837 0.559 1.499 0.134

Previously Coiled (yes) 0.947 1.195 0.792 0.428

Size—max. Diameter mean in mm 0.064 0.085 0.756 0.450

Thrombosed (yes) 1.399 1.164 1.202 0.230

Blebs (yes) −0.575 0.756 −0.761 0.447

Intraoperative Neuromonitoring (yes) 0.499 0.912 0.548 0.584

Intraoperative ICG angiography (yes) 0.325 1.030 0.315 0.753

No. of Clips 0.176 0.289 0.610 0.542

Reposition of clips (yes) 0.545 0.642 0.849 0.396

Intraoperative Rupture of aneurysm (yes) 0.122 1.398 0.087 0.930

Temporary Clipping (yes) 0.121 0.747 0.161 0.872

Year of Surgery −0.149 0.098 −1.527 0.127

Logistic regression model after stepwise variable selection:

Intercept −3.388 0.432 −7.836 <0.001

Side (left) 0.897 0.531 1.689 0.091

Size—max. Diameter mean in mm 0.168 0.052 3.246 0.001

3.3. Logistic Regression for Outcome Parameters

Logistic regression analyses were conducted for the outcome parameters (NND,
pNND, tNND, epileptic seizures postoperative and SSI). For all these models, at least
265 (97.43%) valid observations without any missing values were used for model fitting.
Tables 4–8 present the results from the full logistic regression models (with all covariates
except those leading to separation) and after stepwise variable selection using the AIC.
The key findings of the logistic regression models after stepwise variable selection are
described here.

The size of the aneurysm exhibited an association with postoperative NND (p = 0.001),
particularly with tNND (p = 0.009). Intraoperative temporary clipping was associated
with the occurrence of postoperative epileptic seizures (p = 0.037). The occurrence of
intraoperative aneurysm rupture is associated with the development of pNND (p = 0.049).
Risk of pNND is lower in more recent surgeries (p = 0.009), but higher with interoperative
neuromonitoring (p = 0.023). For the association between ICG angiography and pNND,
Fisher’s exact test yields a p-value of p = 0.087.
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Table 5. This table reports the results of the logistic regression model for the outcome parameter
pNND. Previously coiled, fusiform and intraoperative ICG angiography were not used as regressors
due to separation. Stepwise variable selection was performed using the Akaike Information Criterion
(AIC). NND = new neurological deficit; pNND = permanent new neurological deficit, ADPKD =
autosomal dominant polycystic kidney disease, No. = number.

Estimate Std. Error z-Value p-Value

Permanent NND (pNND)

Intercept −1.618 1.701 −0.951 0.342

Sex (male) −2.033 1.722 −1.181 0.238

Age (in years) 0.047 0.066 0.719 0.472

ADPKD (yes) 3.212 4.541 0.707 0.479

Side (left) 0.500 1.033 0.484 0.628

Size—max. Diameter mean in mm −0.098 0.200 −0.490 0.624

Thrombosed (yes) 2.157 1.944 1.110 0.267

Blebs (yes) 0.424 1.277 0.332 0.740

Intraoperative Neuromonitoring (yes) 3.068 1.834 1.673 0.094

No. of Clips −0.119 0.740 −0.160 0.873

Reposition of clips (yes) 1.547 1.238 1.250 0.211

Intraoperative Rupture of aneurysm (yes) 2.517 2.341 1.075 0.282

Temporary Clipping (yes) −2.920 2.393 −1.220 0.222

Year of Surgery −0.461 0.205 −2.249 0.025

Logistic regression model after stepwise variable selection:

Intercept −1.255 1.012 −1.240 0.215

Sex (male) −1.999 1.399 −1.429 0.153

Intraoperative Neuromonitoring (yes) 3.093 1.356 2.281 0.023

Intraoperative Rupture of aneurysm (yes) 3.196 1.622 1.971 0.049

Temporary Clipping (yes) −2.448 1.892 −1.294 0.196

Year of Surgery −0.403 0.154 −2.615 0.009

Table 6. This table reports the results of the logistic regression model for the outcome parameter tNND.
ADPKD, fusiform, and intraoperative rupture of the aneurysm were not used as regressors due to
separation. Stepwise variable selection was performed using the Akaike Information Criterion (AIC).
NND = new neurological deficit; tNND = transient new neurological deficit, ADPKD = autosomal
dominant polycystic kidney disease, ICG = indocyanine green angiography, No. = Number.

Estimate Std. Error z-Value p-Value

Transient NND (tNND)

Intercept −3.507 1.048 −3.346 0.001

Sex (male) 0.227 0.709 0.320 0.749

Age (in years) 0.064 0.036 1.790 0.073

Side (left) 0.828 0.667 1.241 0.215

Previously Coiled (yes) 1.428 1.214 1.177 0.239

Size—max. Diameter mean in mm 0.079 0.104 0.763 0.446
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Table 6. Cont.

Estimate Std. Error z-Value p-Value

Thrombosed (yes) 1.432 1.458 0.982 0.326

Blebs (yes) −1.207 1.160 −1.040 0.298

Intraoperative Neuromonitoring (yes) −0.964 1.072 −0.899 0.368

Intraoperative ICG angiography (yes) 1.675 1.155 1.449 0.147

No. of Clips 0.315 0.364 0.865 0.387

Reposition of clips (yes) 0.022 0.857 0.025 0.980

Temporary Clipping (yes) 0.527 0.871 0.605 0.545

Year of Surgery −0.147 0.123 −1.194 0.232

Logistic regression model after stepwise variable selection:

Intercept −3.305 0.343 −9.637 <0.001

Size—max. Diameter mean in mm 0.149 0.057 2.600 0.009

Table 7. This table reports the results of the logistic regression model for the outcome parameter
epileptic seizures postoperative. Previously coiled and thrombosed were not used as regressors due to
separation. Stepwise variable selection was performed using the Akaike Information Criterion (AIC).
ADPKD = autosomal dominant polycystic kidney disease, ICG = indocyanine green angiography,
No. = number.

Estimate Std. Error z-Value p-Value

Epileptic seizures postoperative

Intercept −2.457 1.098 −2.237 0.025

Sex (male) 1.994 0.763 2.614 0.009

Age (in years) 0.019 0.038 0.498 0.619

ADPKD (yes) 4.381 2.026 2.162 0.031

Side (left) −0.667 0.795 −0.839 0.402

Size—max. Diameter mean in mm 0.098 0.128 0.770 0.441

Fusiform (yes) 2.610 1.683 1.551 0.121

Blebs (yes) −0.532 0.943 −0.564 0.573

Intraoperative Neuromonitoring (yes) 0.749 1.149 0.652 0.515

Intraoperative ICG angiography (yes) 3.130 1.618 1.934 0.053

No. of Clips −0.658 0.604 −1.090 0.276

Reposition of clips (yes) 0.552 0.866 0.638 0.523

Intraoperative Rupture of aneurysm (yes) −2.704 2.507 −1.079 0.281

Temporary Clipping (yes) 1.674 0.877 1.909 0.056

Year of Surgery −0.312 0.149 −2.092 0.036

Logistic regression model after stepwise variable selection:

Intercept −3.447 0.872 −3.953 <0.001

Sex (male) 1.736 0.729 2.381 0.017

ADPKD (yes) 3.227 1.555 2.076 0.038

Fusiform (yes) 3.358 1.484 2.263 0.024

Intraoperative ICG angiography (yes) 2.779 1.439 1.932 0.053

Temporary Clipping (yes) 1.560 0.747 2.089 0.037

Year of Surgery −0.258 0.121 −2.125 0.034

110



Brain Sci. 2024, 14, 1068

Table 8. This table reports the results of the logistic regression model for the outcome parame-
ter SSI. Stepwise variable selection was performed using the Akaike Information Criterion (AIC).
ADPKD, previously coiled, thrombosed, fusiform, temporary clipping, and intraoperative rup-
ture of the aneurysm were not used as regressors due to separation. SSI = surgical site infection,
ADPKD = autosomal dominant polycystic kidney disease, ICG = indocyanine green angiography,
No. = number.

Estimate Std. Error z-Value p-Value

Surgical Site Infection (SSI)

Intercept −1.153 1.204 −0.957 0.338

Sex (male) 0.804 0.885 0.908 0.364

Age (in years) 0.119 0.052 2.267 0.023

Side (left) −0.871 0.896 −0.972 0.331

Size—max. Diameter mean in mm −0.165 0.144 −1.144 0.253

Blebs (yes) 0.360 0.930 0.387 0.699

Intraoperative Neuromonitoring (yes) 3.127 1.267 2.468 0.014

Intraoperative ICG angiography (yes) 5.600 2.269 2.467 0.014

No. of Clips 0.174 0.680 0.256 0.798

Reposition of clips (yes) 0.753 1.078 0.698 0.485

Year of Surgery −0.776 0.245 −3.173 0.002

Logistic regression model after stepwise variable selection:

Intercept −1.046 0.682 −1.534 0.125

Age (in years) 0.091 0.044 2.069 0.039

Intraoperative Neuromonitoring (yes) 2.309 1.013 2.280 0.023

Intraoperative ICG angiography (yes) 4.914 1.969 2.496 0.013

Year of Surgery −0.662 0.200 −3.305 0.001

4. Discussion

In this study, we report on a cohort of 272 unruptured MCA bifurcation aneurysms
treated with microsurgical techniques, marking it as one of the largest datasets from a
single institution examined to date. This study reports a high (99,3%) aneurysm occlusion
rate and a low unfavorable outcome rate concerning pNND. Furthermore, the results show
a low retreatment rate of 0.7% after microsurgical clipping of unruptured MCA bifurcation
aneurysms.

Compared to other series of unruptured MCA bifurcation aneurysms, Nussbaum
et al. published a large monocentric, single-surgeon experience, including 716 patients [21].
Further large monocentric case series of microsurgically treated patients with unruptured
MCA aneurysms have been presented by Rodriguez et al. (n = 261), Metayer et al. (n = 158),
and Morgan et al. (n = 263) [22,28,29].

Our angiographic assessment revealed an aneurysm occlusion rate of 99.3%, aligning
closely with the range of 92% to 98.9% reported in the existing literature [11,21–24,30–32]. It
is well known from prior benchmark studies that microsurgically treated MCA aneurysms
generally exhibit extremely low recurrence rates and very high occlusion rates in angio-
graphic long-term follow-ups. Spetzler et al. demonstrated a long-term occlusion rate of
93% in angiographic controls after 10 years, while Mooney et al. reported an occlusion rate
of 95% after 6 years with a mean angiographic follow-up of 3.7 years [33,34]. Rodriguez
et al. even reported a long-term recurrence rate of 0% with a mean angiographic follow-up
of 3.9 years [22].
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Recently published data reveals that complete occlusion rates for MCA aneurysms
treated with coiling, with or without adjunctive stent- or balloon-assistance, stands at
29.4% [35]. Further, Bracard et al.’s subanalysis on coiling of unruptured MCA aneurysms
indicates a complete occlusion rate of 31.6% [13]. With regard to emerging endovascular
approaches, the literature cites initial occlusion rates for WEB devices from 17.7% to 53.8%,
with an increase of up to 59.4% observed after a 3-year follow-up [15,19,20]. Meanwhile,
for flow diverters (FD), initial occlusion rates are documented at 5–10%, with a subsequent
rise to 55.6–82.1% after a period exceeding 12 months [17,18,36,37]. A recent meta-analysis
by Tocacelli et al. reported an average occlusion rate of 31.5% in the initial phase and 60%
in the long term (beyond 12 months) for all endovascular treatment modalities [10].

The findings of this study validate the conclusions of prior research, indicating that
microsurgical intervention for unruptured aneurysms tends to provide superior rates of
closure, both in the initial phase and throughout the follow-up period, when contrasted
with endovascular treatment modalities [11,24,25,38,39].

The outcomes reveal an exceptionally low retreatment rate, observed in only two
(0.7%) patients. Both cases demonstrated complete occlusion in their initial postoperative
angiographic evaluations. Recurrence was observed in one aneurysm through routine
follow-up imaging, necessitating surgical intervention for correction. The second recurrence
led to a more severe outcome, presenting as a ruptured aneurysm resulting in SAH, which
also required surgical retreatment. The low retreatment rate observed in this study aligns
with the existing literature [21,22,29,30,40]. In contrast, endovascular alternatives show
device-dependent retreatment rates ranging from 8.7% to 21.1% for WEB [15,19,20,41] and
2.3% to 9.3% for FD [17,18].

Within this cohort, six (2.2%) patients experienced a permanent deficit postoperatively.
The modified Rankin Score is a frequently used evaluation tool for the clinical outcome after
neurosurgical interventions; we therefore performed a subanalysis, which indicated that
only two (0.7%) patients should be classified as having an unfavorable outcome (mRS > 2),
while the remaining four (1.5%) with a permanent deficit should be classified as having
a favorable outcome (mRS 0–2) [22]. Procedure-related complications are also observed
in endovascularly treated MCA aneurysms: Iosif et al. [36] reported a 6.9% incidence of
procedure-related ischemic events in FD, while De Leacy et al. [20] documented a 6.8%
occurrence of permanent deficits in cases involving WEB. In the context of FD for treating
MCA aneurysms, thromboembolic events have been reported to occur with a frequency
ranging from 8% to ~17% according to findings by Diestro et al. and Salem et al. [17,18]

The mortality rate of 0.7% is attributed to two postoperative deaths unrelated to the
clipping procedure. Patient A experienced a fulminant pulmonary embolism, while Patient
B developed fatal sepsis, both ultimately resulting in death.

Although Fisher’s exact test did not identify an association between ICG angiography
and pNND, it is noteworthy—as highlighted in Table 9—that no cases of pNND were
reported when ICG angiography was used in conjunction with conventional angiography.
The additional intraoperative benefit of ICG angiography has already been demonstrated
several times [42,43].

Table 9. Subanalysis of the effect of ICG on permanent neurological deficits (pNND). Crosstable
of absolute frequencies and p-value of Fisher’s exact test (right column). ICG = indocyanine green
angiography, pNND = permanent new neurological deficit.

pNND p-Value

Yes No

ICG
Angiography

yes 0 102
0.087

no 6 163

The logistic regression analysis indicates that patients operated on more recently (year
of operation) tend to experience fewer instances of pNND (p = 0.009). This temporal
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trend can likely be attributed to the increasing experience and continuous improvement
in both surgical techniques and the ongoing enhancement of technical capabilities in the
intraoperative setup. The consistent integration of intraoperative neuromonitoring—high-
resolution intraoperative angiography in the hybrid operating room—combined with ICG
angiography, is a possible contributor to this advancement. In addition to the continuous
progress in endovascular treatment methods, the results demonstrate that microsurgical
treatment is also progressively improving in its outcomes in recent years. The incidence
of postoperative SSI exhibited a similar trend after stepwise variable selection, with a
reduction in cases (p = 0.001) over time. Furthermore, the results indicate that older patients
are more likely to experience postoperative SSI (p = 0.04). This finding suggests that the
probability of developing postoperative SSI increases with each additional year of age
within this cohort. This is a critical consideration for clinical practice, particularly when
evaluating risk factors in the treatment and monitoring of elderly patients. Compared
to the multicenter analysis of Drexler et al., the incidence of postoperative SSI with 1.5%
(benchmark cutoff: ≤2.7%) is lower than in the benchmark study [44].

With regard to the occurrence of postoperative epileptic seizures, our result of 4.0%
is comparable with the available literature (between 2.6% and 15.7%) [45]. Postoperative
epileptic seizures are associated with prolonged hospitalization, and the rate of epileptic
seizures after endovascular treatment of UIAs is likely to be lower than after microsurgical
clipping according to Hoh et al. (6.2% vs. 9.2%), although no distinction was made between
the respective endovascular treatment methods [46].

The results of this cohort show that postoperative ICH occurred in 1.1% of the cases
as a consequence of the surgical approach employed, necessitating postoperative surgical
revision. Importantly, in each of these cases, aneurysm-related secondary bleeding could
be ruled out. When comparing our findings to a similar large series published by Metayer
et al., the incidences are comparable (1.1% vs. 1.0%), reinforcing the consistency of our
results with the existing literature [28].

In summary, our results demonstrate a remarkably high rate of aneurysm occlusion
and a notably low rate of retreatment, exceeding the efficacy of endovascular therapy
approaches described in the existing literature. This is corroborated by a recent meta-
analysis by Tocacelli et al., which compared microsurgical clipping with endovascular
techniques for MCA aneurysms, reinforcing our findings [10]. Consequently, these data
support the position that microsurgical clipping should be considered the treatment of
choice for unruptured MCA bifurcation aneurysms.

5. Limitations

The retrospective nature of data collection represents a notable limitation of this
study, inherently allowing for potential confounding variables or biases. Although all
patients underwent surgery performed by various experienced neurosurgeons, it remains
a single-center experience and therefore carries the risk of selection or performance bias.
Additionally, the surgeons’ experience over time might have influenced outcomes, although
this factor was not systematically assessed. The study exclusively focused on microsurgical
interventions, thus omitting any cases from the registry that were treated with endovascular
approaches. This decision was made to maintain the study’s focus on providing insights
into the current microsurgical management of unruptured MCA bifurcation aneurysms,
rather than aiming to demonstrate therapeutic superiority. The representation of large or
giant aneurysms in the registry appears to be lower compared to other databases, making
it difficult to generalize the findings to more complex MCA bifurcation cases. Further,
the evaluation of postoperative neurocognitive outcomes would be of interest, but this
information could not be obtained from the retrospective data. Another limitation of
this study is the lack of an independent audit or external data collection, which carries a
substantial risk of reporting bias.

113



Brain Sci. 2024, 14, 1068

6. Conclusions

The favorable outcomes observed in our study align well with existing benchmarks.
This includes a low retreatment rate (0.7%), coupled with a high occlusion rate (99.3%) and
a notably low incidence of unfavorable outcomes (0.7%). Continuous enhancements over
time, aided by the integration of intraoperative adjuncts (such as intraoperative ICG angiog-
raphy or intraoperative neuromonitoring), have contributed to a consistent improvement
in clinical outcomes. This trend is exemplified by the absence of detectable pNND in the era
of ICG angiography. Further prospective investigations, particularly randomized studies
comparing the outcomes of microsurgical and endovascular interventions, are warranted.
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cSDH chronic subdural hematoma
DSA Digital Subtraction Angiography
FD Flow-Diverter
ICG Indocyanine green angiography
ICH intracerebral hematoma
MCA middle cerebral artery
MEP motor evoked potential
MRI Magnetic Resonance Imaging
NND new neurological deficit
pNND permanent new neurological deficit
RROC Raymond–Roy occlusion classification
SAH subarachnoid hemorrhage
SD standard deviation (SD)
SSEP somatosensory evoked potential
SSI surgical site infection
tNND transient new neurological deficit
UIA unruptured intracranial aneurysm
WEB Woven Endo Bridge
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Abstract: Background/Objectives: MMAE (middle meningeal artery embolization) has emerged
as a potential effective treatment for cSDH (chronic subdural hematoma). In this study, MMAE
efficiency with regards to cSDH cause and architecture was explored. The comparability of cSDH
thickness and volume as parameters for cSDH pre- and post-MMAE assessment was also analyzed.
Methods: In this retrospective cohort study, 52 consecutive cSDH patients treated with MMAE in a
single tertiary center were included. The cohort was divided into two group pairs pertaining to cSDH
cause (spontaneous or traumatic) and cSDH architecture (non-mature or mature). The radiological
outcome was compared in each group before and after MMAE and between each group pair using
CT imaging. A correlation analysis between cSDH thickness and volume before and after MMAE
was also performed. Results: A statistically significant positive linear association between cSDH
thickness and volume at admission and at each follow-up interval (1–3, 3–6, 6–12 months) was
noticed. cSDH thickness and volume reduction in each group was statistically significant, except for
a traumatic cSDH volume reduction at 6–12 months. There was no statistically significant difference
between each group pair in the cSDH thickness and volume reduction difference at all the follow-up
intervals. Conclusions: A comparable efficiency of MMAE may be achieved in non-mature and
mature as well as in spontaneous and traumatic cSDH, with an advantage for spontaneous cSDH at
6–12 months follow-up compared to traumatic cSDH. Traumatic cSDH may require a relatively long-
term follow-up post-MMAE. cSDH thickness and volume, as parameters for pre- and post-MMAE
cSDH evaluation, appear similar.

Keywords: middle meningeal artery embolization; chronic subdural hematoma; chronic subdural
hematoma architecture; chronic subdural hematoma cause

1. Introduction

cSDH (chronic subdural hematoma) is a relatively common condition associated with
increased morbidity and mortality [1,2]. It has an increased propensity to persist or grow,
if left untreated, due to a potentially ongoing neurovascular inflammatory cascade [3–5].
cSDH growth may be associated with poor functional outcome and high mortality rates [2,6].
The appropriate diagnosis and management of cSDH are therefore important to hinder
its progression.
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cSDH may be managed conservatively, if grossly asymptomatic. It may be man-
aged with surgical drainage via a twist drill, craniotomy, burr hole craniotomy, or mini
craniotomy in those who are symptomatic [7–9].

MMAE (middle meningeal artery embolization) is increasingly considered for cSDH
treatment [10–13]. It was postulated that MMAE interrupts the blood supply of the neovas-
cular membrane of cSDH, thought to be responsible for cSDH formation and growth [14,15].
Multiple studies have demonstrated a favorable cSDH outcome after MMAE [16,17].

The study goals are to analyze and compare MMAE efficiency in specific cohort
groups with regards to cSDH cause and architecture and to assess the similarity between
cSDH thickness and volume as radiological parameters for cSDH evaluation before and
after MMAE.

2. Materials and Methods

This retrospective cohort study included 52 consecutive cases, diagnosed with cSDH
and treated with MMAE between January 2020 and December 2023 in a single tertiary center.

The STROBE checklist was used throughout.
The inclusion criteria were as follows:

1. Patients diagnosed with cSDH, treated with MMAE and followed up for at least
1 month;

2. Available clinical data, procedural details, pre-procedural and follow-up CT scans.

Exclusion criteria included the following:

1. Insufficient DICOM (Digital Imaging and Communications in Medicine);
2. Post-MMAE surgical evacuation.

Post-MMAE surgical evacuation was thought to possibly overestimate or underesti-
mate cSDH measurements at follow-up.

Clinical and imaging data were extracted from the center’s research database and
electronic medical records.

2.1. MMAE Procedural Details

MMAE was performed in a sterile condition in a biplane neuroangiography suite. The
procedure was performed either under general anesthesia or conscious sedation and the
arterial access was either through the right femoral or the right radial artery.

Selective catheterization was carried out using a coaxial or tri-axial technique. The
anatomical origin of the ipsilateral ophthalmic artery was confirmed through CCA or ICA
angiography. Further anatomy was confirmed through selective microcatheter angiography
of the middle meningeal artery trunk, frontal, and parietal branches.

The embolization technique entailed either PVA (polyvinyl alcohol) particles, PVA
particles–microcoils, liquid embolic agents (Onyx), microcoils, or Onyx–microcoils. The
technique used was determined based on collateralization and anatomy.

2.2. Imaging Assessment

CT imaging was performed before MMAE and at follow-up, in compliance with the
center’s guidelines for cSDH patient management.

cSDH volume was measured using the ABC/2 method [18]. The cSDH thickness was
the same as that used in calculating cSDH volume.

In cases with pre-MMAE surgical evacuation, the last CT scan before MMAE and
after surgical evacuation was considered for hematoma thickness and volume assessment
at admission.

2.3. Statistics

Statistical analysis was carried out using IBM SPSS statistics 29.0.2.0. Continuous vari-
ables were described with mean, median, standard deviation, and/or confidence interval.

Categorical variables were described with frequency and/or percentage.
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The correlation between the cSDH thickness and the volumes at admission and at
each follow-up interval was evaluated. Shapiro–Wilk test was performed for all variables.
Correlation test results were described with Pearson’s correlation coefficient (r) for direction
and strength and p-value for significance of the association.

The cohort was divided into 2 group pairs in relation to cSDH cause and architecture.
cSDH is defined as hematoma collection in the subdural space with outer and inner

membranes [19].
cSDH cause is either spontaneous or traumatic [20].
cSDH architecture at admission is either type 1 homogenous/laminar (non-mature

cSDH) or type 2 separated/trabecular (mature cSDH) [21].
In each group, pre- and post-MMAE cSDH thickness and volume were compared.

Paired t-test and Wilcoxon signed-rank test were used.
Post-MMAE radiological outcome was defined as cSDH thickness/volume difference,

which is the difference between cSDH thickness/volume at follow-up and at admission.
Furthermore, 1–3, 3–6, 6–12 months’ follow-up intervals were included.

cSDH thickness/volume difference was compared between each group pair at each
follow-up interval. Univariate analysis was conducted with an independent t-test, Mann–
Whitney U test, ANCOVA, and/or generalized linear model (GLM).

The Shapiro–Wilk test was performed for the compared variables in each group to
assess normal distribution. Levene’s test was performed to evaluate the equality of variance
for the variables compared between each group pair.

The following possible covariates were compared between groups: age, sex, an-
tiplatelet therapy, anticoagulant therapy, hepatic comorbidity, alcohol intake, dementia,
previous surgical evacuation, MMAE technique, and PVA particle size. Hematoma archi-
tecture type was additionally considered for cSDH cause group comparison.

Current antiplatelets and/or anticoagulant therapy have been defined as concomitant
treatment by antiplatelet or anticoagulant at admission. Hepatic comorbidity has been
defined as the diagnosis of any hepatic digestive, synthetic, metabolic or excretory dys-
function at admission [22]. Current alcohol intake was defined as lifetime drinking of
≥12 drinks and an average of >7 drinks per week for women and >14 drinks per week for
men in the previous year to admission [23]. Dementia was defined as a decline in memory,
executive functions, and behavioral changes with functional impairment [24].

The comparison between each group pair was performed with a Chi-Squared test for
the categorical covariates, and the independent t-test and/or Mann–Whitney U test for the
continuous covariate.

The Shapiro–Wilk test and Levene’s test were carried out for the continuous covariate.
Statistical significance was defined as p-value < 0.05.

2.4. Ethics, Informed Consent and Confidentiality

Research ethics board approval was obtained (ID 24-5029). Written consent was
waived due to the retrospective type of study. Data were anonymized.

3. Results

3.1. cSDH Volume and Thickness Correlation

The association between cSDH thickness and volume at admission was evaluated.
This was also evaluated at each follow-up interval.

Pearson’s correlation yielded a statistically significant strong positive linear association
(p < 0.001, r = 1) between the thickness and volume at admission and at each follow-
up interval.

All compared variables were normally distributed.

3.2. cSDH Cause Groups

The cohort was divided into 21 spontaneous cSDH cases (group 1) and 31 traumatic
cSDH cases (group 2).
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The mean age in the first group was 71, with a range of 62 and standard deviation
of 15. Up to 7/21 (33.3%) were females and 14/21 (66.7%) were males. The embolization
technique used was PVA in 12 cases, PVA–microcoils in 7 cases, Onyx in 1 case, and
microcoils in 1 case.

In the second group, the mean age was 73, while the age range was 37 with a standard
deviation of 10. Up to 6/31 (19.4%) cases were females, and 25/31 (80.6%) cases were males.
The embolization technique used was PVA in 12 cases, PVA–microcoils in 17 cases, Onyx in
1 case, and Onyx–microcoils in 1 case.

Hepatic disease (p = 0.022), antiplatelets (p = 0.01), and particle type (p = 0.005) showed
statistically significant difference between the groups.

The results showed statistically significant lower values of cSDH thickness and volume
at each follow-up interval for each group compared to the admission values, except for
the traumatic cSDH volume at 6–12 months. The traumatic cSDH volume reduction at
6–12 months was not statistically significant (Table 1a,b).

Table 1. (a) Comparison of cSDH (chronic subdural hematoma) thickness/volume before and
after MMAE (middle meningeal artery embolization) in relation to cSDH cause and architecture
type, using paired t-test. p < 0.05 was considered statistically significant. (b) Comparison of cSDH
thickness/volume before and after MMAE with regards to cSDH cause and architecture type, using
Wilcoxon signed-rank test. p < 0.05 was considered statistically significant.

(a)

Thickness (T) and Volume (V) at
Admission (0) and at Interval Follow-Up

T-Test Significance (p < 0.05)

cSDH Cause cSDH Architecture

Spontaneous Traumatic Non-Mature Mature

T 0—at 1–3 months (mm) <0.001 <0.001 <0.001 <0.001

V 0—at 1–3 months (cm3) <0.001 <0.001 <0.001 <0.001

T 0—at 3–6 months (mm) <0.001 <0.001 <0.001 <0.001

V 0—at 3–6 months (cm3) 0.001 <0.001 <0.001 <0.001

T 0—at 6–12 months (mm) <0.001 <0.001 <0.001 0.025

V 0—at 6–12 months (cm3) <0.001 <0.001 <0.001 0.003

(b)

Thickness (T) and Volume (V) at
Admission (0) and at Interval Follow-Up

Wilcoxon Signed-Rank Test Significance (p < 0.05)

cSDH Cause cSDH Architecture

Spontaneous Traumatic Non-Mature Mature

T 0—at 1–3 months (mm) <0.001 <0.001 <0.001 <0.001

V 0—at 1–3 months (cm3) <0.001 <0.001 <0.001 <0.001

T 0—at 3–6 months (mm) 0.012 <0.001 0.008 0.001

V 0—at 3–6 months (cm3) 0.012 <0.001 0.008 0.001

T 0—at 6–12 months (mm) 0.002 0.068 0.008 0.018

V 0—at 6–12 months (cm3) 0.002 0.068 0.008 0.018

The mean thickness and volume reduction difference at 1–3 and 3–6 months in the
traumatic cSDH was higher than the spontaneous cSDH. However, this was higher at
6–12 months in the spontaneous cSDH compared to the traumatic cSDH.

The thickness/volume reduction differences between the group pairs were statistically
significant at 3–6 months.

The thickness/volume reduction difference between the groups was not statistically
significant at all the follow-up intervals after the correction for covariates (Table 2).
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Table 2. Comparison of thickness and volume reduction differences at follow-up between sponta-
neous and traumatic cSDH groups. p < 0.05 was considered statistically significant.

Spontaneous–Traumatic cSDH
Groups Differences

Mean
Difference

95% CI Significance (p < 0.05)

Lower Upper T-Test MWU * ANCOVA GLM *

T Difference at 1–3 Months (mm) * −0.37 −5.13 4.40 0.438 0.910 0.145 0.119

V Difference at 1–3 Months (cm3) * −1.68 −32.37 29.01 0.456 0.860 0.187 0.172

T Difference at 3–6 months (mm) −7.32 −13 −1.63 0.007 0.044 0.329 0.536

V Difference at 3–6 Months (cm3) −34.21 −74.07 5.63 0.044 0.048 0.559 0.670

T Difference at 6–12 Months (mm) 0.67 −8.84 10.18 0.44 0.626 0.253 0.138

V Difference at 6–12 Months (cm3) 18.46 −37.88 74.8 0.247 0.716 0.467 0.354

* GLM, generalized linear model MWU; Mann-Whitney U test; T, cSDH thickness; V, cSDH volume.

3.3. cSDH Architecture Groups

A total of 23 cases had type 1 cSDH, and 29 had type 2 at admission (Figure 1).
In the type 1 group, the mean age was 74 with a range of 34 and standard deviation of 9.
Up to 8/23 cases (34.8%) were females and 15/23 (65.2%) were males. A total of 8 cases

had PVA particles, while 15 had combined PVA–microcoils.
In type 2 group, the mean age was 71 with a standard deviation of 14 and a range of

64. Approximately 5/29 cases (17.2%) were females and 24/29 (82.8%) were males.
The embolization results for type 2 group were as follows: 16 PVA, 9 PVA–microcoils,

2 Onyx, 1 with microcoils, and 1 combined Onyx–microcoils.
None of the covariates showed a statistically significant difference between the groups.
There were statistically significant lower values of cSDH thickness/volume at each

follow-up interval for each group compared to the admission values (Table 1a,b).
The mean thickness and volume reduction difference in the type 1 hematoma was

higher than the type 2 at all follow-up intervals.
The thickness/volume reduction difference between groups was not statistically

significant at all the follow-up intervals (Table 3).

Table 3. Hematoma type 1 and 2 groups thickness and volume reduction differences comparison at
follow-up. p < 0.05 was considered statistically significant.

Hematoma Type 1–
Type 2 Groups Differences

Mean
Difference

95% CI Significance (p < 0.05)

Lower Upper T-Test MWU *

T Difference at 1–3 Months (mm) * 0.1 −4.52 4.76 0.479 0.816

V Difference at 1–3 Months (cm3) * 2.8 −27.06 32.68 0.425 0.864

T Difference at 3–6 Months (mm) 4 −2.97 11.01 0.122 0.198

V Difference at 3–6 Months (cm3) 23 −17.06 63.06 0.122 0.356

T Difference at 6–12 Months (mm) 5.7 −1.92 13.35 0.065 0.089

V Difference at 6–12 Months (cm3) 7.7 −42.13 57.56 0.372 0.368
* MWU, Mann–Whitney U test; T, cSDH thickness; V, cSDH volume.
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(a) (b)

(c)

Figure 1. (a–c) Axial view of non-contrast CT head scans before and after MMAE (middle meningeal
artery embolization) for the same patient. Figure parts a, b and c represent chronic subdural
hematoma (cSDH) pre-MMAE (baseline), at 1–3 months and 3–6 months post-MMAE, respectively.
(a) A non-mature mixed cSDH was noticed at baseline on the left cerebral hemisphere with sulcal
effacement, obliteration of the left lateral ventricle and slight midline shift to the right. The white
arrows demonstrate the mixed cSDH nature; (b) Improvement of the cSDH and mass effect was
noticed in 6-week CT scan post-MMAE; (c) A near-complete resolution of cSDH and mass effect was
noticed in 5-month CT scan.
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4. Discussion

4.1. Imaging Parameters for Post-MMAE cSDH Change Assessment

The cSDH volume and thickness are frequently used parameters in assessing cSDH
size [25,26]. Multiple techniques for thickness and volume measurements have been
proposed [27,28].

The initial evaluation of cSDH thickness and volume appeared effective in cSDH
prognosis prediction after surgery [29,30]. The question was whether both parameters were
comparable in evaluating cSDH change after MMAE.

The results showed a very strong positive correlation between the cSDH thickness and
volume before and after the MMAE. cSDH thickness and volume appear to be comparable
parameters in evaluating the cSDH radiological outcomes after the MMAE.

4.2. cSDH Cause

cSDH develops as a result of chronic inflammatory neovascularization bleeding within
the hematoma membrane in the subdural space [31]. Trauma and spontaneous bleeding
have been described as potential causes that may provoke this inflammatory and neoangio-
genic process [32,33]. cSDH is not necessarily preceded by an acute subdural hematoma or
traumatic event [34,35].

The results suggest that the cSDH volume/thickness reduction in each group was
statistically significant, except for the cSDH volume reduction at 6–12 months in the
traumatic cSDH group (Table 1a,b). Additionally, the cSDH volume/thickness reduction
difference between groups was not statistically significant (Table 2).

MMAE appears to have similar efficiency in hematoma reduction when comparing
both groups. Traumatic cSDH may need a relatively long-term follow-up to monitor the
radiological outcomes (Tables 1a,b and 2).

4.3. cSDH Architecture

Different hematoma architecture types were suggested, including homogenous, lami-
nar, separated, and trabecular [21,36,37]. cSDH trajectory was thought to initially start with
homogenous/laminar types and then develop into mature separated/trabecular types [21].

The initial cSDH types were associated with a relatively faster rate of hematoma
volume reduction compared to the mature cSDH types after MMAE [38].

For each group, the results showed a significant cSDH thickness and volume reduction
post-MMAE (Table 1a,b). When comparing both groups, cSDH thickness and volume
reduction difference was higher in the type 1 hematoma compared to type 2 at all follow-up
intervals. This difference was not statistically significant (Table 3).

Both the non-mature and mature cSDH types appeared to have a comparable efficient
radiological outcome after the MMAE (Tables 1a,b and 3).

4.4. Limitations

The retrospective nature of the study may be associated with recall bias. We therefore
assessed the clinical information in detail and in variable encounters.

To ensure accuracy and tackle potential bias, double blinded measurements were
performed by two experienced researchers for imaging data evaluation. A review from an
experienced independent reviewer was added in case of any discrepancy.

5. Conclusions

MMAE appears similarly efficient in cSDH thickness and volume reduction pertaining
to both non-mature and mature hematoma architectures. It appears to have a comparable,
efficient radiological outcome for both spontaneous and traumatic cSDH, with an edge for
the spontaneous type on a long-term follow-up. Traumatic cSDH may require a relatively
long follow-up time to assess the radiological outcomes. cSDH thickness and volume
appear to be comparable radiological parameters in the evaluation of cSDH before and
after MMAE.
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Abstract: Introduction: Posterior cerebral artery (PCA) aneurysms represent up to 1% of all cerebral
aneurysms. P1-P2 perforator aneurysms are thought to be even less prevalent and often require
complex treatment strategies due to their anatomical and morphological characteristics, with risk
of a perforator infarct. We studied the treatment of P1-P2 perforator aneurysms in a single-center
cohort from a high-volume tertiary center, reporting clinical and anatomical characteristics, treatment
strategies, and outcomes. Methods: A retrospective analysis of adult patients with a P1-P2 perforator
aneurysm who presented at our institution between January 2000 and January 2023 was performed.
The patients were analyzed for demographics, clinical presentation, imaging findings, treatment
techniques, outcomes, and complications. Subgroup analyses between ruptured versus non-ruptured
cases were included. Results: Out of 2733 patients with a cerebral aneurysm, 14 patients (0.5%)
presented with a P1-P2 perforator aneurysm. All six patients with a ruptured aneurysm were treated
by endovascular coiling, of whom one patient (16.7%) required surgical clipping of a recurrence.
One out of eight (12.5%) patients with unruptured aneurysms was treated by surgical clipping.
P1-P2 perforator aneurysms predominantly affected middle-aged individuals (median 59.5 years),
with 10/14 (71.4%) being female. Endovascular coiling was the primary treatment modality overall,
yielding favorable technical outcomes, however, it was complicated by a perforator infarct in two
patients (33.3%) without new permanent morbidity or mortality secondary to treatment. Conclusions:
P1-P2 perforator aneurysms are a rare subtype of intracranial aneurysm. Endovascular coiling could
present an effective treatment modality; however, care should be taken for ischemic complications in
the dependent perforator territory. Larger studies are required to provide more insights.

Keywords: cerebral aneurysm; posterior cerebral artery; perforator artery; endovascular coiling

1. Introduction

In general terms, posterior cerebral artery (PCA) aneurysms account for 1% of all
intracranial aneurysms [1] and for 7% of aneurysms in the posterior circulation [2]. Up to
54% of patients present with a rupture [3]. Saccular aneurysms are found in 46% and 52%
(ruptured versus unruptured), fusiform aneurysms in 15% and 12%, dissecting aneurysms
in 21% and 14%, and serpentine aneurysms in 2% and 4%, respectively [1]. Given the high
percentage of dissecting or fusiform aneurysms, endovascular treatment often involves
stent-assisted coiling, flow diverter treatment [4], or parent vessel occlusion (PVO) [5],
rather than unassisted coiling [6]. Essibayi et al., 2002 reported the treatment modalities
of ruptured PCA aneurysms, with microsurgery being used in 35.8%, PVO in 34.9%,
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and reconstructive endovascular treatment in 24.3% [3]. There is an overall treatment-
related complication rate of 15%, with hemorrhagic complications accounting for 3% [5]
and ischemic complications occurring in approximately 12% of cases. Treatment-related
complications were most commonly seen in the PVO group (38.1%) [3], most frequently
leading to hemianopia.

From an embryological perspective, the PCA originates from the anterior circula-
tion [7]; however, it is considered a functional artery of the posterior circulation in adults [8].
The PCA is divided into segments: the P1 segment extends from the basilar artery bifurca-
tion to the posterior communicating artery confluence, the P2A segment runs ventrally to
the midbrain, the P2B segment is located lateral to the midbrain, the P3 segment is located in
the quadrigeminal cistern, and the P4 segment represents the cortical branches (Figure 1) [9].
Various perforating arteries arise from these segments, including the tuberothalamic ar-
teries from the Pcom segment, the paramedian arteries from the P1 segment, and the
inferolateral arteries from the P2 segment (Figure 1) [10,11], each with their characteristic
supply to the thalamus and/or the midbrain.

The P1 and P2 segments can give rise to unique and clinically significant perforator
arterial variation, namely the artery of Percheron and a dominant collicular artery [12].
The artery of Percheron is the anatomical variant artery replacing the normally present
bilateral paramedian P1 perforators with a single dominant unilateral trunk originating
of the P1 segment that subsequently divides, providing bilateral supply to the thalamus
and/or midbrain. The collicular artery is the anatomical variant replacing the inferolateral
P2 perforators, coursing medially and parallel to the main P2 segment around the cere-
bral peduncle, towards the collicular plate, and originating from the P1 or P2A segment
(Figure 1).

Figure 1. Axial schematic illustrations of the segments of PCA perforators at the level of the midbrain
and optic chiasm (A–C) representing the 3 major thalamoperforating groups, i.e., Pcom, P1, and P2,
supplying different thalamic territories. The tuberothalamic arteries originate from the middle third
of the PcomA (A), supplying the ventral thalamus. The paramedian P1 perforators originate from the
P1 or precommunicating segment (B) and supply the medial thalamus and/or rostral midbrain. The
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inferolateral perforators, also known as geniculate perforators or direct perforators, originate from
the P2 or postcommunicating segment (C) and can be divided into the P2A and P2B segments, or
crural cistern and ambient cistern segments. The P2A segment supplies the lateral thalamus, whereas
the P2B classically supplies the inferolateral pulvinar. An anatomical variant and replacement of
the paramedian P1 perforators is the artery of Percheron, representing a single dominant trunk with
bilateral supply to the thalamus and/or midbrain ((E,F); green dotted lines) and originating of the P1
segment. An anatomical variant replacing the inferolateral P2 perforators is the collicular artery (also
known as the quadrigeminal or circumcollicular artery), coursing medially to the main P2 segment
around the cerebral peduncle towards the collicular plate ((D–F); red dotted lines) and originating
from the P1 or P2A segment. Its name is derived from the area of supply. An identical origin of the
collicular artery and the artery of Percheron is possible (E,F), in which the nomenclature is defined
by the territory of supply. The example case demonstrates the presence of a right P1 perforator
aneurysm at the origin of the collicular artery and the artery of Percheron.

The incidence of aneurysms of the artery of Percheron and collicular artery is unknown
and treatment outcomes are limited to case reports [13–16]. Retrospective cohort studies
on PCA aneurysms lack both demographics and outcomes of perforator aneurysms [2]
or mainly focus on perforator aneurysms of the basilar artery [16–18]. In this study, we
review the incidence, clinical presentation, and treatment outcomes of P1-P2 perforator
aneurysms and further discuss their anatomical characteristics. Further insight into the
clinical outcomes and detailed anatomy could improve pattern recognition in daily practice
and the treatment of this rare and underreported entity.

2. Methods

Following institutional ethics review board approval, we conducted a retrospective
analysis of a prospectively collected cerebral aneurysm database at our institution, a tertiary
referral center.

The database containing a list of patients with intracranial aneurysms who presented
between January 2000 and January 2023 was manually searched (A.M.) for patients meeting
the following criteria. Patients were included in this study if they were: (1) over 17 years
of age, (2) diagnosed with a perforator aneurysm of the P1 or P2 segment of the posterior
cerebral artery (3) presented or were treated between 2000 and 2023, and (4) had at least
cross-sectional CTA and/or MRA imaging available. The identification of P1 or P2 segment
aneurysms was made by first excluding the patients whose reports did not include a
posterior circulation aneurysm. Following that, the list was narrowed to include only
posterior circulation aneurysms, and all patients described to have basilar tip aneurysms
were excluded. All images in the shortlist were reviewed by A.M. and E.J.H. to identify
patients specifically with a P1-P2 perforator aneurysm.

Data on age, sex, clinical presentation, past medical history (including hypertension,
smoking, family history, multiplicity of aneurysms), Modified Rankin Scale (mRS), treatment
techniques, complications, and clinical outcomes were collected through a chart review.

Statistical analyses were performed to compare the characteristics of ruptured versus
non-ruptured subgroups (Table 1). The results are presented as means for continuous
variables and frequency (percentage) for categorical data. Data were analyzed using the
t-test for continuous variables and Fisher’s exact test to compare categorical data between
groups. All p-values were two-sided, and a p-value of <0.05 was considered statistically
significant. JMP Pro 15 (SASA Institute, Cary, NC, USA) was used for descriptive statistics.
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Table 1. Subgroup analyses of P1-P2 perforator aneurysms.

P1-P2 Perforator
Aneurysm

Total No
Treatment

Group
Conservative

Group
p-Value

No of cases 14 7 (50%) 7 (50%) -

Age 59.5 (35–83) 61 (50–76) 54 (35–83) 0.3

Sex (female) 10 (71.4%) 5 (71.4%) 5 (71.4%) >0.999

Smoking (current
and past) 9 (69.2%) 4 (66.7%) 5 (71.4%) 0.66

Hypertension 8 (66.7%) 5 (83.3%) 3 (50%) 0.55

>1 cerebral aneurysm 8 (57.1%) 2 (28.6%) 6 (85.7%) 0.1

Ruptured 6 (42.9%) 6 (85.7%) 0 (0%) <0.01

Maximum diameter (mm) 3 (1.5–8.5) 3.6 (1.5–8.5) 2.8 (2–3) 0.04

Outcomes

Remnant after treatment - 3 (42.9%) NA -

Permanent morbidity
after treatment - 0 (0%) NA -

Complications after
treatment - 2 (33.3%) NA

3. Results

3.1. Patients

Between 2000 and 2023, 2733 patients with a cerebral aneurysm presented to our
institution. Of those, 14 patients (0.5%) had a perforator aneurysm of the P1 or P2 segment
of the posterior cerebral artery (Table 2). The median age of these 14 patients was 59.5 years
(range 35–83) and 10 (71%) were female. Nine patients (69.2%) had a history of smoking and
8 (66.7%) had a history of hypertension (in five patients it was controlled with medication).
None of the patients had a known family history of cerebral aneurysms. Six patients (43%)
with a P1 or P2 segment perforator aneurysm had a single cerebral aneurysm, including
one with an arteriovenous malformation (AVM), and eight patients presented with more
than one cerebral aneurysm.
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3.2. Treatment Modalities and Clinical Outcome

Six of the P1-P2 perforator aneurysm patients (43%) presented with a rupture, and
eight patients (57%) had an unruptured P1-P2 perforator aneurysm. The average diameter
of the P1-P2 perforator aneurysms was 3 mm (range 1.5–8.5). In our institution, unruptured
posterior circulation aneurysms (including P1-P2 perforator aneurysms) are treated after
a multidisciplinary discussion of each individual case, reviewing the size (generally at
least 4–5 mm to consider treatment), risk factors (hypertension, smoking, family history,
previous SAH, PHACES score), age, and comorbidities. Nowadays, endovascular therapy
is the first choice for basilar tip and proximal PCA aneurysms, provided it is technically
safe and feasible, with stable arterial access. All six ruptured P1-P2 perforator aneurysms
were treated with endovascular coiling, with one requiring surgical clipping of a recurrence
during follow-up. Following the multidisciplinary discussion, one unruptured wide-
necked P1-P2 aneurysm (patient no 6) was treated with uncomplicated surgical clipping,
given its size (4 × 3.5 mm). The remainder of the unruptured aneurysms were treated
conservatively. Out of the six acute endovascular coiling cases, two patients suffered from
silent perforator infarcts (Table 2: patient no 5 and 9). Patient no 5 had a past medical
history of astrocytoma resection, radiation, and hydrocephalus treated with VP-drains and
demonstrated an asymptomatic small acute infarct in the left ventral thalamus on day 4
MRI of the brain after endovascular coiling. Patient no 9 presented with a subarachnoid
hemorrhage and mild left-sided drift, remaining stable after endovascular coiling, with
an acute infarct in the right ventral thalamus on day 10 MRI of the brain. The patient
suffered an acute respiratory decompensation due to pulmonary edema on postprocedural
day 2 and cardiac arrest on day 4 and was discharged to a long-term care facility on day
90. All patients treated within the last 10 years (patient no. 9, 13, 14) had an immediate
post-treatment mRS of 0. Patient no. 9 suffered from a respiratory-related cardiac arrest
during hospital admission. Patient no. 10, without aneurysm closure treatment, was
wheelchair-bound secondary to a prior moyamoya-related hemorrhage, and the remaining
six patients were asymptomatic.

4. Discussion

The main findings of our study are: (1) P1-P2 perforator aneurysms are rare, with an
incidence of 0.5% in a large single-center cerebral aneurysm cohort, (2) the technical results
of endovascular coiling were good, with one case requiring retreatment, (3) endovascular
coiling resulted in perforator infarcts in two patients; however, without new permanent
morbidity secondary to treatment.

Compared to perforator aneurysms of the proximal anterior cerebral artery (A1 seg-
ment) [19,20], the horizontal segment of the middle cerebral artery (M1 segment) [21] and
the basilar artery [17], P1-P2 perforator aneurysms have been less frequently reported on.
Aneurysms of the A1 segment account for approximately 1% of all cerebral aneurysms and
are associated with treatment-related complications exceeding 15% [19,20]. M1 aneurysms
are associated with postprocedural infarcts in up to 22% of cases, a mortality rate of ap-
proximately 6% [21], and are often associated with hypertension, moyamoya disease, and
AVMs. Chau et al. reported treatment-related complications in 17% of basilar artery per-
forator aneurysms [22]. As such, one may conclude that perforator aneurysms in any
given location are associated with a moderate to high risk of ischemic complications due
to treatment.

From a neuroanatomical point of view, recognizing the relationship with a perforator
artery is important to reduce the complication risks in P1-P2 perforator aneurysm treatment.
Features of this subtype of aneurysm are: (1) its off-midline position in relation to the basilar
tip (2) its posterior or posterior medial angulation of the aneurysm dome in relation to the
P1 or P2 segment, respectively, (3) the origin of a (dominant) perforator trunk juxtaposed
to or at the neck of the aneurysm, as opposed to an infundibulum with a perforator at
the tip of the conus, (4) stasis of contrast in the aneurysm dome observed in ruptured
cases on angiography (Figure 2). Special consideration should be given to the presence
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of tuberothalamic arteries, a dominant paramedian artery (the artery of Percheron), and
the collicular artery (Figure 1) [12]. The tuburothalamic arteries (TTAs) originate from the
middle third of the PcomA and classically supply the ventral thalamus. The paramedian
P1 arteries supply the medial thalamus and/or rostral midbrain and may supply the
anterior thalamus when the TTA is hypoplastic. The inferolateral perforators or geniculate
P2 perforators supply the lateral thalamus and inferolateral pulvinar. Both the artery of
Percheron and the collicular artery can have an identical origin, in which the nomenclature
is defined by the supplied territory (Figure 2). Thus, the collicular artery may originate
from the P1 segment, with perforators branching extensively from the mesencephalon to
the midbrain, varying among individuals [23].

Limited case reports on P1-P2 perforator artery aneurysm treatment exist (Table 3).
Sparacia et al., 2018 described a ruptured aneurysm of the artery of Percheron treated
with flow diversion resulting in closure of the aneurysm and occlusion of the artery of
Percheron, with secondary bilateral paramedian thalamic infarcts [14]. Oishi et al., 2016
reported on two large P1 aneurysms in close relationship to the artery of Percheron, treated
with parent vessel occlusion, resulting in extensive paramedian artery occlusion in one
secondary to occlusion of the artery of Percheron [13]. Given the results of the present
study and prior case reports, endovascular treatment with (balloon-assisted) coiling, if
technically feasible, could represent a viable and preferred treatment of P1-P2 perforator
aneurysms. The treatment of a perforator aneurysm inherently poses a risk of a perforator
infarct. Risk reduction measures could be an undercoiling technique if technically feasible
(i.e., selectively coiling the dome and rupture point and undercoiling of the neck and
origin of the perforator), coiling under full heparinization, and/or starting low dose aspirin
following endovascular treatment. Surgical clipping is challenging, given the presence of
a perforating artery adherent to the neck of the aneurysm [24,25]. Furthermore, clipping
in this region poses challenges due to the deep location near cranial nerves, increasing
the risk of complications in a restricted surgical field [26,27]. Consequently, treatment
strategies differ from those employed for M1 aneurysms [21]. Moreover, trapping and
bypass procedures, commonly used for more distal PCA aneurysms, are not suitable. While
FD has been considered beneficial [4], reports of FD for posterior circulation indicate a risk
of perforator vessel infarction of approximately 7%, along with a high mortality rate [8],
raising safety concerns, particularly in the acute phase of a subarachnoid hemorrhage.

Table 3. Literature on P1-P2 perforator aneurysms.

Author Year
No. of

Patients
Age

Aneurysm
Description

Treatment Technique Complication
Clinical

Outcome

Da Ros
et al. [16] 2020 1 Unknown P1 aneurysm Endovascular Flow

diversion None mRS 0

Sparacia
et al. [14] 2018 1 48

Artery of
Percheron
aneurysm

Endovascular Flow
diversion

Bilateral
paramedian

thalamic
infarcts

Hydrocephalus
Discharge to

rehab

Giordan
et al. [15] 2018 1 47 Pseudoaneurysm

P1 perforator DSA only NA None Bilateral third
nerve palsy

Oishi et al.
[13]. 2016 2

49

54

P1-P2 aneurysm

P1 aneurysm

Endovascular

Endovascular

Parent
vessel

occlusion

Parent
vessel

occlusion

None

Extensive
thalamic
infarction

Unchanged

Decline post
treatment to

MRS 3
(pretreatment

MRS 0)
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Limitations of our study are associated to the retrospective nature of this single-center
series with insufficient case numbers for proper statistics. Furthermore, due to the long
inclusion period of this study, we were unable to obtain comprehensive clinical data on
each patient. Lastly, the primary treatment strategy of basilar tip and P1-P2 aneurysms has
shifted since the nineties from primary surgical clipping toward a primary endovascular
treatment strategy due to the deep location in the brain with a restricted surgical field, as
previously mentioned, as well as the evolution of endovascular therapy, with improved
access and materials, such as microcatheters and microcoils. The number of coiling versus
clipping patients is unequally distributed in our study, and the cases with perforator
infarcts were treated in 2007 and 2014. Therefore, it is difficult to postulate whether a shift
in treatment strategy and/or improvements in technology have had an influence.

To the best of our knowledge, this is the first retrospective cohort study on patients
with a ruptured or unruptured P1-P2 perforator aneurysm addressing clinical outcomes,
technical aspects of treatment modalities, and further pointing out anatomical details that
could improve pattern recognition and the treatment of this rare entity.

 

Figure 2. Case no 13 involves a 64-year-old female patient with a subarachnoid hemorrhage (GCS
15, WFNS 1) with the epicenter in the right interpeduncular cistern (A), with suspicion of a small
superiorly and posteriorly pointing right P1 aneurysm ((B,C); yellow arrow). AP (D) and lateral left
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vertebral artery injections (E,F) confirm a right P1 aneurysm, with stases of contrast in the dome in
the late arterial phase ((F); black arrow). Axial Xpert CT angiography reconstructions demonstrate
the course of the right collicular artery in the crural and ambient cisterns along the posterior cerebral
artery ((G–I); yellow arrows) originating medially from the dome of the aneurysm ((I); yellow arrow).
An unassisted coiling with balloon presence was performed with two coils (J) resulting in direct
(K) and one-year follow-up closure of the aneurysm on MRA time-of-flight (L). There is subtle
indentation of the coil mass in the parent artery ((L); white arrow).

5. Conclusions

P1-P2 perforator aneurysms are rare and require careful management due to their
propensity for ischemic complications. Endovascular coiling could present an effective
treatment modality; however, care should be taken for ischemic complications in the
dependent perforator territory. Larger studies are required to provide deeper insight.
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Abstract

Background: The coexistence of extracranial arterial stenoses and intracranial aneurysms
presents a unique clinical dilemma. While staged interventions are traditionally preferred to
reduce procedural risks, recent advances have enabled single-stage endovascular treatment.
This study evaluates the clinical outcomes, procedural strategies, and predictive factors
associated with such combined interventions. Methods: This retrospective study included
47 patients treated with single-stage endovascular procedures for concurrent extracranial
stenosis and intracranial aneurysm between 2016 and 2024. Clinical, angiographic, and
procedural data were collected. Outcomes were assessed using the mmodified Rankin
Scale (mRS), and statistical analyses were performed to identify associations between
clinical variables and functional outcomes. Results: Of the 47 patients, 85.1% achieved
favorable outcomes (mRS 0–2) at ≥6-month follow-up. The most commonly treated
arteries were the internal carotid artery (70.2%) and the middle cerebral artery (34%).
Stent-assisted coiling or flow diversion was performed in 93.6% of aneurysm cases, while
91.5% underwent carotid or vertebral stenting. Lesion laterality (left-sided aneurysms,
p = 0.019) and stenosis length (p = 0.0469) were significantly associated with outcomes.
Smoking was linked to multiple stenoses (p = 0.0191). Two patients experienced major
complications: one aneurysmal rebleed after stenting, and one intraoperative rupture.
Conclusions: Single-stage endovascular treatment for patients with concurrent extracranial
stenosis and intracranial aneurysm is technically feasible and clinically effective in selected
cases. Lesion configuration, anatomical considerations, and individualized planning are
critical in optimizing outcomes.

Keywords: intracranial aneurysm; carotid artery stenosis; vertebral artery stenosis;
endovascular treatment; single-stage intervention; subarachnoid hemorrhage; modified
Rankin Scale; smoking; neurointervention; stroke prevention

1. Introduction

The coexistence of extracranial arterial stenosis and intracranial aneurysm presents
a complex therapeutic challenge. Historically, these lesions have been addressed sepa-
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rately, typically beginning with carotid endarterectomy or stenting, followed by delayed
aneurysm treatment. However, this sequential approach can result in delays, increased pro-
cedural burden, and the risk of aneurysm rupture due to hemodynamic changes following
revascularization [1–5].

In the era of modern endovascular techniques, single-stage interventions have
emerged as a feasible and potentially safer option for selected patients. This strategy
not only minimizes anesthesia exposure and hospital stay but also offers a streamlined
solution for resource-limited settings, where repeated access procedures are economically
burdensome [6–9].

Despite the increasing application of this approach, there is limited literature ad-
dressing patient selection, procedural sequencing, and outcome predictors in such cases.
Concerns remain regarding the optimal order of intervention—whether to treat the stenosis
first to improve access and reduce ischemic risk, or to secure the aneurysm first to pre-
vent hemorrhagic complications exacerbated by reperfusion [10–13]. Additionally, few
studies systematically evaluate the influence of anatomical configuration (ipsilateral vs.
contralateral lesions), lesion length, or hemodynamic factors on functional recovery.

This study aims to assess the safety, feasibility, and clinical outcomes of single-stage
endovascular treatment in patients with coexisting extracranial stenosis and intracranial
aneurysms. We also propose a treatment algorithm based on real-world decision mak-
ing and lesion-specific characteristics, contributing practical insights for individualized
care planning.

2. Materials and Methods

This retrospective study was conducted at the National Hospital of the Medical Cen-
ter of the Presidential Affairs Administration of the Republic of Kazakhstan in Almaty,
Kazakhstan, and included patients treated between January 2016 and December 2024.
Eligible patients had coexisting intracranial aneurysms and extracranial arterial stenoses
(internal carotid artery [ICA] or vertebral artery [VA]) and underwent single-stage endovas-
cular treatment.

2.1. Inclusion Criteria Were

• Age ≥ 18 years.
• Confirmed ≥70% extracranial ICA or VA stenosis based on digital subtraction angiog-

raphy (DSA), CTA, or MRA, evaluated using NASCET criteria.
• At least one saccular or fusiform intracranial aneurysm identified via CTA or DSA.
• Either symptomatic ischemia (e.g., TIA, infarct on DWI) or aneurysm-related symp-

toms (e.g., headache, SAH).
• Available pre- and post-procedural imaging and clinical records.

Patients with previous intracranial or extracranial interventions, contraindications to
dual antiplatelet therapy, or incomplete follow-up were excluded.

2.2. Imaging and Decision Protocol

Pre-treatment imaging included brain MRI with DWI to assess ischemic burden and
CTA or DSA to evaluate aneurysm morphology, perfusion patterns, and vessel patency.
The decision to treat both lesions in one session was made by a multidisciplinary neu-
rovascular team. In patients with contralateral lesions or ruptured aneurysms, treatment
sequencing was individualized. When perfusion through the stenotic segment was severely
compromised, revascularization was prioritized. In other cases, aneurysm embolization
preceded stenting to minimize rupture risk.
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2.3. Procedure

The protocol has remained consistent since 2016; slight updates were implemented
in 2020 after the introduction of newer stents. Endovascular procedures were performed
under general or local anesthesia using transfemoral access. Aneurysms were treated via
coiling, stent-assisted coiling, or flow diversion. Arterial stenoses were treated with balloon
angioplasty and/or stenting. In all ICA cases, distal embolic protection devices were em-
ployed. Device selection was based on anatomical characteristics and operator preference.

2.4. Periprocedural Management

All patients without subarachnoid hemorrhage (SAH) received dual antiplatelet ther-
apy (aspirin and clopidogrel) at least 5 days before the procedure. In SAH cases, DAPT
initiation was delayed or minimized based on hemorrhage severity and urgency of interven-
tion. Intravenous heparin was administered intraoperatively. Postprocedural antiplatelet
regimens were adjusted per stent type and patient risk profile.

2.5. Data Collection and Outcomes

Demographic, clinical, radiological, and procedural data were retrospectively col-
lected from electronic health records and imaging archives. Variables included age, sex,
comorbidities (hypertension, diabetes, ischemic heart disease, smoking status), aneurysm
characteristics (location, size, rupture status), and stenosis features (side, degree, length,
symptomatic status).

Procedural details such as stent type, access route, and sequence of interventions were
also documented. Modified Rankin Scale (mRS) scores were assessed at baseline and at
follow-up by an independent neurologist. The PHASES score was used for aneurysm risk
stratification. The primary outcome was a favorable functional outcome at last follow-up,
defined as mRS 0–2. Secondary outcomes included periprocedural complications, 30-day
mortality, and 30-day re-admission. Complications were categorized as hemorrhagic,
ischemic, or technical.

2.6. Statistical Analysis

Descriptive statistics were used for baseline data. Associations between clinical vari-
ables and multiple stenoses or aneurysms were assessed using Fisher’s exact test. Logis-
tic regression was employed to evaluate the association between smoking and multiple
stenoses. The relationship between anatomical factors (e.g., lesion laterality, stenosis length)
and functional outcome (mRS 1–2 vs. mRS 3–6) was also tested. A p-value < 0.05 was
considered statistically significant. Analyses were performed using SPSS v26 (IBM Corp.,
Armonk, NY, USA). Regression analysis was used for exploratory purposes; findings
should be interpreted cautiously due to small sample size.

2.7. Ethics Statement

This study was approved by the Institutional Ethics Committee (approval #7, dated
12 December 2024). Patient data were anonymized in compliance with the Declaration
of Helsinki.

3. Results

A total of 47 patients (mean age: 67.6 ± 5.9 years; 21 males [44.7%], 26 females [55.3%])
were included. Most patients (95.7%) underwent elective procedures; only two patients
(4.3%) presented with ruptured aneurysms requiring urgent intervention. Common pre-
senting symptoms included headache (38.3%), ischemic stroke-related deficits (44.7%),
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and sensorineural symptoms such as hearing loss (4.3%). One patient presented with
Millard–Gubler syndrome.

3.1. Patient Characteristics and Vascular Lesion Profile

In total, 17 patients (36.2%) were active smokers, 11 (23.4%) had diabetes mellitus,
and 38 (80.9%) had stage 3 arterial hypertension. Ischemic heart disease was present
in 34 patients (72.3%). Aneurysms were most frequently located in the middle cerebral
artery (MCA), anterior cerebral artery (ACA), and intracranial ICA segments. The majority
of stenoses involved the cervical ICA (57.4%) and vertebral artery (23.4%). Ipsilateral
aneurysm–stenosis pairs were observed in 29 patients (61.7%). Patient characteristics can
be seen in Table 1.

3.2. Risk Factors and Lesion Characteristics

Smoking was significantly associated with the presence of multiple stenoses (75.0%
in smokers vs. 25.0% in non-smokers; p = 0.0191, OR = 0.131; 95% CI: 0.023–0.750). Lo-
gistic regression confirmed this association, with an odds ratio (OR) of 0.131 (95% CI:
0.023–0.750), indicating that non-smokers were significantly less likely to have multiple
stenotic lesions. Other vascular risk factors, including hypertension, diabetes, ischemic
heart disease, and obesity, showed no significant association with either multiple stenoses
or multiple aneurysms (p > 0.05 for all; Table 2).

3.3. Treatment Strategy

The procedural strategy was tailored based on anatomical configuration and clinical
presentation. Most cases involved flow diversion or stent-assisted coiling for aneurysm
treatment, followed by angioplasty and carotid or vertebral artery stenting. In cases with
high-grade ICA stenosis impeding microcatheter navigation, stenting was performed
first. In morphologically unstable aneurysms (e.g., wide-neck or high-flow lesions),
embolization was prioritized. Dual antiplatelet therapy was used in all elective cases
pre- and post-procedurally. No elective patient experienced a deterioration in clinical
status postoperatively.

Common devices included Protege (n = 17), ULTIMASTER (n = 8), and CASPER
(n = 2). No ischemic periprocedural events were recorded.

3.4. Functional Outcomes and Predictive Factors

At the final follow-up (≥6 months), favorable outcomes (defined as mRS 0–2) were
observed in 40 of 47 patients (85.1%). Modified Rankin Scale scores remained stable across
the follow-up period for all patients, with no evidence of neurological deterioration. Among
the cohort, seven patients (14.9%) had mRS scores of 3–5, indicating moderate to severe
disability. No patient experienced mortality or re-admission within 30 days post-procedure.

Notably, left-sided aneurysms were significantly associated with favorable outcomes;
all 14 patients with left-sided lesions achieved mRS scores of 1–2 (p = 0.019). However,
no significant associations were found between outcome and aneurysm-bearing artery
(p = 0.0761), side of extracranial stenosis (p = 0.7017), type of stenotic artery (p = 0.9497), or
ipsilateral versus contralateral lesion configuration (p = 0.3108) (Table 3).
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Table 2. Association between clinical factors and occurrence of multiple stenoses and multiple aneurysms.

One Stenosis
Localization

Multiple Stenosis
Localization

Total
p-Value
Fisher’s

Smoking

No 28 (71.79%) 2 (25.00%) 30 0.0191

Yes 11 (28.21%) 6 (75.00%) 17

AH

AH1 3 (7.69%) 0 (0.00%) 3 0.1217

AH2 3 (7.69%) 3 (37.50%) 6

AH3 33 (84.62%) 5 (62.50%) 38

Diabetes

No 31 (79.49%) 5 (62.50%) 36 0.3673

Yes 8 (20.51%) 3 (37.50%) 11

IHD

No 13 (33.33%) 0 (0.00%) 13 0.0855

Yes 26 (66.67%) 8 (100.00%) 34

Obesity

Non-obese 29 (74.36%) 7 (87.50%) 36 0.6593

Obese 10 (25.64%) 1 (12.50%) 11

One Aneurysm Multiple Aneurysms Total
p-Value
Fisher’s

Smoking

No 26 (68.42%) 4 (44.44%) 30 0.2516

Yes 12 (31.58%) 5 (55.56%) 17

AH

AH1 1 (2.63%) 2 (22.22%) 3 0.1201

AH2 5 (13.16%) 1 (11.11%) 6

AH3 32 (84.21%) 6 (66.67%) 38

Diabetes

No 28 (73.68%) 8 (88.89%) 36 0.6631

Yes 10 (26.32%) 1 (11.11%) 11

IHD

No 11 (28.95%) 2 (22.22%) 13 1

Yes 27 (71.05%) 7 (77.78%) 34

Obesity

Non-obese 28 (73.68%) 8 (88.89%) 36 0.6631

Obese 10 (26.32%) 1 (11.11%) 11
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Table 3. Relationship between aneurysm/stenosis localization and mRS outcome.

mRS 1–2 mRS 3–6 Total p-Value Fisher’s

Aneurysm side

Left 14 (37.84%) 0 (0.00%) 14 0.019

Bilateral 6 (16.22%) 5 (50.00%) 11

Right 17 (45.95%) 5 (50.00%) 22

Aneurysm arteries

ACA 1 (2.70%) 0 (0.00%) 1 0.0761

Acom 1 (2.70%) 1 (10.00%) 2

BA 2 (5.41%) 2 (20.00%) 4

ICA 15 (40.54%) 1 (10.00%) 16

MCA 13 (35.14%) 2 (20.00%) 15

Bilateral 4 (10.81%) 3 (30.00%) 7

VA 1 (2.70%) 1 (10.00%) 2

Stenosis side

Left 17 (45.95%) 3 (30.00%) 20 0.7017

Bilateral 5 (13.51%) 2 (20.00%) 7

Right 15 (40.54%) 5 (50.00%) 20

Stenosis arteries

BA 1 (2.70%) 0 (0.00%) 1 0.9497

ICA 22 (59.46%) 5 (50.00%) 27

MCA 3 (8.11%) 1 (10.00%) 4

Multiple 3 (8.11%) 1 (10.00%) 4

VA 8 (21.62%) 3 (30.00%) 11

The stenosis side and
aneurysm side
coincide

N/A 4 (10.81%) 3 (30.00%) 7 0.3108

No 9 (24.32%) 2 (20.00%) 11

Yes 24 (64.86%) 5 (50.00%) 29

Among the anatomical predictors, stenosis length showed a statistically significant
association with functional outcome (p = 0.0469), with longer stenotic segments correlating
with worse mRS scores. In contrast, neither aneurysm size (p = 0.4291) nor stenosis severity
as measured by percent narrowing (p = 0.2588) demonstrated predictive value for clinical
outcome (Table 4).
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Table 4. Impact of aneurysm size, stenosis length, and degree on mRS outcome.

mRS 1–2 mRS 3–6 Total p-Value Fisher’s

Aneurysm Size

Fusiform 1 (2.70%) 1 (10.00%) 2 0.4291

Medium 10 (27.03%) 3 (30.00%) 13

Small 26 (70.27%) 6 (60.00%) 32

Stenosis length

10 mm 3 (8.11%) 0 (0.00%) 3 0.0469

15 mm 3 (8.11%) 3 (30.00%) 6

20 mm 7 (18.92%) 0 (0.00%) 7

25 mm 1 (2.70%) 2 (20.00%) 3

30 mm 13 (35.14%) 3 (30.00%) 16

35 mm 1 (2.70%) 0 (0.00%) 1

40 mm 9 (24.32%) 1 (10.00%) 10

50 mm 0 (0.00%) 1 (10.00%) 1

Stenosis degree

70 16 (43.24%) 2 (20.00%) 18 0.2588

75 3 (8.11%) 0 (0.00%) 3

80 11 (29.73%) 4 (40.00%) 15

85 3 (8.11%) 2 (20.00%) 5

90 2 (5.41%) 0 (0.00%) 2

95 0 (0.00%) 1 (10.00%) 1

99 2 (5.41%) 1 (10.00%) 3

These findings underscore the importance of lesion morphology—particularly stenosis
length—over traditional size-based metrics in predicting recovery. The observed left-side
laterality advantage warrants further investigation, potentially reflecting procedural or
anatomical factors that influence outcome.

3.5. Complications

Two notable complications were recorded. One patient with a ruptured MCA
aneurysm and an ipsilateral critical ICA stenosis developed a subarachnoid hemorrhage
after stenting, requiring external ventricular drainage and a decompressive craniectomy;
the mRS at 6 months was 5. Another patient experienced an intraoperative aneurysm
rupture during coiling (non-ipsilateral), which was managed with intra-arterial nimodipine
due to catheter-induced vasospasm; the patient had an mRS of 4 at 4 months.

3.6. Case Examples

Case 1: Simultaneous Treatment of Left MCA Aneurysm and Vertebral Artery Stenosis.
Patient #13 was a 38-year-old male presenting with recurrent occipital headaches,

tinnitus, visual disturbances, and transient ischemic attacks. Imaging revealed a saccular
aneurysm at the left middle cerebral artery (MCA) bifurcation and an 80% stenosis of the V1
segment of the right vertebral artery. Comorbidities included grade 3 arterial hypertension,
impaired glucose tolerance, and grade 1 obesity. A single-stage endovascular procedure
was performed. The aneurysm was occluded using balloon-assisted coiling with a LEO
stent (2.5 × 18 mm) via the C-stenting technique. In the same session, vertebral artery
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stenosis was treated with an Ultimaster stent (3.5 × 12 mm). The postoperative course was
uneventful, and the patient achieved an mRS of 1 at six months (Figure 1).

 

Figure 1. Simultaneous treatment of left MCA aneurysm and right vertebral artery stenosis.
(A–C): balloon-assisted coiling with LEO stent (2.5 × 18 mm) of a left MCA bifurcation aneurysm.
(D–F): stenting of right vertebral artery V1 segment using an Ultimaster 3.5 × 12 mm stent.

Case 2: Multivessel Stenosis and Dual Aneurysm Treatment Following SAH.
Patient #12 was a 57-year-old male with a history of smoking and hypertension

who initially presented with a subarachnoid hemorrhage (SAH) and a ruptured left ICA
aneurysm, treated with coiling. Follow-up imaging showed incomplete occlusion, and
additional saccular aneurysms at the left MCA bifurcation and cervical ICA subocclusion
were identified.

In a single-stage intervention, balloon angioplasty and stenting of the left cervical ICA
were performed using a CASPER 9 × 20 × 143 mm stent, preceded by embolic protection
and balloon pre-dilation. Subsequently, the MCA and ICA aneurysms were treated with
stent-assisted coiling using a LEO stent (2.5 × 18 mm) and the half-T technique. The final
angiography showed successful aneurysm exclusion and vessel patency. At the six-month
follow-up, the patient had an mRS of 2 (Figure 2).
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Figure 2. Endovascular management of dual intracranial aneurysms with cervical ICA stenosis.
(A–C): angioplasty and CASPER stenting of the left cervical ICA after subocclusion and embolic
protection. (D,E): coil embolization of left MCA and ICA aneurysms using half-T stenting technique
with LEO stent (2.5 × 18 mm).

4. Discussion

This study adds to the growing body of the literature supporting the feasibility and
safety of single-stage endovascular treatment for patients with coexisting intracranial
aneurysms and extracranial arterial stenoses [2,4,7]. In the era of precision medicine, such
combined interventions align with the shift toward individualized care that balances proce-
dural efficiency with patient-specific anatomical and hemodynamic considerations [5,6].

All patients were followed for a uniform period of 6 months, capturing intermediate-
term recovery and early complications such as in-stent thrombosis or aneurysm recurrence.
While longer-term surveillance is needed to evaluate durability, this timeframe offers a
reliable snapshot of initial outcomes.

In our cohort, smoking was the only factor significantly associated with the presence
of multiple stenoses (p = 0.0191), reinforcing its role as a systemic atherosclerotic risk
factor [8]. This finding aligns with the established literature on smoking’s adverse effects on
endothelial integrity and vascular remodeling [9]. Other risk factors such as hypertension
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or ischemic heart disease were not independently predictive, likely reflecting sample
size limitations.

Based on our findings and the prior literature, we propose a decision-making algo-
rithm for single-stage intervention, which prioritizes ipsilaterality, symptomatology, lesion
size, and anatomical feasibility (Figure 3).

 

Figure 3. Proposed treatment algorithm for patients with coexisting extracranial stenosis and intracra-
nial aneurysm. The initial step evaluates lesion ipsilaterality. If non-ipsilateral, the symptomatic
pathology is prioritized. For ipsilateral lesions, the degree of stenosis is assessed. Stenoses exceeding
70% (as measured by NASCET criteria *) are treated first to ensure safe access and perfusion. If
the stenosis is <70%, aneurysm rupture risk is evaluated using the PHASES score **. High-risk
aneurysms are prioritized for embolization, while low-risk cases proceed with stenosis treatment.
* North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria. ** Population,
hypertension, age, size of aneurysm, earlier SAH, site of aneurysm (PHASES) score.

Our proposed algorithm (Figure 3) also incorporates real-world clinical reasoning sug-
gested by experienced practitioners. Specifically, for symptomatic or >70% asymptomatic
stenosis with an unruptured aneurysm—regardless of laterality—ICA stenting is priori-
tized before aneurysm embolization. The rationale includes the following: (1) reducing
hypoperfusion risk during aneurysm navigation, (2) enabling stable catheter position-
ing distal to the stenosis, and (3) minimizing financial burden in low-resource settings
by consolidating procedures and reducing repeated device use. Moreover, treating the
aneurysm after stenting may mitigate the risk of pressure-related rupture, also known as
normal perfusion breakthrough syndrome. In contrast, in cases of ruptured aneurysm with
coexisting symptomatic or severe asymptomatic stenosis, the approach shifts toward initial
angioplasty of the ICA to facilitate safe access, followed by aneurysm coiling. If a stent is
required for the aneurysm, the ICA stenosis can be addressed concurrently. This sequence
minimizes procedural delay in hemorrhagic cases while still preserving cerebral perfusion
and catheter stability.

All patients were followed for a uniform period of six months, capturing intermediate-
term recovery and procedural complications such as in-stent thrombosis or aneurysm
recurrence. Although no patients in our cohort experienced these complications, we
have contextualized this in the discussion by referencing the most commonly reported
complications—groin hematoma, in-stent thrombosis, and distal embolization—and their
incidence rates in the general population. The absence of these events in our group
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highlights the potential safety of the single-stage strategy, though the relatively small
sample limits generalizability.

Balancing ischemic and hemorrhagic risk in these patients remains challenging. His-
torically, staged approaches like carotid endarterectomy followed by delayed aneurysm
embolization were preferred [4,5,7], but they entail logistical and procedural drawbacks.
Recent reports suggest that carefully selected patients may benefit from simultaneous
interventions [2,8,9].

Case reports highlight the danger of treating carotid stenosis before securing
aneurysms. Hartmann et al. [1] described a fatal post-stenting hemorrhage, while Pappada
et al. [2] and Adams [5] emphasized the complexity of sequential decisions. Our study
supports that, with structured planning, concurrent treatment is not only possible but safe.

Badruddin et al. [8] and Gallego Leon et al. [9] reported strong outcomes in similar
cohorts. Our complication rate was low, and factors such as lesion laterality and stenosis
length—rather than aneurysm size—were more closely associated with outcome.

We encountered two major complications: aneurysmal rebleeding post-stenting re-
quiring decompressive craniectomy, and intraoperative rupture treated with nimodipine.
These underscore the importance of risk stratification, especially in ruptured cases. Hart-
mann et al. [1] reinforced the theoretical risk of rebleed post-revascularization, validating
strategies like coiling first or strict hemodynamic control.

The observed correlation between left-sided aneurysms and favorable outcome was
unexpected. Given the complexity of left carotid access and symptomatic burden of left
hemispheric strokes [10], this may reflect anatomical variance in our cohort.

These findings suggest that individualized anatomy-driven strategies—potentially
aided by AI-based imaging—can enhance procedural outcomes. The lack of correlation
between mRS and aneurysm size or stenosis degree suggests that vascular morphology
may carry more prognostic value than previously assumed.

Procedurally, our series included patients with ipsilateral, contralateral, symptomatic,
and ruptured lesions—all treated in one session. This broad applicability supports single-
stage endovascular intervention as a viable alternative to staged approaches in experienced
centers [2,4,7,11].

In most cases, CAS was performed first to secure proximal access and reduce embolic
load during aneurysm navigation [2,5,12]. When feasible, aneurysm coiling preceded stent-
ing in morphologically unstable lesions. Such flexibility, guided by real-time angiography
and preoperative imaging, reflects evolving neurointerventional strategy [6,13].

One high-risk case involved an SAH patient with critical ICA stenosis and impaired
perfusion, treated emergently with stenting before embolization. Despite concerns over
dual antiplatelet therapy (DAPT) in hemorrhagic states, this decision prioritized cerebral
perfusion. Emerging data support cautious DAPT use in such settings [14,15], though we
remain conservative and defer stenting when possible in acute SAH.

Limitations

This study has several limitations that must be acknowledged. First, the retrospective
and single-center design introduces inherent risks of selection bias and limits the gener-
alizability of the findings. Although our patient population reflects real-world clinical
complexity, the absence of randomization restricts the ability to draw causal inferences re-
garding the superiority of single-stage intervention over staged or conservative approaches.

Second, the relatively small sample size (n = 47) constrains the statistical power,
particularly in subgroup analyses such as aneurysm location or lesion-specific character-
istics. Larger multicenter cohorts would provide more robust evidence to validate the
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identified associations—such as the impact of stenosis length and aneurysm laterality on
functional outcome.

Third, the follow-up duration, with a minimum of three months, may not be sufficient
to capture late complications such as in-stent restenosis, delayed aneurysm recurrence, or
long-term neurocognitive deficits. A longer follow-up period is essential for assessing the
durability and neurological sequelae of the treatment.

Fourth, while the modified Rankin Scale (mRS) is a widely accepted outcome measure,
it may not adequately reflect subtle cognitive or functional impairments, particularly in
patients with anterior circulation lesions. Future research should incorporate more detailed
neuropsychological and quality-of-life assessments.

Finally, the treatment of multiple aneurysms in a single session alongside extracranial
stenosis represents a complex and underexplored subgroup. We plan to collect more cases
and conduct focused analysis to better understand outcomes in this patient population.

Despite these limitations, our study offers valuable insights into the evolving paradigm
of precision-guided single-session endovascular therapy in complex cerebrovascular disease.

5. Conclusions

This study supports the feasibility and safety of single-stage endovascular treatment
in patients with concurrent intracranial aneurysms and extracranial arterial stenoses. Our
findings suggest that lesion-specific factors—particularly aneurysm laterality and stenosis
length—may influence functional outcomes more significantly than aneurysm size or steno-
sis degree. Smoking emerged as a strong independent predictor of multiple stenoses, under-
scoring the importance of modifiable risk factor management in cerebrovascular patients.

Future prospective multicenter studies with longer follow-up and expanded functional
outcome measures are warranted to refine treatment algorithms and establish evidence-
based protocols for this complex patient population.

Author Contributions: Conceptualization, M.S. and M.B.; methodology, D.D.; software, S.M.; val-
idation, R.B.P., A.Z., and M.B.; formal analysis, D.D.; investigation, A.M.; resources, M.B.; data
curation, S.M.; writing—original draft preparation, A.M.; writing—review and editing, R.B.P.; visual-
ization, A.Z.; supervision, M.B.; project administration, M.S.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of National Hospital of the Medical Center
of the Presidential Affairs Administration of the Republic of Kazakhstan (approval #7, dated 12
December 2024).

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request. Due to patient privacy regulations and institutional
policy, individual-level data cannot be publicly shared but may be provided in anonymized form for
academic and research purposes.

Conflicts of Interest: The authors declare no conflicts of interest.

152



Brain Sci. 2025, 15, 744

Abbreviations

The following abbreviations are used in this manuscript:

ACA Anterior Cerebral Artery
Acom Anterior Communicating Artery
BA Basilar Artery
CAS Carotid Artery Stenting
CTA Computed Tomography Angiography
DAPT Dual Antiplatelet Therapy
DSA Digital Subtraction Angiography
DWI Diffusion-Weighted Imaging
ICA Internal Carotid Artery
IDH Isocitrate Dehydrogenase
IHD Ischemic Heart Disease
MCA Middle Cerebral Artery
mRS Modified Rankin Scale
MRI Magnetic Resonance Imaging
SAH Subarachnoid Hemorrhage
TIA Transient Ischemic Attack
VA Vertebral Artery
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Abstract: Objective: Nimodipine still represents a unique selling point in the prevention of delayed
cerebral ischemia (DCI) following aneurysmal subarachnoid hemorrhage (aSAH). Its intrathecal
effect is limited by a low oral bioavailability, leading to the development of nanocarrier systems to
overcome this limitation. This study investigated the ultrasound-induced release profile of nimodip-
ine from drug-loaded copolymers in artificial cerebrospinal fluid (CSF) within 72 h after a singular
versus repeated sonication. Methods: Pluronic® F127 copolymers (Sigma-Aldrich, Taufkirchen, Ger-
many)were loaded with nimodipine by direct dissolution. Spontaneous and on-demand drug release
by ultrasound (1 MHz at 1.7 W/cm2) was determined in artificial cerebrospinal fluid using the dialy-
sis bag method. Nimodipine concentrations were measured at predefined time points within 72 h of
sonication. Results: Spontaneous release of nimodipine was enhanced by ultrasound application with
significantly increased nimodipine concentrations two hours after a repeated sonication compared to
a singular sonication (median 1.62 vs. 17.48 μg/μL, p = 0.04). A further trend was observed after four
hours (median 1.82 vs. 22.09 μg/μL, p = 0.06). There was no difference in the overall nimodipine
concentrations between the groups with a singular versus repeated sonication (357.2 vs. 540.3 μg/μL,
p = 0.60) after 72 h. Conclusions: Repeated sonication resulted in an acceleration of nimodipine
release from the drug-loaded copolymer in a CSF medium. These findings confirm the proof of
principle of an on-demand guidance of nimodipine release from nimodipine-loaded nanodrugs
by means of ultrasound, which suggests that evaluating the concept in an animal model may be
appropriate.

Keywords: drug release profile; nimodipine; nanodrug

1. Introduction

Delayed cerebral ischemia (DCI) is a common complication of aneurysmal subarach-
noid hemorrhage (aSAH) [1]. The pathophysiology of DCI has been intensively investigated
in the past years revealing a multifactorial pathogenesis behind this phenomenon [2]. De-
spite the continuously growing knowledge regarding the pathophysiology, the treatment
options for DCI remain limited [3]. While several drugs have been shown to effectively
reverse cerebral vasospasm in patients with aSAH, nimodipine is the only drug that was
able to improve the patients’ outcome as well [4]. The highest level of evidence exists for
the oral administration of nimodipine with six single doses per day [5]. However, first-pass
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metabolism resulting in an oral bioavailability of only 3–30% limits the intrathecal effect
of nimodipine. Additionally, nimodipine-induced side effects after systemic application
often led to a reduction or discontinuation of the treatment with nimodipine in clinical
practice [6,7]. Addressing these limitations, direct intrathecal nimodipine administration
has gained scientific and clinical interest [8]. Nanotechnology is an emerging field of phar-
macology that has opened new avenues for direct drug delivery to the site of action [9,10],
enabling higher local drug concentrations while circumventing the side effects of the sys-
temic drug administration at the same time. A wide range of synthetic nanostructures
(solid lipid nanoparticles, liposomes, nanostructured lipid carriers, nanoshells, quantum
dots, and superparamagnetic nanoparticles) has been developed in recent years that can be
modulated in size, shape, and surface chemistry and hence provide new solutions for drug
delivery [9]. Nanocarriers play an important role in oncology, facilitating the controlled
release of anticancer drugs [10].

Polymeric block copolymers consisting of hydrophilic and hydrophobic units, with
a hydrophobic core protected by the surrounding hydrophilic chains in aqueous solu-
tion, have been already established and proven to be ideal drug carriers for hydrophobic
substances such as nimodipine [11,12]. The weak conjugation between the copolymer
and the water-insoluble molecule nimodipine is based on hydrophobic interactions, hy-
drogen bonding and van der Waals forces [13,14]. Several studies on nimodipine-loaded
micro- and nanoparticles have been already conducted which have demonstrated a sus-
tained drug release over time immediately after intrathecal administration of drug-loaded
nanocarriers [15,16]. In a previous study, we developed a nimodipine-loaded nanodrug
and demonstrated a successful on-demand drug release induced by ultrasound [17]. A sig-
nificantly increased drug release was achieved after a singular sonication. The findings of
our previous study gave rise to the question, ‘can the release of nimodipine be potentiated
by repeated sonications?’ In this study, the nimodipine release profile from the nanodrug
was explored after repeated sonication and compared to singular sonication in an artificial
cerebrospinal fluid (CSF) medium to assess the feasibility of this concept for an upcoming
evaluation in animal studies.

2. Materials and Methods

The in vitro experimental setup included three steps: 1—preparation of Pluronic®

F-127 (BASF Corporation, Florham Park, Morris, NJ, USA) block copolymers loaded with
nimodipine, 2—measurement of the spontaneous continuous release of nimodipine from
the Pluronic® F-127 block copolymers, and 3—measurement of the ultrasound-induced re-
lease of nimodipine from the Pluronic® F-127 block copolymers after singular and repeated
sonication. Pluronic® F-127 block copolymers were used as nanocarriers without further pu-
rification. Pluronic® F-127 is a triblock copolymer of polyethylene oxide and polypropylene
oxide (PEO-PPO-PEO) with a molecular weight of 12,600 Da and a hydrophilic–lipophilic
balance (HLB) of 22 (all data from the manufacturer).

2.1. Artificial Cerebrospinal Fluid

Artificial CSF was used to analyze the release profile of nimodipine from drug-loaded
Pluronic® F-127 copolymers in a CSF-like medium. Artificial CSF acts as a biological
buffer, providing a vital environment by maintaining homeostasis, osmolarity and pH at
physiological levels and is commonly used as a laboratory chemical, not only for in vitro
but also for in vivo applications. To prepare 1000 mL of artificial CSF solution, 500 mL of
Base A was added to a further 500 mL of Base B. Base A is first oxygenated for 10 min;
then, 500 mL of Base B is slowly added. The artificial CSF solution prepared in this way is
enriched with oxygen throughout its use. With an oxygen enrichment of 95% O2 and 5%
CO2 (carbogen), the pH is 7.4 (all data from the manufacturer).
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2.2. Preparation of Nimodipine-Loaded Pluronic® F-127 Block Copolymers

Pluronic® F-127 copolymers loaded with nimodipine were prepared using the direct
dissolution method as previously described by Sotoudegana et al. [18]. The preparation
involved the following steps: Briefly, 2 mg of nimodipine powder (Sigma-Aldrich Chemical
Company, St. Louis, MO, USA) and a defined amount of Pluronic® F-127 (5%), were added
simultaneously to 10 mL of DI at a stirring frequency of 100 U/mL. The suspension was
then mixed at 100 rpm for 3 h at room temperature (25 ◦C). The precipitated nimodipine
was separated from the micelle suspension by filtration (pluriStrainer® filter with a mesh
size of 1 μm, pluriSelect® Life Science, Leipzig, Germany). The preparation process of
nimodipine-loaded Pluronic® F127 block copolymers was reported in detail in an article
previously published by our research group [19]. The size of the nimodipine-loaded block
copolymers was 122.4 ± 12.3 as measured by transmission electron microscope. The
nimodipine-loaded block copolymers had a spherical form with a smooth surface. The
size and morphology of the nimodipine-loaded block copolymers remained stable for up
to three months [19]. In this previous work, the entrapment efficacy, and the percentage
drug load of the nimodipine-loaded block copolymers were evaluated using three different
Pluronic® F127 concentrations (5%, 10% and 15%). In this study, the nimodipine-loaded
block copolymers with a 5% Pluronic® F127 concentration were used with an entrapment
efficacy of 46% and a percentage drug load of 59.58% [19].

2.3. Drug Release from Drug-Loaded-Pluronic® F 127 Block Copolymers

The release of nimodipine from the nimodipine-loaded block copolymers in artificial
CSF was evaluated in two steps: 1—spontaneous drug release without external influence
and 2—controlled drug release induced by a singular and repeated ultrasound application.
The spontaneous and ultrasound-induced release profile setup was repeated five times for
every experimental setup (spontaneous, one sonication and two sonications).

2.4. Spontaneous Nimodipine Release without External Influence

The in vitro drug release profile of nimodipine from the Pluronic® F 127 copolymers in
artificial CSF was evaluated using the dialysis bag method (Figure 1). For this purpose, the
dialysis bags (Spectrum™ Labs Spectra/Por™ 6 3500 D MWCO, Fisher Sientific, Schwarte,
Germany) were first soaked in deionized water for 24 h and stored in a cool place at 4 ◦C
until use. For experimental conversion, 10 mL of the nimodipine-loaded micellar solution
was added to the dialysis bag. The respective ends of the bags were clamped as intended
and placed in 200 mL artificial CSF solution. The whole set-up was stirred at 36.5 ◦C for
72 h at 100 rpm. At predetermined time points (0, 5, 15 and 30 min and 2, 4, 24, 48 and 72 h)
an aliquot of 300 μL was taken from the dissolution medium.

The samples obtained were then immediately frozen at −20 degrees Celsius without
further dilution until subsequent analysis using a mass spectrometer. The amount of
drug released into the medium was calculated from a calibration curve. A hydroalcoholic
solution of nimodipine (Nimodipine Carinopharm, Carinopharm GmbH, Elze, Germany)
at a concentration of 0.2 mg/mL was used as a control. For each condition, the analysis
was performed five times to determine the mean values and to ensure reproducibility.
A Nexera X2 UHPLC, Shimadzu, Duisburg, Germany (Ultra High-Performance Liquid
Chromatography) connected to a LCMS-8050 mass spectrometer (Shimadzu, Kyoto, Japan)
equipped with an electrospray ion source was used for the determination of nimodipine
concentration. A sample volume of 0.1 μL was injected into a Halo 50 × 4.6 × 2.7 μm
(Advanced Material Technologies, MZ Analysentechnik, Mainz, Germany). A sharp gra-
dient with mobile phase A (5% ammonium acetate) and mobile phase B (methanol) was
used as follows: Initial conditions were 3% B with a flow rate of 0.9 mL/min. Then, 3%
B was held for 0.02 min, a linear gradient towards 50% B was used up to 0.8 min and a
linear gradient to 95% B was used until 2 min. Column was washed for 0.4 min with 95%
B and equilibrated with 3% B from 2.5 to 3 min. For quantification, the MRM (Multiple
Reaction Monitoring) transitions 419.2/301.0, CE-22.0, as the quantifier and 343.2, CE-12.0,
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as a qualifier for nimodipine (rt = 1.27 min) and m/d 3z 295.0/100.0 for internal standard
D3-trimipramine (rt 0.65 min) were monitored. Linearity was established in the range of
0.2–200.0 μg/L (0.0108x + 0, r = 0.9999693) (Figures 2 and 3). Within a run, at QC1 (Quality
Control 1), 10.0 μg/L CV (cyclic voltammetry) of 0.868% was found, and at QC2 (Quality
Control 2), 100.0 μg/L, a CV of 0.983% was found. The CV of 4.03% was found at the LLOQ
(Lower Limit of Quantification) of 0.2 μg/L. Between runs, CV was 11.6% for QC1 and
6.7% for QC2.

Figure 1. Dialysis bag method with the status at the beginning and after the nimodipine release from
the nanodrug.
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Figure 2. Calibration curve 0.0108x + 0, r = 0.9999693.
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Figure 3. Ion chromatograms of nimodipine (Cal1 0.2 μg/L) and internal Standard D3-trimipramine.

2.5. Ultrasound-Induced Nimodipine Release

For an induced drug release, low frequency ultrasound waves were applied either one
or twice using PHYSIOSON-Expert (Physiomed®, Paderborn, Germany). For the experi-
mental setup, two batches of five samples each were sonicated at different intensities. The
experimental setup is demonstrated in Figure 4. While the technical variables remained the
same (high-intensity continuous ultrasound with a frequency of 1 MHz and an intensity of
1.7 W/cm2), the time variable (t) was modulated: the ultrasound treatment was performed
for either 30 or 60 s. As described above, 10 mL of each of the different concentrations of the
nimodipine-loaded micelle solution were filled into the dialysis bags and added to 200 mL
of artificial CSF. The ultrasound probe, which was previously wetted with ultrasound gel,
was positioned on the dialysis bag so that the ultrasound probe touched the surface of the
CSF medium in the beaker. The ultrasound treatment was then performed and an aliquot
of 300 μL was taken from the dissolution medium at the same predetermined times (0, 5, 15
and 30 min and 2, 4, 24, 48 and 72 h) under static conditions analogous to the measurement
of the spontaneous drug release profile described above (36.5 ◦C for 72 h at 100 rpm).
Again, the samples were frozen at minus four degrees Celsius until they were analyzed in
a mass spectrometer. The technique used is like that described above (see Section 2.4). As
mentioned above, each condition was run five times to determine the mean.
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Figure 4. Experimental setup during the ultrasound-induced drug release.

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 9.0, GraphPad
Software, San Diego, CA, USA). A p-value of <0.05 was used as the significance level. All
data are expressed as mean ± SD or median with 95% confidence interval (CI) and/or
interquartile range (IQR). Classical ANOVA analysis was used for subgroup comparisons.

3. Results

3.1. Spontaneous Release Profile of Nimodipine from Nimodipine-Loaded Pluronic® F
127 Block Copolymer

During the first two to four hours, a continuous, slow, and shallow drug release was
observed. This was followed by a 6-fold increase in nimodipine concentration after 24 h. A
further doubling of the release rate occurred between 48 and 72 h.

3.2. Ultrasound-Induced Drug-Release after Singular vs. Repeated Sonication

A summary of concentrations of nimodipine released spontaneously without external
influence (control group), as well as that released after ultrasound application with singular
and repeated sonication is given in Table 1.

An increase in the released nimodipine concentration was seen already 30 min af-
ter sonication with a potentiation of the effect after repeated sonication. The median
nimodipine release without external influence, i.e., concentration of spontaneously released
nimodipine after 30 min was 0.24 μg/μL. That increased to 0.60 μg/μL after one sonication,
and reached 14.8 μg/μL after repeated sonication, but the difference did not reach statistical
significance.
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Table 1. Release profile of nimodipine; spontaneous, after one sonication and after repeated sonica-
tion.

Experimental Settings Mean SD Median 95% CI IQR

Control group without sonication

Control group 2 min 1.439 3.010 0.20 0.2–7.58 0.20–5.40

Control group 15 min 3.588 8.185 0.20 0.19–20.30 0.19–5.40

Control group 30 min 4.867 6.757 0.24 0.2–17.6 0.20–9.12

Control group 2 h 8.547 11.60 2.91 0.2–28.85 0.46–19.11

Control group 4 h 13.35 13.67 10.88 0.2–36.43 1.01–24.42

Control group 24 h 131.6 96.90 118.3 0.2–246.6 51.93–239.6

Control group 48 h 207.7 136.2 219.0 0.2–382.40 104.1–305.7

Control group 72 h 377.7 236.0 355.3 0.2–681.9 228.3–597.1

Treatment group with a singular sonication

One sonication 2 min 1.243 1.539 0.546 0.24–4.21 0.29–2.24

One sonication 15 min 1.303 2.291 0.454 0.20–5.97 0.21–1.88

One sonication 30 min 1.226 1.687 0.607 0.20–4.63 0.35–1.83

One sonication 2 h 8.296 16.31 1.624 0.20–41.50 0.86–13.18

One sonication 4 h 5.606 9.520 1.822 0.20–24.83 0.61–9.35

One sonication 24 h 115.8 67.53 124.2 0.20–200.4 70.40–164.1

One sonication 48 h 327.5 176.8 360.0 0.43–506.2 220.3–460.2

One sonication 72 h 375.8 270.1 357.2 0.20–754.4 145.5–632.5

Treatment group with repeated sonication

Repeated sonication 2 min 0.532 0.544 0.27 0.20–1.58 0.20–0.90

Repeated sonication 15 min 1.292 2.414 0.20 0.20–6.20 0.20–2.11

Repeated sonication 30 min 98.72 177.4 14.85 0.51–364.7 3.82–277.5

Repeated sonication 2 h 98.25 204.9 17.48 6.15–516.3 8.10–146.6

Repeated sonication 4 h 168.0 357.1 22.09 0.64–896.1 11.96–262.7

Repeated sonication 24 h 395.6 461.7 204.0 0.65–1226 80.44–780.6

Repeated sonication 48 h 403.7 279.2 422.8 0.54–727.1 166.7–651.9

Repeated sonication 72 h 454.5 334.3 540.3 0.96–736.3 102.5–720.6

SD = standard deviation, CI = confidence interval, IQR = interquartile range.

A direct comparison of the groups with singular sonication and repeated sonication
showed a significantly increased early nimodipine release within the first two hours in the
group with repeated sonication (median nimodipine concentration 1.62 vs. 17.48 μg/μL,
p = 0.04). A further trend was seen at 4 h in the group with repeated sonication (median
nimodipine concentration 1.82 vs. 22.09 μg/μL, p = 0.06) (Figure 5). A comparison of the
two groups after 72 h shows no difference in released concentrations (median nimodipine
concentrations 357.2 vs. 540.3 μg/μL, p = 0.60), indicating that drug release increases early
after sonication and returns to baseline in the long term (Figure 6).
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Figure 5. Nimodipine release profile two and four hours after a singular versus repeated sonication
showing a significantly increased nimodipine concentration in the group with repeated sonication
after two hours, but without a significant difference between the two groups after four hours.
“**” states a statistically significant difference. “ns” states non-significant differences.

Figure 6. The time course of spontaneous and on-demand nimodipine release profile by singular and
repeated sonication over a period of 72 h.

4. Discussion

In this in vitro study, the nimodipine release from a drug-loaded nanocarrier could be
successfully enhanced through repeated sonications. These findings proofed the concept
of an on-demand drug release by applying ultrasound. A time-dependent increase in
nimodipine concentrations was measured within the first two hours after sonication,
following a gradual return to baseline again starting four hours after sonication. This
allowed a temporary, on-demand increase in nimodipine concentration within the CSF
by means of ultrasound, which was a prerequisite for the implementation of this concept
in clinical practice. Because previous studies showed that a reversal of angiographic
vasospasm does not necessarily result in a better outcome, a neuroprotective effect of
nimodipine is deemed to be responsible for the positive impact of nimodipine on the
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outcome [20–22]. Currently, nimodipine is used in clinical practice with prophylactics
(i.e., prevention of cerebral vasospasm) as well as therapeutic interventions (treatment of
manifested cerebral vasospasm causing neurological deficits and/or cerebral perfusion
deficits). The nimodipine-loaded nanodrug presented in our study with a continuous
spontaneous drug release as well as an increased on-demand release through sonication
seems to be suitable for both purposes.

4.1. Advantages and Limitations of Systemic Administration Routes for Nimodipine

A meta-analysis conducted by Geraldini et al. in 2022 showed that both oral and intra-
venous nimodipine were effective in preventing unfavorable outcomes and DCI, but had no
influence on mortality [23]. Another meta-analysis published in 2023, which included nine
randomized controlled trials, demonstrated no statistically significant difference between
intravenous and enteral administration in terms of mortality, DCI, delayed ischemic neuro-
logical deficits and outcome [24]. However, the area under the cumulative ranking curve
showed a trend for enteral administration to be first, intravenous administration to be sec-
ond, and placebo to be last in terms of mortality, occurrence of DCI, and poor outcomes [24].
In a more recently published retrospective, multicenter, observational cohort study con-
ducted in 21 hospitals across North America, Mahmoud et al. assessed the extent to which
different nimodipine formulations and routes of administration were associated with the
safety and efficacy of nimodipine in aSAH [25]. While the administration of nimodipine
in liquid form was independently associated with a higher prevalence of diarrhea, the
withdrawal of liquid from nimodipine capsules prior to administration was significantly
associated with a higher prevalence of nimodipine dose reduction or discontinuation due
to hypotension. Crushing the tablets and withdrawing the liquid from the capsules at the
bedside before administration were associated with an increased likelihood of DCI [25]. In
an observational cohort study, Rass et al. recorded hemodynamic responses in patients with
SAH receiving prophylactic nimodipine with either oral or intravenous administration [26].
Hemodynamic responses were assessed within the first hour after the start of nimodipine
therapy. It was found that 30% of patients experienced a reduction in blood pressure of
more than 10% immediately after the start of nimodipine infusion, with the maximum effect
occurring after 15 min [26]. Approximately half of these patients required an immediate
increase in norepinephrine, and a further 10% required colloids within one hour of the start
of the nimodipine infusion to counteract a further drop in blood pressure [26]. The situation
was different with oral nimodipine administration, where significant reductions in blood
pressure of >10% occurred later and less frequently—with a consequent increase in the
use of noradrenaline. Changes in mean arterial blood pressure (MAP), cerebral perfusion
pressure (CPP), cerebral tissue oxygen tension (pbtO2) and cerebral metabolism after oral
administration of nimodipine were analyzed in a retrospective study using mixed linear
models [27]. Oral administration of nimodipine was shown to reduce MAP, leading to a
reduction in cerebral perfusion and oxygenation [27]. However, this study is limited by
the small number of cases and the retrospective study design. Furthermore, nimodipine,
as a dihydropyridine calcium channel antagonist acts on countless cell types throughout
the body and has probably more complex mechanisms of action than simply preventing
cerebral vasoconstrictions [28].

4.2. Advantages and Limitation of Local Nimodipine Administration

Advances in the development of alternative administration pathways for nimodipine
have reignited interest in refining its potential therapeutic use. A site-specific, sustained-
release administration may increase drug concentrations at the site where it is most needed,
while avoiding additional adverse effects associated with systemic hypotension. Local
drug administration, i.e., pellet-based therapeutics placed around the basal cerebral arteries
during aneurysm clipping with continuous release of the calcium antagonist nicardipine,
have been shown to be safe [29–31]. Furthermore, local drug administration was associated
with less hypotension, led to significantly higher drug concentrations at the target organ,
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and resulted in a less frequent occurrence of cerebral vasospasm [20,30]. However, pellet-
based therapeutics can be used only in surgically treated patients, which limits their use in
patients undergoing endovascular coiling to repair ruptured aneurysms [32]. Accordingly,
the idea of a new platform for the local administration of nimodipine with delayed release
using polymers is maturing. Several studies on the intrathecal administration of calcium
channel blockers bound to polymers have already been published [8,18,33,34]. An initial
pharmacokinetic evaluation showed that the release of nimodipine after administration
consisted of an initial surge followed by a sustained release over 21 days [8].

Based on these encouraging results, the PROMISE (Prolonged Release nimodipine
microparticles after Subarachnoid hemorrhage) trial was initially designed in 2015 as a
single-center, open-label, non-randomized, dose-escalating Phase I study to evaluate the
efficacy, safety and tolerability of the intracisternal administration of EG-1962 (nimodipine
in a biodegradable polymer suspended in hyaluronic acid administered as one intraventric-
ular injection that releases nimodipine into the subarachnoid space for at least 21 days) in
patients undergoing surgical treatment for aSAH [18]. At the same time, Hänggi et al., who
are also the principal investigators and authors of the PROMISE study, initiated the NEW-
TON study (Nimodipine microparticles to Enhance recovery While reducing Toxicity after
subarachnoid hemorrhage) [33]. In contrast to PROMISE, NEWTON is designed as a mul-
ticenter, controlled, randomized, open-label, dose-escalation study to evaluate the safety,
tolerability, and pharmacokinetics of EG-1962 and nimodipine in patients with aneurysmal
SAH, and has already demonstrated efficacy in a Phase 2 study [33]. Across the board, EG-
1962 was considered safe and well tolerated. In addition, the group treated with EG-1962
showed a lower rate of DCI—correspondingly, the need for rescue therapy was also lower.
Overall, the rate of favorable clinical outcomes was higher in the EG-1962-treated group
than in the conventionally treated group [33]. The limitation of these nanodrugs was the
lack of ability to externally influence the drug release on demand, which was addressed in
our study. With this in vitro study, we were able not only to demonstrate an on-demand
increase in drug release through singular sonication, but also to show the possibility of
further modifying the drug release by means of repeated sonication, which opens the door
for the direct guidance of drug release. In addition to the continuous prophylactic release
to prevent vasospasm, we were also able to demonstrate and prove an on-demand release
using low-frequency ultrasound, opening up the possibility of on-demand therapeutic
intervention in addition to highly effective local prophylaxis.

4.3. Limitations of the Study

As in vitro experiments were conducted, the study does not allow conclusions regard-
ing the effects of the nanodrug in an in vivo scenario. The findings of this experimental
study represent the basis for planning and conducting in vivo evaluations of the concept in
animal models. Future studies are also needed to shed light on the mechanism involved in
ultrasound-mediated drug release from nanodrugs, because this was not the subject of our
study and the mechanisms behind it remain unclear. Further experiments are required to
answer the question, ‘how many sonications are needed to release all of the nimodipine
from the nanodrug?’ Despite the limitations, the results of our study encourage the further
evaluation of the concept in animal models and can be seen as a solid basis for planning
future experiments.

5. Conclusions

The data obtained support the successful results of our previously published study of
the nanocarrier system of nimodipine-loaded Pluronic® F-127 copolymers in an artificial
CSF medium. The experiments presented here confirm a further significant on-demand
increase in nimodipine release after repeated sonications. These results support the concept
of ultrasound-controlled treatment of cerebral vasospasm by increasing the nimodipine
release from a nimodipine-loaded nanodrug on-demand by applying ultrasound.
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Further evaluation in animal studies or other in vivo environments is required to
further explore this promising concept, the determinants of which have now been tested
and proven several times.
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Abstract: Background: Anterior choroidal artery (AChoA) aneurysms pose a challenge for
both endovascular and clipping procedures. The eloquent territory supplied by the parent
vessel has limited collateralization and its compromise can lead to significant morbidity.
This study aims to analyze the clinical outcomes and procedure-related complications of
clipping and endovascular treatment of AChoA aneurysms to aid physician decision mak-
ing. Methods: Thirty-two ruptured and unruptured AChoA aneurysms that underwent
catheter angiography at a single neurovascular center between January 2000 and December
2023 were included. Either conservative management, clipping, and/or endovascular
treatment were performed. Clinical outcomes and complications were analyzed retro-
spectively. Results: Twenty-four endovascular treatments and seven clipping procedures
were included. Of the total 24 endovascular procedures, 46% were primary coiling, 25%
were balloon-assisted coiling, 13% were flow diverting stent, 8% were combined balloon-
assisted coiling and flow diverting stent, and 8% were combined balloon-assisted and
stent-assisted coiling. There was no procedure-related mortality in both groups. No intra-
or post-procedural ruptures/re-ruptures occurred during follow-up in both endovascular
and clipping cohorts. AChoA territory infarcts occurred in 4% of the endovascular and
29% of the clipping cohorts. Other thromboembolic complications occurred in 4% of the
endovascular cohort. The recurrence rate requiring retreatment was 12.5% for the endovas-
cular and 43% for the clipping cohort. A favorable clinical outcome (mRS ≤ 2) was 78% for
the endovascular cohort and 67% for the clipping cohort. Conclusions: Endovascular and
clipping outcomes align with prior studies, with endovascular showing a favorable safety
profile. Both approaches are viable, though they present distinct risks and advantages.

Keywords: anterior choroidal artery aneurysm; endovascular; flow diverter stent; balloon-
assisted coiling; stent-assisted coiling; clipping

1. Introduction

Anterior choroidal artery (AChoA) aneurysms account for a small proportion of all
intracranial aneurysms, comprising 2–5% of the total [1]. The treatment of these aneurysms
may pose challenges due to their complex anatomical and hemodynamic characteristics,
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which are prone to ischemic stroke [2]. Both endovascular and surgical treatment options
are possible, each with distinct advantages and disadvantages [3].

More recent advances in endovascular technology and procedural techniques allowed
for many cases to be effectively treated this way [4,5]. The efficacy and safety of these
two treatment modalities were described previously in relatively small case series due
to the low incidence of these aneurysms. A recent meta-analysis of these case series has
provided further insight into this rare entity and its treatment; however, many limitations
and unknowns remain.

The purpose of this study is to analyze the clinical outcomes and procedure-related
complications of endovascular treatment and clipping of the AChoA aneurysms in a single
tertiary hospital to help aid future management and improve patient outcome.

2. Materials and Methods

This retrospective cohort study reviewed ruptured and unruptured AChoA aneurysms
that underwent assessment with catheter angiography and subsequent conservative man-
agement, clipping, or endovascular treatment at a single neurovascular tertiary center
between January 2000 and December 2023.

A total of 32 patients were recruited. Nineteen patients underwent primary endovas-
cular treatment. Of these, two patients required endovascular retreatment and one patient
required retreatment with clipping. Six patients underwent primary clipping. Of these,
three patients required endovascular retreatment. A total of 24 endovascular and 7 clipping
procedures were performed.

Twelve patients were initially managed conservatively with modification of risk factors
and regular imaging surveillance. Of these, four patients underwent subsequent primary
endovascular treatment and one underwent primary clipping. Treatment was not indicated
in the remaining seven patients.

The inclusion criteria were: patients with an unruptured or ruptured AChoA
aneurysms and (1) pre-treatment digital subtraction angiography; (2) rotational angiogra-
phy with 3D reconstruction; (3) accessible electronic medical records; and (4) underwent
clipping, endovascular treatment, and/or conservative management.

The exclusion criteria were: (1) atypical aneurysms, including dissecting, blister-type,
or fusiform; and (2) patients lacking sufficient Digital Imaging and Communications in
Medicine (DICOM) data for accurate volume rendering. This ensured more accurate
aneurysm characterization.

All clinical data were obtained from a local hospital research database and individual
electronic patient records. Hypertension was defined as at least two separate blood pressure
measurements recorded in medical records with a systolic blood pressure > 140 mm Hg
or a diastolic blood pressure of >90 mm Hg. Smoking was defined as current cigarette
smoking at the time of admission with cumulative smoking history of at least five pack
years. Family history of aneurysm was defined as having two first degree relatives with a
diagnosed intracranial aneurysm.

Data were analyzed using IBM SPSS Statistics 29.0.2.0 for Mac. Continuous variables
were demonstrated as mean/median and range. Categorical variables were demonstrated
as total numbers and percentages. A STROBE checklist was utilized as a guide throughout.

2.1. Endovascular Procedural Details

All sterile procedures were performed under general anesthesia using a closed sys-
tem of continuous heparinized saline flush. In total, 22/24 (92%) were performed using
right common femoral artery access and 2/24 (8%) were performed using right radial
artery access.
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Systemic heparinization was administered intravenously with an initial bolus of 100 IU
per kg of body weight, and 1000 IU administered every hour after. If radial access was used,
a cocktail containing 3000 IU of heparin, 2.5 mg of verapamil, and 150 mcg of nitroglycerin
was administered intra-arterially, with additional IV heparin top up. Diagnostic angiog-
raphy, including rotational angiography with 3D volume rendering, was performed and
analyzed to determine the most appropriate endovascular or surgical approach. Endovas-
cular approaches included primary coiling, balloon assisted coiling (BAC), stent assisted
coiling (SAC), and flow diverting stent (FDS).

All elective patients were loaded on dual antiplatelet therapy for five days prior to
the procedure with Aspirin 81 mg PO OD and Ticagrelor 90 mg PO BD or Clopidogrel
75 mg OD. The choice of antiplatelet therapy was based on operator preference. No platelet
function testing was performed. If a flow divertor was implanted, dual antiplatelet therapy
was continued for three months. This was converted to single antiplatelet therapy with
Aspirin only if follow up surveillance imaging was satisfactory. All acute patients were
treated with primary coiling and were not loaded on antiplatelet therapy.

2.2. Clipping Procedural Details

In our approach, the treatment modality would be determined after 3D angiographic
evaluation. Endovascular approach would be considered unless an unfavorable outcome
was anticipated, therefore requiring clipping.

Three cases were performed through an ipsilateral lateral supra-orbital craniotomy
and four cases through an ipsilateral pterional craniotomy. One of these cases was re-
ferred with limited intra-operative information. A sub-frontal approach was performed
using microsurgical techniques. In all six cases, patency of the AChoA was verified intra-
operatively using indocyanine green (ICG) video angiography. Somatosensory and motor
evoked potentials (SSEPs and MEPs) were also used to monitor neurological dysfunction
intra-operatively.

2.3. Multidisciplinary Approach and Neurovascular Experience

The treatment modality would be determined following angiographic assessment and
discussion within a neurovascular board meeting or mini multidisciplinary meeting.

The neurovascular group consists of senior operators, including microvascular neuro-
surgeons, interventional neuroradiologists, and hybrids. An endovascular approach would
typically be considered the preferred first line treatment unless an unfavourable outcome
was anticipated, therefore requiring clipping

The institution is a high-volume teaching hospital with approximately 50–65 patients
seen in a multidisciplinary neurovascular clinic each week. This includes new referrals
and follow-up for microvascular or endovascular procedures. Lead operators include a
microvascular neurosurgeon with 15 years out of fellowship and interventional neuroradi-
ologists with 5–20 years out of fellowship. Approximately 70% of treated aneurysms are
via endovascular approach, with the remaining being surgical. Exact procedural numbers
vary from year to year.

2.4. Post-Procedural Follow-Up

Routine CT or MR angiography follow-up was performed in accordance with lo-
cal guidelines for all aneurysm patients in our center. Pre- and post-procedural clinical
assessments were performed by an interventional neuroradiologist and/or a vascular
neurosurgeon. The clinical follow-up was performed through our multidisciplinary outpa-
tient neurovascular clinic. If the patient was lost to follow-up or repatriated to their local
institution, the latest clinical outcome available was used.
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2.5. Evaluation of Treatment Efficacy, Clinical Outcome, and Complications

All imaging data were reviewed by an interventional neuroradiologist. Treatment
efficacy was evaluated using immediate post-procedural modified Raymond Roy classifica-
tion (mRRC) and by reviewing follow-up imaging data for recurrence, residuum growth,
and re-rupture.

Clinical outcome for all patients was evaluated using the modified Rankin scale (mRS)
before and after intervention at the last available follow-up. A favorable mRS was defined
as ≤2. A poor outcome was defined as >2.

For the ruptured cases, the World Federation of Neurological Surgeons grading scale
(WFNS) and Hunter and Hess (HH) scale were obtained from medical records. Modified
fisher grade was evaluated on the initial non-contrast CT head and interpreted by a blinded
neuroradiologist.

Intra-procedural complications were evaluated by reviewing angiographic images
and procedure notes. Post-procedural complications were evaluated by reviewing clinic
notes and surveillance imaging. The incidence of vasospasm secondary to subarachnoid
hemorrhage (SAH) was analyzed as a factor impacting clinical outcome.

3. Results

For the total 32 patients, the mean age was 50, with a range of 20–80 years. There were
5/32 (16%) males and 27/32 (84%) females; 5/32 (16%) patients had hypertension, 14/32
(44%) patients had multiple intracranial aneurysms, and 4/32 (13%) had previous SAH
from another aneurysm rupture.

There were 17/32 (53%) ruptured AChoA aneurysms, and 15/32 (47%) were unruptured.
For the ruptured aneurysms, the mean PHASES score was 4.5 with a range of 4–7. For the
unruptured aneurysms, the mean PHASES score was 4.9 with a range of 4–10 (Table 1).

Table 1. PHASES scores in the endovascular and clipping cohorts with pre-procedural hemorrhage status.

Ruptured Unruptured Total
PHASES Endo Clip Endo Clip Endo Clip

4 8 3 1 1 9 4
5 3 1 4 0 7 1
6 1 0 0 1 1 1
7 1 0 0 0 1 0

10 0 0 1 0 1 0

Aneurysm size for the entire cohort had a mean of 3.9 mm, with a range of 1.3–11 mm.
For the ruptured cohort, the mean size was 4.2 mm with a range of 1.3 to 7 mm. For the
unruptured cohort, the mean size was 3.5 mm with a range of 2 to 11 mm.

Aneurysm neck diameter had a mean of 2.4 mm with a range of 1.1–5 mm. For the
ruptured patients, the mean neck was 2.6 mm with a range of 1.5 to 3.6 mm, and for the
unruptured patients, the mean neck was 2.2 mm with a range of 1.1 to 3.6 mm.

Aspects ratio had a mean of 1.74, with a range of 0.87–3.44. For the ruptured cases, the
mean was 1.74 with a range of 0.87 to 3.16 mm. For the unruptured cases, it was 1.60 with
a range of 1 to 3.44.

3.1. Conservative Management

Conservative management was indicated in seven patients during the entirety of
their follow-up. These aneurysms did not demonstrate an appreciable change in volume
or morphology over a median of 31 months of follow-up with an interquartile range of
50.5 months. The average aneurysm size of this group was 2.4 mm, with a median of
2.3 mm and a range of 2–2.6 mm.
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3.2. Endovascular and Clipping Cohorts

A total of 25/32 (78%) patients were treated; 12/32 (38%) were initially managed
conservatively. Of these, 5/12 (42%) required treatment and 7/12 (58%) did not.

A total of 24 endovascular treatments were performed; 19/24 (79%) were primary
endovascular cases, 2/24 (8%) were secondary treatments following primary endovas-
cular treatment, and 3/24 (13%) were secondary treatments following primary clipping
(Figure 1).

Figure 1. Schematic representation of the conservative, endovascular, and clipping management of
each patient. Retreatments are highlighted in green.

Of all 19 primary endovascular cases, 10/19 cases (53%) underwent primary coiling, as
a part of the initial management, 6/19 (32%) underwent BAC alone, 1/19 (5%) underwent
combined BAC and SAC, 1 case (5%) underwent combined BAC and FDS, and 1 case (5%)
underwent FDS.

Of all 5 secondary endovascular cases, 2/5 (40%) were initially treated with primary
coiling and retreated with FDS, while 3/5 (60%) were initially treated with primary clipping
and retreated with various endovascular techniques, including 1/5 (20%) BAC and FDS,
1/5 (20%) BAC and SAC, and 1/5 (20%) coiling alone.

A total of 7 clipping treatments were performed. Of these, 6/7 (86%) were primary clipping
cases and 1/7 (14%) was secondary treatment following primary endovascular treatment.

3.3. Ruptured and Unruptured Cohorts

A total of 21/31 (68%) procedures were for the ruptured aneurysms and 10/31 (32%)
were for the unruptured aneurysms. Within the endovascular cohort, 13/24 (54%) patients
had a ruptured aneurysm and 11/24 (46%) patients had an unruptured aneurysm. Within
the clipping cohort, 5/7 (71%) patients had a ruptured aneurysm and 2/7 (29%) patients
had an unruptured aneurysm.

3.4. Procedure Related Complications

The complications of the 24 endovascular cases and 7 clipping cases are discussed below.

3.4.1. Procedure Related Infarction

A total of 4/31 (13%) patients experienced thromboembolic complications, 2 in the
endovascular cohort (2/24 = 8.3%) and 2 in the surgical cohort (2/7 = 28.5%). All four
patients were ruptured pre-procedure (Table 2).
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Table 2. Morphological and clinical details of the four cases that had a procedural related infarct, all
of which were treated as acutely ruptured aneurysms.

# Treatment
ASA
Use

AChoA
Involvement

Size
(mm)

Neck
(mm)

Width
(mm)

ASPECT
Ratio

1 Clip No Yes 4.5 3.7 4 1.22
2 Clip No Yes 5 2.2 5.9 2.27
3 Coil No Yes 2.5 2.4 1.6 1.04
4 BAC Yes Yes 3.8 2 2.6 1.90

ASA acetylsalicylic acid; ASPECT Ratio (Dome/Neck); BAC balloon assisted coiling.

Within the endovascular cohort, one patient had an AChoA territory infarct (Figure 1)
and the other had a catheter-related PCA (posterior cerebral artery) and MCA (middle cere-
bral artery) territory infarct. The catheter-related infarct presented with limb hemiparesis
after 4 h, which resolved after 1 week.

Within the clipping cohort, both patients had AChoA territory infarcts. The post-
procedural mRS were 5 and 3, respectively (Figure 2).

Figure 2. (A) axial image of a contrast enhanced MR intracranial angiogram which demonstrates
the course of the AChoA. The artery gives rise to multiple perforators as it traverses the carotid,
ambient and choroidal cisterns which may supply adjacent eloquent structures including the optic
nerve, medial temporal lobe and middle cerebral peduncle. (B) axial image of a maximum intensity
projection of the same contrast enhanced MR angiogram which demonstrates the path of the AChoA
in relation to the anterior and posterior circulation. (C–E) B1000 diffusion weighted axial images of
the brain arranged caudal to cranial. These panels demonstrate restricted diffusion (hyperintensity)
involving the AChoA territory in keeping with acute infarction.There is involvement of the hip-
pocampus/mesiotemporal lobe (C), internal limb of the internal capsule encroaching on the lateral
thalamus (D), and the corona radiate extending towards the caudate tail (E).
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3.4.2. Recurrence and Retreatment

A total of 6/31 patients (19%) were retreated while 25/31 (81%) did not have a
recurrence or need retreatment. Within the endovascular cohort, 3/24 (12.5%) patients
required retreatment and 21/24 (87.5%) did not require any further treatment on follow-up
(Table 3). Of those requiring retreatment, 2/3 (66%) were ruptured on initial treatment
(Figure 1). One patient was initially treated with primary coiling and retreated by flow
diverter stent, following recurrence after 5 months. The second patient was initially treated
with primary coiling and was retreated with clipping due to recurrence after 3 months.
Of these, 1/3 (33%) were unruptured on initial treatment with primary coiling and were
retreated with a flow diverting stent (Figure 3).

Table 3. Morphological and clinical details of the six cases that had recurrence requiring retreatment.

#
Initial
Bleed

Initial
Treatment

Reccurent
Treatment

AChoA
Involvment

Size
(mm)

Neck
(mm)

Width
(mm)

ASPECT
Ratio

1 No Clip BAC and
FDS No 4.5 3.6 2.5 1.25

2 Yes Clip Coil Yes 4.5 3.7 4 1.22

3 Yes Clip BAC and
SAC Yes 5.6 3.2 4.2 1.75

4 No Coil FDS No 11 3.2 7.5 3.44

5 No Coil BAC and
SAC Yes 2.5 2.2 2.8 1.14

6 Yes Coil FDS Yes 4.1 2.3 4 1.78
ASPECT Ratio (Dome/Neck); BAC balloon assisted coiling; FDS Flow diverting stent; SAC stent assisted coiling.

Figure 3. (A–C) demonstrate lateral angiographic images from the initial treatment of an unruptured
AChoA aneurysm with primary coiling. (A) demonstrates a 4 mm smooth and saccular AChoA
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aneurysm that incorporates the origin of the AChoA at its neck. (B,C) are the unsubtracted and
subtracted images of the final coil mass demonstrating a mRRC II and patency of the AChoA.
(D–F) demonstrate the lateral angiographic images of the second treatment with coiling and flow
diversion following recurrence. (D) is the unsubtracted image demonstrating coil compaction with
an enlarged neck residuum prior to retreatment. (E) demonstrates the unsubtracted image of the final
coil mass and flow diverter. (F) demonstrates the final subtracted angiographic run post re-treatment
with coiling and flow diversion with preserved patency of the AChoA and some filling of the coil
interstices. Follow up MRA at 3 months demonstrated complete occlusion of the aneurysm.

Within the clipping cohort, 3/7 (43%) patients required endovascular retreatment
and 4/7 (57%) patients did not require any further treatment on follow-up. Of those
requiring retreatment, 2/3 (66%) were ruptured on initial treatment with clipping and
required endovascular retreatment. One patient was an immediate post-clipping residuum
requiring primary coiling and the second patient reoccurred after a year and required a
combined balloon and stent-assisted coiling. The third patient requiring retreatment was
unruptured on initial treatment with clipping and required endovascular retreatment with
BAC and FDS. This recurrence occurred >10 years post-clipping and was identified on
routine surveillance for additional unsecured intracranial aneurysms.

3.4.3. Other Complications

In all treatment cases, there were no intra-procedural or post-treatment ruptures or
re-ruptures on follow-up. Of these, 1/5 (20%) of the endovascular cases, requiring an
intracranial stent or flow diverting stent, had in-stent stenosis on long-term follow-up that
was asymptomatic and did not require an angioplasty or re-stenting. None of the treated
patients died during hospital admission or due to clipping or endovascular treatment. No
delayed surgical complications, such as surgical site infections, were reported.

3.5. Vasospasm

A total of 11/17 (65%) patients with a ruptured aneurysm had moderate or severe
vasospasm; 9/11 (82%) had a modified fisher scale of 4 and 2/11 (18%) had a scale of 2.

3.6. Clinical Outcome

The clinical outcome for all patients was evaluated using the modified Rankin scale
before and after intervention at the last available follow-up. Of the 19 patients who
underwent primary endovascular treatment (13/19 ruptured), 1 case was lost to follow-up.
In total, 14/18 (78%) patients had a good outcome with mRS ≤ 2. The median follow-up
time was 32 months with an interquartile range of 50.5 months.

Of the 6 patients who underwent primary clipping (5/6 ruptured), 4/6 (67%) had
a good outcome with mRS ≤ 2. The median follow-up time was 47 months, and the
interquartile range was 141 months. With regards to the ruptured cohort, all patients had a
preadmission mRS of 0. Within the endovascular cohort, 53% returned to baseline mRS 0
at follow up, 62% had a good outcome with an mRS ≤ 2, and 23% had a poor outcome of
mRS > 2.

Within the clipping cohort, 50% returned to baseline mRS 0 at follow up and 50% had
a poor outcome with an mRS > 2.

3.6.1. Outcome in Patients with a Favorable Hunt and Hess Scale

Of the 19 patients who underwent primary endovascular treatment (1 lost to follow-
up), 16/18 (89%) had a HH scale of 0–3. Of these, 12/16 (75%) had a favorable clinical
outcome and 4/16 (25%) had a poor outcome. Of the 6 patients who underwent primary
clipping, 5/6 (83%) had a HH scale of 0–3. Of these, 4/5 (80%) had a favorable outcome
and 1/5 (20%) had a poor outcome (Table 4).
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Table 4. Clinical outcome for the endovascular and clipping cohorts based on the presentation Hunter
and Hess scale.

HH 0 HH 1–3 HH 4–5 TOTAL
MRS Endo Clip Endo Clip Endo Clip Endo Clip
0–2 5 2 7 2 2 0 14 4
>2 1 0 3 1 0 1 4 2

3.6.2. Outcome in Patients with a Favorable WFNS

Of the 13 patients who underwent primary endovascular treatment for rupture, 1 pa-
tient was lost to follow-up. Of the 12 remaining patients, 10/12 (83%) had WFNS scale
of I–III. Of these, 7/10 (70%) had a favorable clinical outcome and 3/10 (30%) had a poor
outcome. Of the 4 patients who underwent clipping for rupture, 3/4 (75%) had WFNS scale
of I–III. Of these, 2/3 (67%) had a favorable outcome and 1/3 (33%) had a poor outcome.

4. Discussion

In this section, different aspects of anterior choroidal artery aneurysm treatment,
complications, and clinical outcomes were considered. This is an exploratory study with a
limited sample size due to the low incidence of AChoA aneurysms. This naturally limits
statistical power and precludes subgroup analysis. Allowing for this, we analyze and
discuss our results to draw some meaningful conclusions for physicians when managing
patients with AChoA aneurysms.

4.1. Anterior Choroidal Artery Anatomy

AChoA arises from the dorsal surface of the ICA (Internal carotid artery) in 98% of
cases [4,6]. The cisternal segment traverses the carotid and ambient cisterns, where perforating
arteries originate [7]. These perforators supply eloquent structures, including the optic tract,
internal capsule (posterior limb, genu, and retrolenticular parts), globus pallidus, caudate
tail, lateral thalamus, cerebral peduncle, hippocampus, and amygdala [8,9]. The choroidal
segment traverses the choroidal fissure, entering the temporal horn to supply the choroid
plexus and anastomose with the choroidal system (Figure 1).

Within our cohort, four procedural related infarcts were documented, all of which
were ruptured presentations. These are outlined in Table 2 under Section 3.4.1 (Procedure
related infarction). In each case, the origin of the AChoA was incorporated into the neck
of the aneurysm, which appears to be a risk factor for both endovascular and surgical
approaches. A recent meta-analysis reports a low ischemic complication rate for patients
treated with flow diversion as this appears less likely to compromise the parent vessel [10].
In our series, we have not seen ischemic complications in our patients treated with flow
diversion. However, this treatment was reserved for elective cases only.

4.2. Follow Up—Impact on Complications and Clinical Outcome

In our study, the median follow up for endovascular cases is 32 months, compared with
47 months for clipping. This is considered a relatively short/medium term follow up for
both cohorts and has implications on interpreting complications, including recurrence. The
limited follow up and the shorter follow up for endovascular treatment may underestimate
the true incidence of recurrence and recurrence requiring retreatment.

4.3. Endovascular Treatment—Complications and Clinical Outcome

In our series, there were no mortalities associated with endovascular treatment. Mor-
tality in endovascular treatment of these aneurysms is often low, with a previously reported
1% mortality rate [2].
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An AChoA territory ischemic complication rate of 4% was noticed. We also noticed a 4%
catheter related thrombo-embolic infarct that resulted in transient hemiparesis. Our results are
comparable to previous studies that reported 4–6.5% AChoA related infarction [2,11–13] and
4–5.4% for other thromboembolic complications [2,3,5].

Patients with ischemic complications presented in the immediate post-procedure
period between 0 and 4 h. Other studies reported similar experiences [2,3]. We suggest
that close monitoring of neurovitals in this period will help identify the early onset of focal
neurology and may prompt management such as GPIIbIIIa inhibitor in select cases.

Our series demonstrated a relatively low recurrence rate for endovascular treatment,
with only 3/24 (12.5%) patients requiring retreatment, which is comparable with other
studies [5,12–14]. Two of these patients were ruptured, and all patients were initially
treated with primary coiling.

One unruptured aneurysm, with a size of 11 mm and neck size of 3.2 mm, underwent
primary coiling with mRCC of II. This residuum enlarged after 4 years and was retreated
electively with FDS. In medium to large size unruptured AChoA aneurysms, FDS may be
considered initially [15–17].

In our series, 78% of endovascular treatments had a good outcome with mRS ≤ 2,
which is comparable to other studies [3,10]. This comprises 83% good outcomes for
unruptured cases and 75% good outcomes for ruptured cases. The median follow-up time
was 32 months, with an interquartile range of 50.5 months.

Our findings corroborate the results of previous studies that demonstrate a favorable
safety profile of endovascular approaches for AChoA aneurysm treatment [10,18,19].

4.4. Clipping–Complications and Clinical Outcome

In our series, there were no mortalities associated with clipping. An AChoA territory
infarct of 29% is comparable to other studies [20–22]. A 43% retreatment rate was noticed.
One recurrence case occurred after more than 10 years of follow-up.

On review of these cases, the mean neck measured 3.5 mm and the origin of the
AChoA was incorporated in 66% of cases. These morphological features are thought to be
potentially contributing factors to the high recurrence rate seen [18,23].

All recurrences opted for endovascular retreatment with a variety of different endovas-
cular approaches. None of these retreatments required further treatment on follow-up.
This preference for endovascular retreatment suggests that the varied armamentarium of
endovascular approaches makes it malleable to altered anatomy and possibly less favorable
surgical conditions with AChoA aneurysm treatment. This includes the protective micro
catheter technique, remodeling with balloons, and reconstructive techniques, using stents
and flow diverters. These techniques would be suitable for primary and/or secondary
treatment of these aneurysms [3,4,16] (Figure 4).

The demonstration of possible long-term recurrence may also warrant long-term
follow-up for this cohort of patients [24]. 3D angiographic evaluation and mimicking the
clipping approach allows for better planning and identification of the AChoA location in
relationship to the aneurysm dome. This may be helpful, while dissecting the aneurysm
neck, for pilot clip placement [25].

Surgical visualization of the aneurysm is often limited as it is within a deep and
narrow space lateral to the ICA and in close relation to the skull base. The size and
shape of the anterior and posterior clinoid processes, and the close relation to the uncus
of the medial temporal lobe, may further complicate visualization, requiring extensive
dissection. Retraction of the temporal lobe or uncus may result in rupture of the aneurysm
or tearing the AChoA and its perforators. This is further complicated by the limited view
of the aneurysm neck, AChoA origin, and its perforators, which are often obscured by
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the aneurysm and the ICA [4]. AChoA aneurysms lie in close proximity to the optic and
oculomotor nerves, which are at risk of injury during dissection [26].

Figure 4. (A) demonstrates a 3D shaded surface display of a ruptured irregular AChoA aneurysm
with a posteriorly pointing nipple thought to be the rupture point. Note is made of an additional
unruptured aneurysm cranial to this. The patient underwent surgical clipping of the ruptured AChoA
aneurysm and remodeling of the neck to preserve the AChoA origin. (B) The patient developed
an enlarging residuum on routine surveillance imaging 52 months after initial treatment. This
panel demonstrates a 3D shaded surface display of the clip partly obscuring the recurrence. Note
is made of the location of both aneurysm necks, which are posterior to the ICA and not visualized
adequately from a sub frontal approach. (C,D) are unsubtracted and subtracted lateral angiographic
images demonstrating the recurrent AChoA aneurysm and the additional untreated and unruptured
aneurysm cranial to this. The patient underwent elective re-treatment with balloon assisted coiling
of both aneurysms, the results are seen on the subtracted and unsubtracted angiographic images
(E,F). A braided stent was deployed within the ICA, across both aneurysm necks, to promote
endothelialization. This is demonstrated on the unsubtracted final angiographic images (G,H).

Temporary clipping, proximally of the ICA and distally of the A1 and M1, might be
required to reduce the pressure within the aneurysm sac and reduce rupture risk of the
inherently small and thin-walled aneurysm [6]. This requires a perforator and calcification-
free zone for each clip to be placed effectively. These two factors do not complicate
endovascular approaches. Excessive manipulation of the ICA during this process may
result in rupture of the aneurysm.

Extensive dissection allows for better visualization of final clip placement and allowing
for immediate clip repositioning or reconstruction if required [4,23]. In SAH, dissection of
the subarachnoid space is more difficult due to acute swelling of the brain or adhesions
from a previous SAH [27].

Ensuring that the AChoA territory is not compromised during temporary clipping
and confirming patency of the AChoA at the end of the procedure are critical.

Intra-operative assessment using real time neurophysiological monitoring and qualita-
tive measure of flow, with ICG video angiography, are used to help evaluate these [28,29].

Intraoperative neurophysiological monitoring, using MEP and SSEPs, is used to assess
potential compromise of the AChoA territory during temporary clipping. Blood flow
impairment to the internal capsule and cerebral peduncle, containing the corticospinal
tracts, is monitored through MEPs caused by electrical stimulation, often of the hand
motor cortex.

It was previously reported that changes in MEPs and SSEPs often lag behind clinical
deficits, which may result in false negatives and a poor sensitivity of 33% [22]. In the
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same study, the use of ICG video angiography improved occlusion rates of aneurysms
and clip repositioning, but there was no reduction in AChoA territory infarct. They also
describe that 5/6 patients with AChoA territory infarct demonstrated a patent AChoA on
immediate post-operative angiograms, suggesting that temporary flow arrest may lead to
ischemia. The mean duration of temporary clip occlusion in their series was 5.6 min [22].

In our series, all patients underwent monitoring with MEPs and SSEPs. One of the
two patients with AChoA territory procedure-related infarcts had compromised potentials
in the upper and lower limbs. SSEPs returned to normal, but MEPs remained at 40%
of baseline.

Despite the demanding procedural technicalities, this series demonstrates that a
good clinical outcome (67%) with mRS ≤ 2 was achieved in the clipping cohort, which is
comparable to other studies [14,20]

4.5. Limitations

This study has several limitations, including its retrospective nature, making it in-
herently prone to selection bias. The number of endovascular treatments is similar to
other small case series but, in the grand scheme of things, represents a relatively small
number, thereby affecting the power of the dataset. The small number of clipping-treated
aneurysms precludes accurate comparisons between the two treatment arms. The study
reviews the experience of a single center, and although there are multiple neurosurgical
and endovascular operators, this may limit the generalization of these results. The absence
of imaging core lab adjudication for obtaining aneurysm measurements and characteristics
means that there is potential variability and bias. To help mitigate this, the measurements
were blindly performed by a neuroradiologist twice. Any discrepancies were reviewed by
an additional party. All ruptured AChoA that presented to the institution were investigated
with catheter angiography and therefore would be captured in our cohort. There may be
selection bias for patients with unruptured AChoA who may have only had CTA or MRA
imaging and, therefore, are not represented in our study. A well-designed randomized
control trial would be the most accurate way of evaluating the efficacy and safety profile of
both endovascular and clipping techniques in the treatment of AChoA aneurysms.

5. Conclusions

Clinical outcomes of both clipping and endovascular treatment of AChoA aneurysms
look to be comparable. In this study, endovascular treatment demonstrated low recurrence
rates and procedure-related thromboembolic complications in keeping with the current
literature. Endovascular treatment demonstrated lower recurrence and thromboembolic
rates compared to clipping. Both approaches are viable, though they present distinct risks
and advantages.
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Abstract

Objective: This study aims to analyze the diagnostic patterns of cavernoma-related epilepsy,
the management of antiseizure medications, and clinical outcomes following microsurgical
treatment in patients with late-diagnosed epilepsy secondary to cavernous malformations
in the Central Asian region. Methods: A retrospective cross-sectional study was conducted
on 60 patients who underwent microsurgical resection for brain cavernous malformations
over a 12-year period (2010–2022) at the National Centre for Neurosurgery, Astana, Kaza-
khstan. All participants were 18 years or older and presented with seizures. Follow-up
evaluations were conducted by neurologists, and seizure outcomes were assessed using the
2017 classification criteria of the International League Against Epilepsy. Results: The mean
follow-up period was 83.77 ± 39.81 months. In total, 51.67% of participants demonstrated
positive ILAE outcomes, 33.33% had moderate ILAE outcomes, and the remaining 15.00%
experienced negative ILAE outcomes. Approximately 47% of patients received antiseizure
medication before surgery, primarily as monotherapy with carbamazepine (33%), and
administered at a low dose (40%). Early microsurgical resection showed a positive post-
surgery seizure outcome. Approximately 67% of patients who experienced seizures within
one year prior to surgery showed positive ILAE outcomes, whereas those with a seizure
history extending beyond five years were roughly 32% seizure-free (p = 0.01). Conclusions.
Cavernoma-related epilepsy in Central Asia remains a significant clinical challenge, partic-
ularly with respect to diagnostic accuracy and antiseizure medication management. In our
cohort, only approximately half of patients achieved favorable seizure control following mi-
crosurgical resection. Notably, early surgical intervention within one year of seizure onset
was associated with improved outcomes, whereas delayed surgery, restricted availability of
intraoperative technologies, and suboptimal antiseizure medication practices were linked
to less favorable outcomes. Strengthening diagnostic pathways, antiseizure medication
management, and expanding access to advanced surgical technologies are critical steps to
improving treatment outcomes in a studied patient population.
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1. Introduction

CMs are benign vascular lesions that occur within the brain parenchyma or lep-
tomeninges [1]. Histologically, they are characterized by clusters of dilated vascular caverns
lined by endothelium, lacking mature vascular architecture. Although many CMs remain
clinically silent, they may present symptomatically, most commonly with intracerebral
hemorrhage or seizures [2,3].

Several risk factors are associated with the occurrence of seizures in patients with CMs.
These include temporal lobe involvement, cortical location, presence of a hemosiderin rim,
patient age, and specific morphological characteristics of the lesion [4–7]. If left untreated,
CM-related seizures may evolve into CRE, the management of which involves pharmaco-
logical therapy, microsurgical resection, and, in selected cases, stereotactic radiosurgery [8].

The primary treatment for CM-related seizures involves ASMs, with early initiation
being critical given the high risk of epilepsy development after a first seizure—estimated at
up to 94% within five years [9]. Among therapeutic options, microsurgical resection has
demonstrated superior efficacy compared with medication alone or radiosurgery [8,10].
Evidence indicates that resection achieves favorable outcomes even in patients with drug-
resistant CRE [11]. Patient-reported outcomes further support its effectiveness, showing
significant long-term seizure control and improved quality of life following surgery [12].
Importantly, early intervention, particularly within one year of symptom onset, is associ-
ated with the most favorable outcomes [4,13,14]. Patients undergoing surgical resection
frequently attain seizure freedom and may discontinue ASM therapy postoperatively [15].
By contrast, delayed surgery and prolonged seizure duration are associated with poorer
outcomes, emphasizing the need for early diagnosis and timely surgical management of
CRE [16,17].

The diagnosis of CRE requires a multidisciplinary approach involving neuroradiol-
ogists, neurologists, and neurosurgeons. MRI and EEG remain essential for identifying
epilepsy of structural etiology [18]. Nevertheless, timely diagnosis continues to be a ma-
jor challenge, particularly in resource-limited settings. Approximately 80% of epilepsy
cases occur in low- and middle-income countries, where access to appropriate diagnostic
tools and treatment remains limited [19,20]. Furthermore, societal stigma associated with
epilepsy often contributes to delays in seeking medical care [21,22], despite existing World
Health Organization guidelines aimed at addressing these challenges [23].

In Kazakhstan, the largest upper-middle-income country in Central Asia [24], epilepsy
is frequently undiagnosed or diagnosed late, with rising incidence and prevalence observed
in the years preceding the COVID-19 pandemic [25]. Data on seizure outcomes following
microsurgical resection of CRE in patients with delayed CM diagnosis remain scarce,
and information on ASM management patterns in this context is limited. This study
therefore aims to analyze the diagnostic pathways, ASM management practices, and
seizure outcomes following microsurgical treatment of CRE in patients with late-diagnosed
epilepsy secondary to CM in Kazakhstan.

2. Materials and Methods

2.1. Study Design

Retrospective cross-sectional study.

2.2. Participants

A total of 116 medical records of patients who underwent microsurgical resection
for CRE were reviewed to assess eligibility. Of these, 56 patients (48.28%) were excluded
from the analysis. Nineteen were lost to follow-up despite repeated contact attempts,
thirty-one had not experienced preoperative seizures, and six had died, with the cause
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of death remaining unknown. Notably, four of these deaths occurred in 2020 during the
COVID-19 pandemic. The final study cohort consisted of 60 adult patients who underwent
microsurgical resection between 2010 and 2022 at the National Centre for Neurosurgery in
Astana, Kazakhstan. In this cohort, the primary indication for surgery was drug-resistant
epilepsy. A minority of patients presented with preoperative intracerebral hemorrhage,
and surgery was performed electively rather than during the acute phase.

2.3. Inclusion and Exclusion Criteria

Adult patients who underwent microsurgical resection for brain CM and presented
with CM-related intractable seizures were eligible for inclusion. Only patients who un-
derwent preoperative video-electroencephalographic monitoring to confirm seizure onset
localization were included. All patients also underwent preoperative MRI, including T1,
T2, and susceptibility-weighted imaging sequences, to characterize the lesion and assess
for evidence of hemorrhage.

Patients younger than 18 years, those with incomplete or lost follow-up data, and
those with multiple cavernous malformations were excluded to reduce heterogeneity and
minimize potential confounding factors influencing seizure outcomes.

2.4. Follow-Up

Neurologists contacted patients by phone and conducted interviews. Follow-up data
were subsequently evaluated by an epileptologist and categorized according to the ILAE
classifications of epilepsy surgery seizure outcomes. In this study, ILAE classes 1 and 2
were defined as positive outcomes, classes 3 and 4 as moderate outcomes, and classes 5
and 6 as negative outcomes.

During the follow-up period, all patients also underwent postoperative electroen-
cephalographic evaluations. These recordings were reviewed by board-certified epilep-
tologists to detect persistent epileptiform activity and to evaluate the effectiveness of
seizure control.

2.5. Variables

Data were collected on participants’ demographic and clinical characteristics, CM
features, and preoperative as well as postoperative antiseizure medication use. The place
of residence was categorized as either a metropolis or a small city. In Kazakhstan, three
cities—Astana (the capital), Almaty, and Shymkent—are officially classified as metropolises,
each with a population exceeding one million inhabitants. All other towns were grouped
as small cities.

The variable “other nationalities” included Russians, Uzbeks, Germans, and Tatars.
Seizure types were classified according to the ILAE 2017 Classification of Seizure Types
and were further grouped into focal onset, generalized onset, and unknown onset.

Comorbidities were categorized into cardiovascular diseases (arterial hypertension,
congestive heart failure, coronary disease, and angina), gastrointestinal disorders (chronic
pancreatitis, chronic gastritis, chronic cholecystitis, peptic ulcer, and hepatitis B and C),
renal diseases (chronic pyelonephritis, chronic renal disease, malignant neoplasm of the kid-
ney, chronic glomerulonephritis, and nephrolithiasis), respiratory system diseases (chronic
bronchitis and pulmonary fibrosis), endocrine system diseases (Huntington’s disease,
multinodular goiter, immunologic thyroiditis, type 2 diabetes, and cardiometabolic syn-
drome), and ophthalmological conditions (retinal angiopathy, cataract, astigmatism, and
manifest deviation).

Antiseizure medication dosages were categorized according to the maintenance
dosage defined in the epilepsy treatment protocol of the Ministry of Health of Kazakhstan.
A dosage below the maintenance level was categorized as low, while a dosage above the
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maintenance level was categorized as high. The following maintenance dose ranges were
used: carbamazepine 600–1200 mg/day, sodium valproate 1000–3000 mg/day, valproic
acid 1000–3000 mg/day, levetiracetam 1000–3000 mg/day, lamotrigine 100–200 mg/day,
oxcarbazepine 900–2400 mg/day, and topiramate 200–400 mg/day [26].

2.6. Statistical Methods

Data were cleaned and coded using Microsoft Excel (version 2411, Microsoft 365).
Further statistical analysis was performed in Stata 18.0 SE (StataCorp, College Station, TX,
USA). Chi-square and Fisher’s exact tests were used, as appropriate, to assess associations
between categorical variables. Continuous variables were assessed for normality using the
skewness–kurtosis test and visualized using histograms. As the data were not normally
distributed, the Kruskal–Wallis test was employed to compare continuous variables across
ILAE outcome groups.

3. Results

A total of 60 patients with complete follow-up data were included in the final analysis.
The mean follow-up duration was 83.77 ± 39.81 months. The mean age at surgery was
36.98 ± 11.78 years, while the mean age at initial radiographic diagnosis (MRI/CT) was
35.90 ± 11.16 years, and the mean age at first seizure was 32.95 ± 12.22 years.

Most participants were of Kazakhs ethnicity (76.67%) and male (58.33%), with the
majority residing in small cities (76.67%). Overall, a tenth of patients reported having a
disability, and 15% had experienced a preoperative intracerebral hemorrhage. Headache
was the most frequent initial symptom (85.00%), followed by weakness, numbness, or
paralysis (38.33%), memory impairment (16.67%), and hearing or vision disturbances with
unsteadiness (10.00%).

All patients (100%) presented with seizures. The mean duration of seizures prior to
surgery was 48.45 ± 54.65 months, whereas the mean time interval between radiographic
diagnosis of CM and surgery was 11.91 ± 31.17 months.

Most participants experienced generalized seizures (40.00%), while 19 patients
(31.67%) presented with focal-onset seizures, and 17 patients (28.33%) had seizures of
unknown onset. The most prevalent comorbidity was cardiovascular disease (15.00%),
including arterial hypertension, congestive heart failure, coronary artery disease, and
angina.

Regarding seizure location, approximately one-third of CMs were discovered in the
frontal lobe, 28.33% in the temporal lobe, one-fifth in the parietal lobe, 12.00% in deep brain
structures, and 5.00% in the occipital lobe. Laterality analysis showed that 53.33% of lesions
were located in the left hemisphere.

The demographic and clinical characteristics of the cohort are summarized in Table 1.

Table 1. Baseline demographic and clinical characteristics of 60 patients.

Variable n (%)

No. of patients 60 (100)

Mean follow-up time (months) ± SD 83.77 ± 39.81

Age (years) at the time of surgery

Mean ± SD 36.98 ± 11.78

16–30 24 (40.00)

31–40 14 (23.33)

41 and older 22 (36.67)
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Table 1. Cont.

Variable n (%)

Age (years) at first radiographic diagnosis
(MRI/CT) of CM

Mean ± SD 35.90 ± 11.16

16–30 26 (43.33)

31–40 14 (23.33)

41 and older 20 (33.33)

Age (years) when the initial seizure occurs

Mean ± SD 32.95 ± 12.22

16–30 27 (45.00)

31–40 19 (31.67)

41 and older 14 (23.33)

Gender

Female 25 (41.67)

Male 35 (58.33)

Nationality

Kazakh 46 (76.67)

Other 14 (23.33)

City type

Metropolises 14 (23.33)

Small cities 46 (76.67)

Disability

Yes 6 (10.00)

No 54 (90.00)

Time since radiographic diagnosis
(months)

Mean ± SD 11.91 ± 31.17

<1 year 54 (90.00)

1–5 year 1 (1.67)

>5 years 5 (8.33)

Time since initial presenting seizure
(months)

Mean ± SD 48.45 ± 54.65

<1 year 27 (45.00)

1–5 year 14 (23.33)

>5 years 19 (31.67)

Type of seizure

Focal onset 19 (31.67)

Generalized onset 24 (40.00)

Unknown onset 17 (28.33)

Preoperative hemorrhage

Yes 9 (15.00)

No 51 (85.00)
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Table 1. Cont.

Variable n (%)

Initial presenting symptoms

Headaches 51 (85.00)

Hearing or vision changes 6 (10.00)

Weakness, numbness, or paralysis 23 (38.33)

Memory deficits 10 (16.67)

Unsteadiness 6 (10.00)

Comorbidities

Cardiovascular system diseases 9 (15.00)

Gastrointestinal system diseases 5 (8.33)

Renal system diseases 3 (5.00)

Respiratory system diseases 1. (1.67)

Endocrine system diseases 3 (5.00)

Ophthalmological condition 2 (3.33)

Location of the cavernous malformation

Deep brain structures 7 (11.67)

Frontal lobe 21 (35.00)

Occipital lobe 3 (5.00)

Parietal lobe 12 (20.00)

Temporal lobe 17 (28.33)

Location of the cavernous malformation
(side)

Left 32 (53.33)

Right 28 (46.67)

Table 2 summarizes the preoperative (Preop) and postoperative (Postop) use of an-
tiseizure medications (ASMs), including dosage patterns. More than half of participants
(53.33%) did not receive any ASM prior to surgery. Among those treated, carbamazepine
was the most frequently prescribed agent, both before and after resection. Overall, pre-
scribed dosages tended to be at the lower end of the recommended therapeutic range.

The relationship between patients’ antiseizure medication (ASM) use and their ILAE
seizure outcomes is presented in Table 3.

Among the 60 patients, 28 (46.67%) received ASM therapy prior to surgery, and 25 of
this continued treatment postoperatively. Among those who continued ASM, 56% achieved
positive ILAE outcomes at long-term follow-up. By contrast, 32 patients (53.33%) did not
receive medication before surgery, with half of them initiating treatment postoperatively.
Among those, 56.25% achieved positive long-term outcomes. However, the differences
between groups were not statistically significant. The role of preoperative ASM therapy is
further analyzed and presented in Table 4.
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Table 2. Preoperative and postoperative data on ASM and ILAE outcomes.

Variable Preop, n (%) Postop, n (%)

Treatment with ASM

Yes 28 (46.67) 41 (68.33)

No 32 (53.33) 19 (31.67)

Medication Name

Carbamazepine 20 (33.33) 31 (51.67)

Lamotrigine 2 (3.33) 1 (1.67)

Topiramate 1 (1.67) 1 (1.67)

Valproic acid 5 (8.33) 8 (13.33)

None 32 (53.33) 19 (31.67)

Medication Dosage

Initial dose 24 (40.00) 38 (63.33)

Maintenance dose 4 (6.67) 3 (5.00)

None 32 (53.33) 19 (31.67)

Table 3. Impact of medication behavior on ILAE outcomes.

Variable, n (%)
Negative

ILAE
Outcomes

Moderate ILAE
Outcomes

Positive ILAE
Outcomes

All

No. of patients 9 (15.00) 20 (33.33) 31 (51.67) 60 (100)

Patients who took medication before surgery
and continued after surgery 8 (32.00) 3 (12.00) 14 (56.00) 25 (41.67)

Patients who took medication before surgery
and discontinued after surgery 1 (33.33) 1 (33.33) 1 (33.33) 3 (5.00)

Patients who did not take medication before
surgery and did not start after surgery 7 (43.75) 2 (12.50) 7 (43.75) 16 (26.67)

Patients who did not take medication before
surgery and started after surgery 4 (25.00) 3 (18.75) 9 (56.25) 16 (26.67)

Table 4. Preoperative ASM management on ILAE outcomes.

Variable, n (%)
Negative ILAE

Outcomes
Moderate ILAE

Outcomes
Positive ILAE

Outcomes
All

The number of patients who
received preop ASM 9 (32.14) 4 (14.29) 15 (53.57) 28 (100)

Preop ASM name

Carbamazepine 7 (35.00) 2 (10.00) 11 (55.00) 20 (71.43)

Lamotrigine 0 1 (50.00) 1 (50.00) 2 (7.14)

Topiramate 1 (100.00) 0 0 1 (3.57)

Valproic acid 1 (20.00) 1 (20.00) 3 (60.00) 5 (17.86)

Preop ASM dosage

Initial dose 9 (37.50) 4 (16.67) 11 (45.83) 24 (85.71)

Maintenance dose 0 0 4 (100) 4 (14.29)
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Among patients who received ASMs prior to surgery (N = 28), treatment with car-
bamazepine at initial dosing levels was associated with higher rate of favorable ILAE
outcomes, with 53.57% achieving seizure control.

The seizure outcomes following microsurgical resection of CM in the entire co-
hort of 60 patients are summarized in Table 5. The mean follow-up duration was
83.77 ± 39.81 months (range, 14–169 months). At the final follow-up, 51.67% of patients
achieved favorable outcomes, 33.33% had moderate outcomes, and the remaining 15.00%
experienced negative ILAE outcomes.

Table 5. Seizure outcomes after surgical resection of CM in 60 patients.

Variable, n (%)
Negative

ILAE
Outcomes

Moderate
ILAE

Outcomes

Positive ILAE
Outcomes

All

No. of patients 9 (15.00) 20 (33.33) 31 (51.67) 60 (100)

Mean follow-up time (months) ± SD 93.11 ± 27.87 83.25 ± 40.22 81.39 ± 43.04 83.77 ± 39.81

Age (years) at the time of surgery, mean ± SD 37.44 ± 10.72 33.65 ± 8.08 39.00 ± 13.75 36.98 ± 11.78

Age (years) at the time of initial seizures,
mean ± SD 34.54 ± 11.68 28.02 ± 10.13 35.66 ± 12.94 32.95 ± 12.22

Age (years) at the time of radiographic
diagnosis (MRI/CT) of CM, mean ± SD 37.11 ± 10.88 32.90 ± 8.19 37.48 ±12.72 35.90 ± 11.16

Gender

Female 3 (12.00) 11 (44.00) 11 (44.00) 25 (41.67)

Male 6 (17.14) 9 (25.71) 20 (57.14) 35 (58.33)

Type of seizure

Focal onset 2 (10.53) 10 (52.63) 7 (36.84) 19 (31.67)

Generalized onset 4 (16.67) 6 (25.00) 14 (58.33) 24 (40.00)

Unknown onset 3 (17.65) 4 (23.53) 10 (58.82) 17 (28.33)

Preoperative hemorrhage

Yes 2 (28.57) 2 (28.57) 3 (42.86) 7 (11.67)

No 7 (13.21) 18 (33.96) 28 (52.83) 53 (88.33)

Treatment with ASM (preop)

Yes 4 (14.29) 9 (32.14) 15 (53.57) 28 (46.67)

No 5 (15.62) 11 (34.38) 16 (50.00) 32 (53.33)

Preop ASM dosage

Low 4 (16.67) 9 (37.50) 11 (45.83) 24 (40.00)

Maintenance 0 0 4 (100.00) 4 (6.67)

None 5 (15.62) 11 (34.38) 16 (50.00) 32 (53.33)

Location of the cavernous malformation

Deep brain structures 1 (14.29) 4 (57.14) 2 (28.57) 7 (11.67)

Frontal lobe 3 (14.29) 5 (23.81) 13 (61.90) 21 (35.00)

Occipital lobe 0 0 3 (100) 3 (5.00)

Parietal lobe 1 (8.33) 5 (41.67) 6 (50.00) 12 (20.00)

Temporal lobe 9 (15.00) 20 (33.33) 31 (51.67) 17 (28.33)
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Table 5. Cont.

Variable, n (%)
Negative

ILAE
Outcomes

Moderate
ILAE

Outcomes

Positive ILAE
Outcomes

All

Location of the cavernous malformation (side)

Left 3 (9.38) 11 (34.38) 18 (56.25) 32 (53.33)

Right 6 (21.43) 9 (32.14) 13 (46.43) 28 (46.67)

Time since initial presenting seizure *

<1 year 3 (11.11) 6 (22.22) 18 (66.67) 27 (45.00)

1–5 year 5 (35.71) 2 (14.29) 7 (50.00) 14 (23.33)

>5 years 1 (5.26) 12 (63.16) 6 (31.58)
19 (31.67)
(* p = 0.01)

Time since radiographic diagnosis

<1 year 9 (16.67) 18 (33.33) 27 (50.00) 54 (90.00)

1–5 year 0 0 1 (100) 1 (1.67)

>5 years 0 2 (40.00) 3 (60.00) 5 (8.33)
Bold indicates statistically significant (* p = 0.01).

The mean age at surgery was 37 years, with the youngest subgroup observed among
patients with moderate ILAE outcomes (33.65 ± 8.08 years). Among patients with a history
of intracerebral hemorrhage, 71.43% achieved moderate or favorable outcomes, compared
with 86.8% of those without hemorrhage. CMs located in deep brain structures were
predominantly associated with moderate outcomes (57.14%), whereas lesions in other brain
regions more frequently resulted in favorable outcomes.

The only statistically significant association was found for seizure duration prior to
surgery. Approximately 67% of patients who underwent surgery within one year of seizure
onset achieved favorable outcomes, whereas only 32% of those with a seizure history
extending five years attained favorable outcomes.

4. Discussion

This study evaluated diagnostic patterns of CREs, the management of ASMs, and
postoperative seizure outcomes in patients with late-diagnosed epilepsy secondary to
cerebral CM in a Kazakhstani cohort. Overall, 51.67% of patients achieved favorable long-
term outcomes (ILAE classes 1–2) after surgery, with a mean follow-up of approximately
seven years. These results were less favorable compared to prior studies, which have
reported seizure freedom rates of about 70% following CM resection [17,27].

A deeper understanding of the mechanisms of epileptogenesis in CM is critical for
interpreting surgical outcomes. Although CMs themselves are not intrinsically epilep-
togenic, epilepsy arises through two primary mechanisms: (1) local epileptogenesis of
the surrounding tissue and (2) secondary epileptogenesis in remote brain regions [28].
Cortical excitability surrounding CMs, driven by reactive gliosis, hemosiderin deposits,
and architectural disturbances, plays a key role in the development of CRE [29]. In addition,
secondary epileptogenesis in distant brain areas underscores the intricate network changes
and synaptic alterations that perpetuate seizure activity, particularly within the limbic
system. A comprehensive understanding of these processes will inform more targeted
therapeutic strategies aimed at improving seizure control in patients with CMs [28].

Studies from other countries provide valuable context for interpreting our findings
on CRE. Microsurgical resection remains the most effective treatment for seizure control,
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particularly for lesions in the temporal and frontal lobes, achieving higher rates of epilepsy
control compared to radiosurgery, although neurosurgery may carry a slightly higher risk
of permanent morbidity [8,17].

Emerging minimally invasive techniques, such as laser interstitial thermal therapy
(LITT), have shown promise for seizure control and prevention of symptomatic progression
or hemorrhage in selected patients [30]. For patients with lesions considered unsuitable for
surgery due to location or other risk factors, stereotactic radiosurgery offers an alternative,
providing meaningful reductions in bleeding and seizure frequency with relatively low
adverse effects [31].

Advanced surgical techniques, such as 3.0 Tesla MRI with an epilepsy-specific proto-
col, intraoperative electrocorticography, modern navigation systems, and cortical mapping,
are critical for achieving seizure freedom after surgery [32,33]. Because the number and
localization of lesions strongly influence post-surgery outcomes [8], these innovations,
together with the expertise of trained epileptologists, have substantially improved sur-
gical outcomes by enabling more precise identification and resection of epileptogenic
tissue [34–36].

In the present cohort, the limited availability of advanced intraoperative technologies—
introduced at our center only in 2021—likely contributed to suboptimal resection accuracy
and the relatively modest seizure-free rate observed (51.67%). The absence of intraoperative
MRI or CT, which can delineate the hemosiderin rim and facilitate more complete lesion
removal, further limited surgical efficacy. These limitations represented significant barriers
to optimal epilepsy surgery outcomes in Kazakhstan until recently. Looking ahead, we
plan to conduct a comparative study assessing seizure outcomes in CM patients operated
on with intraoperative EEG and MRI versus those treated without these tools.

Lesion location is a critical determinant of both the choice of intervention and the like-
lihood of favorable surgical outcomes. Temporal CMs, particularly those in the mesiotem-
poral lobe, are strongly associated with the development of CRE, as this region represents
the most epileptogenic zone [37]. For CMs located in the frontal and temporal lobes, micro-
surgical resection generally offers superior seizure control compared with radiosurgery. By
contrast, radiosurgery has demonstrated greater effectiveness in managing CMs situated in
the parietal and occipital lobes [38]. In the present cohort, however, no differences were
observed between the CM location and the post-surgery seizure outcome.

Another key factor associated with positive post-surgery seizure freedom is the du-
ration of epilepsy prior to surgery [14]. In this study, the interval between the initial
presenting seizure and surgery demonstrated a statistically significant association with
postoperative ILAE outcomes. Prolonged seizure duration before surgery was associated
with poorer outcomes, whereas patients whose first seizure occurred within one year prior
to surgery achieved substantially better results, with approximately 67% achieving seizure
freedom (ILAE classes 1–2).

These findings were consistent with prior studies. Early surgical intervention has been
shown to be effective in multiple settings, including a cohort from Sheffield [39] and large-
volume cerebrovascular centers [14,40]. However, those studies largely evaluated outcomes
of microsurgery following the initial seizure without explicitly considering the timing of CM
diagnosis as the underlying etiology. In the present cohort, delayed surgical intervention
was primarily attributable to late diagnosis of CM rather than to clinical decision making
alone. These results reinforce existing evidence supporting early microsurgical intervention
for seizure control in CRE, while also highlighting the importance of timely and accurate
diagnosis of CM to optimize surgical outcomes.

In the analyzed cohort, a substantial delay was observed between the onset of initial
seizures and the confirmation of a diagnosis of CM and associated epilepsy using diagnostic
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tools such as MRI, CT, or EEG. The number of patients who underwent microsurgery
within one year after radiographic confirmation of CRE was approximately twice that
of patients who pursued surgical intervention after the initial seizure (54 vs. 27). The
reasons for this delay remain unclear but may be related to limited access to primary
care services or to the strong stigma associated with epilepsy [41,42]. As reported by
Guo and colleagues, patients with epilepsy often conceal their condition and withdraw
from social interactions [41]. This behavior appears to be particularly common in Asian
countries [43,44], where self-perception of the diagnosis and coping mechanisms exert
greater influence on psychosocial adjustment than the clinical manifestations of epilepsy
themselves [45]. Moreover, negative societal attitudes toward marriage, parenthood, and
employment are more prevalent in culturally homogeneous societies [46,47]. By contrast,
public perceptions in Western countries are generally more favorable [48,49], with only
about 10% of respondents expressing negative attitudes toward people with epilepsy [50],
and these views have remained relatively stable for nearly two decades [51]. In the studied
Kazakhstani cohort, epilepsy-related stigma may have contributed to diagnostic delays,
late surgical intervention, and, consequently, less favorable postoperative outcomes.

Another critical aspect concerns the management of ASMs in Kazakhstan. Inappro-
priate prescribing practices remain a significant challenge, with monotherapy being the
most common strategy [52]. Suboptimal medication selection and underdosing likely
contribute to inadequate seizure control both before and after surgery [53]. In this study
cohort, only 46.67% of patients with CRE received ASM therapy, most commonly low-dose
carbamazepine monotherapy. Similar findings were reported by Guekht and colleagues,
who observed that nearly one-quarter of individuals with epilepsy were not receiving
pharmacological treatment and that prescribed regimens were frequently suboptimal [54].
This predominance of low-dose monotherapy in our cohort raises concerns regarding
limited adherence to treatment protocols, inappropriate prescribing practices, and possible
restrictions in ASM availability within the country.

4.1. Limitations

This study has several limitations. First, its retrospective design constrained the scope
and accuracy of data collection. Reliance on self-reported outcomes may have introduced
self-selection and survivorship bias.

Second, the proportion of patients lost to follow-up may have influenced the results.
Several context-specific factors likely contributed to this attrition, including inadequate
medical record management, underdeveloped digital medical record infrastructure result-
ing in loss of contact information, and cultural attitudes toward health disclosure. In some
cases, patients expressed reluctance or skepticism in responding to health-related questions,
even when contacted by their treating physicians.

Third, the relatively small sample size may have limited the statistical power of the
study and reduced the generalizability of the findings. Finally, the lack of clinical data
regarding the resection of hemosiderin-stained areas restricted the analysis. The absence of
intraoperative imaging and navigation systems impeded consistent identification and doc-
umentation of these regions, thereby preventing a thorough evaluation of their association
with CRE.

4.2. Future Directions

Further research is warranted to investigate the patterns of diagnosis and management
of patients presenting with seizures, as well as the practices of physicians in prescribing
diagnostic tests following an initial seizure episode. Additionally, a survey studying
attitudes toward epilepsy, as well as self-stigma among patients, are needed to better
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understand barriers to timely care. Studies evaluating patterns of ASM prescribing and
administration would also provide valuable insights into current treatment gaps. Moreover,
a comparative analysis of postoperative seizure outcomes in patients with CRE before and
after the implementation of intraoperative tools is essential, alongside efforts to address
persistent limitations in early diagnosis and treatment approaches.

5. Conclusions

Seizure control following microsurgical resection of CRE in Kazakhstan was limited,
with favorable outcomes achieved in only half of patients. Early surgery within one
year of seizure onset was associated with improved outcomes, whereas delayed surgery,
restricted access to intraoperative resources, and suboptimal ASM management were
associated with less favorable outcomes. Strengthening diagnostic pathways, optimizing
ASM management, and advancing surgical technology are essential steps toward improving
outcomes in this patient population.
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Radiosurgery Effects and Adverse Effects in Symptomatic Eloquent Brain-Located Cavernomas. J. Radiat. Res. 2023, 64, 133–141.
[CrossRef]

32. Yang, T.; Hakimian, S.; Schwartz, T.H. Intraoperative ElectroCorticoGraphy (ECog): Indications, Techniques, and Utility in
Epilepsy Surgery. Epileptic Disord. 2014, 16, 271–279. [CrossRef] [PubMed]

33. Vakani, R.; Nair, D.R. Electrocorticography and Functional Mapping. Handb. Clin. Neurol. 2019, 160, 313–327. [CrossRef]
[PubMed]

34. He, K.; Alriashy, M.H.S.; Fan, Z.; Qiao, N.; Liao, Y.; An, Q.; Xu, B.; Song, J.; Zhang, X.; Zhu, W.; et al. Cavernoma-Associated
Epilepsy Within the Mesial Temporal Lobe: Surgical Management and Seizure Outcome. World Neurosurg. 2022, 160, e464–e470.
[CrossRef]

35. Phal, P.M.; Usmanov, A.; Nesbit, G.M.; Anderson, J.C.; Spencer, D.; Wang, P.; Helwig, J.A.; Roberts, C.; Hamilton, B.E. Qualitative
Comparison of 3-T and 1.5-T MRI in the Evaluation of Epilepsy. AJR Am. J. Roentgenol. 2008, 191, 890–895. [CrossRef]

36. Prat-Acín, R.; Galeano-Senabre, I.; López-Ruiz, P.; García-Sánchez, D.; Ayuso-Sacido, A.; Espert-Tortajada, R. Intraoperative
Brain Mapping during Awake Surgery in Symptomatic Supratentorial Cavernomas. Neurocirugía 2021, 32, 217–223. [CrossRef]
[PubMed]

37. Shih, Y.-C.; Chou, C.-C.; Peng, S.-J.; Yu, H.-Y.; Hsu, S.P.C.; Lin, C.-F.; Lee, C.-C.; Yang, H.-C.; Chen, Y.-C.; Kwan, S.-Y.; et al. Clinical
Characteristics and Long-Term Outcome of Cerebral Cavernous Malformations-Related Epilepsy. Epilepsia 2022, 63, 2056–2067.
[CrossRef]

38. Tuleasca, C.; Peciu-Florianu, I.; Strachowski, O.; Derre, B.; Vannod-Michel, Q.; Reyns, N. How to Combine the Use of Intraop-
erative Magnetic Resonance Imaging (MRI) and Awake Craniotomy for Microsurgical Resection of Hemorrhagic Cavernous
Malformation in Eloquent Area: A Case Report. J. Med. Case Rep. 2023, 17, 160. [CrossRef] [PubMed]

39. Alexander, R.; Kirsty, H.; Imron, H.; Saminderjit, K.; Shungu, U.; Dev, B.; Varduhi, C. Cavernoma Related Epilepsy—A Sheffield
Cohort. J. Neurol. Neurosurg. Psychiatry 2023, 94, A40–A41. [CrossRef]

40. Dziedzic, T.A.; Koczyk, K.; Nowak, A.; Maj, E.; Marchel, A. Long-Term Management of Seizures after Surgical Treatment of
Supratentorial Cavernous Malformations: A Retrospective Single Centre Study. J. Korean Neurosurg. Soc. 2022, 65, 415–421.
[CrossRef]

41. Guo, W.; Wu, J.; Wang, W.; Guan, B.; Snape, D.; Baker, G.A.; Jacoby, A. The Stigma of People with Epilepsy Is Demonstrated at the
Internalized, Interpersonal and Institutional Level in a Specific Socio-Cultural Context: Findings from an Ethnographic Study in
Rural China. Epilepsy Behav. 2012, 25, 282–288. [CrossRef]

42. Tian, N.; Kobau, R.; Zack, M.M.; Greenlund, K.J. Barriers to and Disparities in Access to Health Care Among Adults Aged ≥18
Years with Epilepsy—United States, 2015 and 2017. MMWR Morb. Mortal. Wkly. Rep. 2022, 71, 697–702. [CrossRef]
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Abstract: Background: Intracranial AVMs are a highly heterogeneous group of lesions that, while not
very common, can pose significant risks. The therapeutic management of AVMs is complicated by
ambiguous guidelines, particularly regarding which Spetzler–Martin grades should dictate specific
treatment options. This study analyzed the clinical presentations and treatment approaches of
128 brain AVM cases managed between 2014 and 2022 at the National Institute of Neurology and
Neurovascular Diseases in Bucharest, Romania. Methods: A retrospective analysis was conducted
on patient demographics, clinical symptoms, Spetzler–Martin categorization, nidus localization,
therapeutic management, and outcomes. Statistical analysis was performed using Python 3.10.
Results: In our cohort of patients, the median age was 45 years, with a slight male predominance
(67 males, 61 females). At admission, 51.5% presented with elevated blood pressure. The majority
of patients had a Spetzler–Martin score of 2 (37.5%), followed by scores of 3 (31.3%) and 1 (20.3%).
Treatment strategies included microsurgical resection in 32% of cases, conservative management in
31.2%, Gamma Knife radiosurgery in 22.6%, and endovascular embolization in 13.3%. Notably, open
surgery was predominantly chosen for Grade II AVMs. The functional outcomes were favorable, with
69.5% achieving a good recovery score on the Glasgow Outcome Scale. Only four in-hospital deaths
occurred, all in patients who underwent open surgery, and no deaths were recorded during the
two-year follow-up. Conclusions: AVMs within the same Spetzler–Martin grade display considerable
complexity, necessitating personalized treatment strategies. Our findings highlight the limitations of
open surgery for Grade I cases but affirm its effectiveness for Grade II AVMs.

Keywords: arteriovenous malformation; Spetzler–Martin grading system; surgery; radiosurgery;
endovascular embolization

1. Introduction

Intracranial arteriovenous malformations (AVMs) are congenital cerebrovascular
anomalies characterized by direct, high-pressure connections between arteries and veins
without intermediary capillaries, forming a nidus of dysplastic vessels [1]. This struc-
tural deficiency allows blood to flow directly from arteries to veins, leading to vessel

Brain Sci. 2024, 14, 1136. https://doi.org/10.3390/brainsci14111136 https://www.mdpi.com/journal/brainsci197



Brain Sci. 2024, 14, 1136

dilation and tortuosity, significantly increasing the risk of hemorrhage and neurological
impairment [2]. Although AVMs can occur throughout the body, intracranial AVMs are
particularly concerning due to their heightened bleeding risk.

The true prevalence of brain AVMs (bAVMs) remains uncertain, largely because many
cases are asymptomatic. Postmortem analyses suggest a prevalence between 5 and 613 cases
per 100,000, while epidemiological studies estimate an incidence of 1.12 to 1.42 per 100,000,
with hemorrhage as the first presenting symptom in 38–68% of cases [3,4]. Advances in MRI
technology have increased the detection of unruptured AVMs, while the incidence of ruptured
cases remains stable [2]. Most symptomatic patients are diagnosed between the ages of 20
and 50, with no significant gender differences in prevalence [2,5]. There is not a significant
difference in incidence between males and females [1]. Hemorrhage occurs in approximately
65% of cases, most commonly in parenchymal regions (82%), followed by intraventricular
and subarachnoid sites [5–7]. Risk factors for rupture include frontal lobe location, deep
venous drainage, deep nidus location, and associated aneurysms [8–11]. Pregnancy as a risk
factor is debated, with mixed evidence on increased rupture risk [5,12,13]. Other common
symptoms include seizures, headaches, and neurological deficits [5].

The etiology of bAVMs is poorly understood, though likely congenital. Deficient capil-
lary formation during fetal development may play a role [2]. Syndromic associations, such
as hereditary hemorrhagic telangiectasia (Rendu–Weber–Osler syndrome), Cobb syndrome,
and cerebrofacial arteriovenous metameric syndromes, suggest a genetic component in
some cases [4,14,15]. Abnormal angiogenesis, vasculogenesis, and inflammation, medi-
ated by factors such as VEGF, angiopoietin-2, TGF-β, and MMPs, are implicated in AVM
development [10,16–18].

Grading systems assess AVM morbidity and mortality risk, with the Spetzler–Martin
scale being a primary tool, evaluating nidus size, location eloquence, and venous drainage
type. Eloquent areas include sensorimotor, language, and visual cortices, as well as deep
brain structures like the hypothalamus, thalamus, and brainstem. The Lawton–Young scale
and Spetzler–Ponce classification further refine risk and outcome prediction [4,10].

Treatment strategies for bAVMs include microsurgical resection, endovascular em-
bolization, and stereotactic radiosurgery, especially Gamma Knife radiosurgery. When sur-
gical risks are high, conservative management focuses on symptom control and hemorrhage
prevention through antiepileptic drugs (AEDs), monitoring, and lifestyle adjustments [19].
For inoperable AVMs, alternative therapies such as Botox injections for refractory migraine
management have shown symptom relief [20].

The management of unruptured AVMs remains debated. The ARUBA trial (2014)
suggested medical management as preferable for unruptured AVMs over surgical inter-
ventions, though critiques highlight limitations such as early termination, selection bias,
and broad inclusion criteria [11,21,22]. Despite these limitations, the ARUBA trial has
influenced a trend toward conservative management in unruptured cases [23].

While significant data on AVMs exist globally, particularly from high-resource health-
care settings, regional data from Romania remain scarce due to limited national statistics
and centralized reporting. This study offers novel insights into AVM cases in Romania by
providing a comprehensive assessment of patient demographics, clinical presentations, and
treatment strategies based on nidus location and Spetzler–Martin grading. Given the con-
straints and unique aspects of the Romanian healthcare system, our findings may inform
localized treatment protocols, guide healthcare policy, and support the better allocation of
resources for multidisciplinary AVM management [24].

2. Materials and Methods

This study presents a retrospective unicentric analysis of 128 cases of cerebral AVMs
treated at the Department of Neurosurgery, National Institute of Neurology and Neurovas-
cular Diseases in Bucharest, Romania, between 2014 and 2022. Patients were subjected to
one of four management approaches: microsurgical resection, Gamma Knife radiosurgery,
endovascular embolization, or conservative treatment as determined by the medical team.
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A comprehensive analysis was conducted, focusing on specific variables throughout the
preoperative, intraoperative, and postoperative stages of patient medical management.
Particular attention was given to factors such as bleeding, presence of arterial hyperten-
sion, seizures, location of the nidus, Spetzler–Martin score, and hemorrhage. Additionally,
postoperative complications were discussed, and the number of reoperations was noted.

The research adhered to the main principles of the Declaration of Helsinki and re-
ceived approval from the Ethics Committee of the National Institute of Neurology and
Neurovascular Diseases in Bucharest, Romania (Approval No. [7230]). Clinical data, in-
cluding age, sex, Glasgow Coma Scale score, bleeding, and treatment, were extracted from
relevant patient files. All data processing was conducted in compliance with the current
General Data Protection Regulation (GDPR), and informed consent was obtained from all
patients included in this study.

Statistical analysis and figure plotting were performed using Python version 3.10, de-
veloped by the Python Software Foundation (9450 SW Gemini Dr., ECM# 90772, Beaverton,
OR 97008, USA). The analysis utilized Python libraries such as pandas, numpy, seaborn,
and matplotlib.

3. Results

3.1. Patient Demographics and Comorbidities
3.1.1. Age and Sex

A dataset comprising 128 intracranial AVM cases treated between 2010 and 2022 was
collected from the National Institute of Neurology and Neurovascular Diseases in Romania.
We analyzed (Figure 1) the demographic characteristics of patients diagnosed with AVMs,
focusing on age and gender distribution. Among the patients, 67 were male and 61 were
female. The median age at diagnosis was 45 years, and the mean age was 44.5 years. The
highest prevalence was observed in the 40–50 age group, which accounted for 29.6% of the
total cases.

Figure 1. Distribution of patients with intracranial AVM by age and gender.

3.1.2. Arterial Hypertension at Admission Time

Arterial blood pressure was measured at the time of admission for all patients. Of these,
51.5% (n = 66) had systolic and diastolic pressures exceeding 140/90 mmHg. Specifically,
27.3% (n = 35) had stage 1 hypertension, 21.1% (n = 27) had stage 2 hypertension, and 3.1%
(n = 4) experienced a hypertensive crisis (Figure 2).
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Figure 2. Assessment of arterial hypertension of intracranial AVM patients.

3.2. Presentation
3.2.1. Glasgow Coma Scores

At presentation, the mental state of the patients was assessed using the Glasgow Coma
Scale. The majority of patients, 75.8% (n = 97), had minor brain injuries with scores of 13 or
higher. Specifically, 49.2% (n = 63) had a score of 15, 14.1% (n = 18) had a score of 14, and
12.5% (n = 16) had a score of 13 (Figure 3).

Figure 3. Distribution of patients by Glasgow Coma Scale.

3.2.2. Headaches, Nausea and Vomiting

A total of 51.6% (n = 66) of patients presented with headaches, characterized by
persistent and severe headaches, while 32.8% (n = 42) experienced episodes of vomiting
prior to admission.

3.2.3. Comitial Seizures

A history of epilepsy was present in 32.2% (n = 41) of the patients, either under focal
or generalized seizures (Figure 4).
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Figure 4. Percentage distribution of comitial seizures in intracranial AVM patients.

3.2.4. Spetzler–Martin Scores

Among the patients, 20.3% (n = 26) had a score of 1, indicating a nidus smaller than
3 cm, a non-eloquent location, and venous drainage into the superficial system. The
majority of patients had a score of 2, accounting for 37.5% (n = 48), while 31.3% (n = 40)
had a score of 3. Scores of 4 and 5 were less common, with 7.8% (n = 10) and 3.1% (n = 4) of
patients, respectively (Figure 5).

Figure 5. Distribution of Spetzler–Martin score by gender in intracranial AVM patients.

3.3. Rupture Status Resulting in Intracranial Hemorrhage

In this patient cohort, 63.3% (n = 81) of patients presented with unruptured AVMs,
while 36.7% (n = 47) of patients had ruptured AVMs, resulting in intracranial hemorrhage.
Of those with ruptures, 20.3% (n = 26) of patients experienced subarachnoid hemorrhage.
The ruptured cases were assessed according to the RAGS classification (Figure 6), with
distributions as follows: 56.7% of ruptured AVMs were scored as RAGS 1, indicating
minimal rupture risk, followed by 27.6% as RAGS 2, 14.2% as RAGS 3, and 3.5% as RAGS
4. This grading reflects the extent and severity of hemorrhagic events, aiding in clinical
stratification and management decisions for patients with ruptured AVMs.
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Figure 6. Percentage distribution of patients with intracranial AVM by RAGS.

3.4. Cases Management

This study identified five distinct treatment options for patients with intracranial
AVMs, distributed according to the Spetzler–Martin score (Figure 7) and the nidus localiza-
tion (Figure 8). Microsurgical AVM resection was chosen for 32% of patients (n = 41), while
conservative treatment was selected for 31.2% (n = 40). Gamma Knife radiosurgery was
used for 22.6% (n = 29), and endovascular embolization was applied to 13.3% (n = 17). A
combination of endovascular embolization and Gamma Knife radiosurgery was used for
0.8% (n = 1).

Figure 7 illustrates a marked preference for open surgery in the treatment of Grade II
intracranial AVMs.

Figure 7. Distribution of patients with intracranial AVM by treatment and Spetzler–Martin score.
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Figure 8. Distribution of nidus locations and treatment options in AVM patients.

3.5. Short-Term Outcomes

Functional outcomes were assessed before hospital discharge. According to the Glas-
gow Outcome Scale (Figure 9), the majority of patients (69.5%, n = 89) achieved a score of 5,
indicating good recovery. A smaller percentage, 24.2% (n = 31), had a score of 4, reflecting
moderate disability. Scores of 1 and 3 were observed in 3.1% (n = 4) of patients each, indicat-
ing death or persistent disabilities. No patients received a score of 2. Only four in-hospital
deaths were reported, all occurring in patients who underwent open surgery. All patients
were followed-up for a minimum of two years, with some patients receiving extended
follow-up based on clinical need and availability.

Figure 9. Distribution of Glasgow Outcome Scores in patients with intracranial AVM.
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This approach ensured consistent post-treatment monitoring and allowed for the
comprehensive assessment of long-term outcomes across the cohort.

4. Discussion

The literature (Table 1) exposes a diverse range of findings regarding AVM treatment
outcomes across various patient populations. Studies have examined numerous facets of
AVM management, including patient demographics, Spetzler–Martin grading, treatment
modalities, and key clinical outcomes. Collectively, these studies shed light on important
patterns and challenges in AVM treatment, offering valuable insights for contemporary
clinical practice.

Table 1. Literature review table that analyzes significant studies about AVM and treatment outcomes.

Study
Population

(n)

Male-to-
Female
Ratio

Spetzler–
Martin
Grades

Included

Variables
Assessed,

Similarly to
Our Study

Treatment
Method

Key Findings

Von Der
Brelie et al.

[25]

293
(out of which
103 presented
with epilepsy

and had
follow-up)

59 males/
44 females I–III

Seizure
outcomes,

hemorrhage,
treatment type

Microsurgery

Favorable seizure outcomes
post-surgery; seizure control
improved in AVM patients

post-resection

De Castro-
Afonso et al.

[26]

203
(117

unruptured
AVMs—86
ruptured
AVMs)

108 males/
95 females I–IV

Venous
drainage,

nidus size,
AVM rupture

Microsurgery,
EVT

Larger draining veins linked
to higher hemorrhage risk;

supports aggressive treatment
for high-risk AVMs

Nesvick et al.
[27] 352 150 males/

202 females I–III

Obliteration
rates,

biological
effective dose

(BED)

Stereotactic
radiosurgery

BED > 133 Gy predicts high
obliteration rates post-SRS;

recommended dose
adjustments for AVM

obliteration

Steiner et al.
[28] 247 132 males/

115 females I–IV

Treatment
outcomes,

angiographic
obliteration

Gamma
Knife

radiosurgery

High obliteration rates with
SRS; few adverse events,

supporting radiosurgery for
specific AVM grades

Heros et al.
[29] 153 83 males/

70 females I–V

Surgical
outcomes,

hemorrhage,
neurological

deficits

Surgical
resection

Surgical resection beneficial
for Grades I-III, less so for

IV-V; conservative
management recommended

for higher grades

Redekop et al.
[30]

97 patients
with AVM

and intranidal
aneurysm

52 males/
45 females I–III

Aneurysm
presence,

hemorrhage
risk

EVT, micro-
surgery

Intranidal aneurysms increase
hemorrhage risk; surgical

intervention recommended for
associated aneurysms

Mast et al.
[31] 281 133 males/

148 females I–IV
Initial

hemorrhage,
re-bleed risk

EVT,
resection,

SRS

Initial hemorrhage predicts
higher re-bleed risk; suggests
monitoring high-risk AVMs

post-initial bleed

Al Shahi et al.
[32] 92 49 males/

43 females I–IV
Detection

rates, public
health impact

Not specified

Provides baseline AVM
detection rates; calls for

resource allocation for AVM
management
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Table 1. Cont.

Study
Population

(n)

Male-to-
Female
Ratio

Spetzler–
Martin
Grades

Included

Variables
Assessed,

Similarly to
Our Study

Treatment
Method

Key Findings

Maruyama
et al. [33] 500 287 males/

213 females I–IV Hemorrhage
risk post-SRS

Gamma
Knife

radiosurgery

SRS reduces hemorrhage risk;
highlights latency period
where hemorrhage risk

remains until obliteration

Although the exact mechanism by which epilepsy occurs in patients with AVMs is not
fully understood, several risk factors have been identified that increase the likelihood of
seizures. These include younger age, temporal lobe location, cortical involvement, and a
nidus diameter exceeding 3 cm [34]. In our cohort, we observed that out of 41 patients with
AVMs located in or involving the temporal region, 17 experienced epileptic seizures. These
seizures were either focal or progressed to generalized seizures, supporting the association
between temporal lobe AVMs and increased seizure incidence. All patients experiencing
seizures were prescribed oral AEDs at discharge to maintain effective seizure control and
manage their condition in the long term.

The ARUBA trial did not evaluate surgical outcomes for patients with Grade I or II
AVMs, who are considered optimal candidates for surgery [35]. This limitation reduces
the trial’s ability to provide comprehensive recommendations. Therefore, we aim to
address treatment option controversies and present our own findings to offer a more
inclusive perspective.

In contrast to the ARUBA trial findings, a study by Potts et al. concluded that surgery
remains the “gold standard” treatment for most low-grade AVMs. This study emphasized
using endovascular embolization as a preoperative adjunct. High surgical cure rates
and excellent functional outcomes in patients with both ruptured and unruptured AVMs
support a strong preference for surgical intervention, offering the best cure rate, lowest risk
profile, and greatest protection against hemorrhage for low-grade AVMs [36]. A prospective
study by Baharvahdat et al. demonstrated that endovascular treatment (EVT) was highly
effective for low-grade AVMs classified as Spetzler–Martin I–II. This study reported a high
rate of complete exclusion with a low complication rate of 5%. EVT was recommended
as the first-line treatment for both ruptured and unruptured low-grade AVMs located
in deep or eloquent regions, where the risks of open surgery are significant [37]. Out of
48 patients with Spetzler–Martin Grade II AVMs, 20 (41.6%) underwent microsurgical
resection, supporting Potts’s assertion that open surgery is the gold standard for low-grade
AVMs. Conversely, among 26 Grade I AVMs, 9 received conservative treatment and only
7 underwent microsurgical resection, indicating a decline in the preference for open surgery
in these cases and supporting ARUBA’s claims. Our findings suggest that while open
surgery may be the gold standard for Grade II AVMs, it is not necessarily the optimal
solution for all Grade I AVMs.

In line with Lawton’s proposal to further classify Grade III AVMs into subtypes
such as S1V1E1, S2V1E0, S2V0E1, and S3V0E0, our cohort also reflects the heterogeneous
nature of these AVMs [38]. The data show no clear preference for treatment options among
patients with Grade III AVMs, as similar numbers underwent AVM resection, Gamma Knife
therapy, and conservative treatment. This diversity in treatment approaches underscores
the complexity and variability within Grade III AVMs, supporting the idea of further
subclassification to better tailor treatment strategies [38]. Notably, conservative treatment is
typically recommended for high-grade AVMs, highlighting the nuanced decision-making
required for Grade III cases.

Stereotactic radiosurgery (SRS) achieves a 70–80% obliteration rate for bAVMs. Recog-
nizing that the effects of SRS are delayed, the annual hemorrhage rate during the latency
period between radiation and complete nidus obliteration following Gamma Knife radio-
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surgery (GKRS) was found to be 1.4%, which is lower than the general rate of 2–4% [32,39].
In our cohort, GKRS was selected exclusively for Grade I to III AVMs when open surgery
was unequivocally declined due to patient comorbidities, patient refusal, or when the
AVM was located in a deep area that made surgical access challenging (such as basal
ganglia or corpus callosum). The case of the single patient who underwent EVT followed
by SRS further supports the recommendations for multimodal approaches in managing
Grade III and IV AVMs [35,40]. Aside from Grade V AVMs in older patients, there is
no established consensus on conservative management, particularly in light of critiques
following the ARUBA study [35]. In our patient cohort, the use of medications such as
AEDs, analgesics, and antihypertensive drugs for hemorrhagic stroke control, combined
with regular monitoring during follow-ups, resulted in no deaths over the strict two-year
follow-up period. This outcome was observed in patients who received only conservative
management, meaning that they did not undergo any of the aforementioned procedures.

5. Conclusions

Our study reveals previously unrecognized distinctions within Spetzler–Martin Grade
II AVMs, uncovering that nuanced patient and AVM characteristics—such as lesion depth,
vascular complexity, and the presence of hypertension—significantly direct optimal treat-
ment pathways. Contrary to generalized protocols, our data suggest that microsurgery
provides superior outcomes for Grade II AVMs in eloquent regions, whereas GKRS proves
particularly effective for deep-seated AVMs in hypertensive patients, where traditional
risk models might discourage intervention. Furthermore, we identified that EVT is most
beneficial in non-eloquent, less complex vascular structures, demonstrating that tailored
treatment approaches guided by these newly elucidated factors can substantially improve
patient outcomes. These findings challenge existing paradigms, advocating for a refined
treatment framework that integrates detailed anatomical and comorbidity profiles to en-
hance therapeutic precision and reduce risks associated with AVM management.
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Abstract: Background/Objectives: Spinal cord injury is a devastating complication of
aortic surgery, with significant morbidity and mortality. This review aimed to summarize
the current literature on preventing and managing spinal cord ischemia after open and
endovascular aortic repair. Methods: We conducted a comprehensive review of PubMed,
Scopus, and the Web of Science, focusing on systematic reviews and meta-analyses of the
pathophysiology, risk factors, and strategies for mitigating the risk of spinal cord injury
after aortic repair. We assessed the quality of the reporting for the eligible studies using the
AMSTAR-2 tool and evaluated the strength of the evidence using the GRADE approach.
Due to the absence of homogeneous clinical data, the evidence was synthesized in a nar-
rative form. Results: Spinal cord ischemia can occur after both open and endovascular
aortic repair, with a higher incidence reported in more extensive thoraco-abdominal aortic
aneurysm repairs. The underlying pathogenesis is largely understudied. Several preven-
tive strategies have been partially investigated, including cerebrospinal fluid drainage,
hypothermia, and distal aortic perfusion. While the employment of neuromonitoring
has been established in spine surgery, its efficacy in aortic repair remains uncertain due
to confounding factors like hypothermia, anesthesia medications, and cardiopulmonary
bypass. The prompt management of spinal cord complications is crucial to optimizing
outcomes. No clear treatment algorithm has been universally adopted. Conclusions:

Spinal cord ischemia remains a major challenge in aortic surgery, with a significant impact
on patient outcomes. Further research is needed to elucidate the relevant pathophysiology
and develop more effective intraoperative monitoring and management strategies.

Keywords: spinal cord ischemia; aortic surgery; incidence; risk factors; prevention; early
detection; treatment; prognosis; umbrella review

1. Introduction

Spinal cord ischemia (SCI) is a devastating complication, which can occur after aortic
surgery, resulting in permanent paralysis and significant patient morbidity [1–3]. Multiple
factors, including the extent of aortic disease, the duration of circulatory arrest, and the

Brain Sci. 2025, 15, 409 https://doi.org/10.3390/brainsci15040409
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techniques of cerebral and spinal cord protection, have been implicated in the development
of this complication [4–6].

Although the literature on the management of SCI, including optimal perfusion and
temperature strategies, is extensive, it remains a subject of ongoing debate [4–6]. Significant
variations exist regarding the actual complication’s incidence and predisposing risk factors
across published studies. The existing knowledge on the early prediction of ischemia is
also limited. There is an ongoing debate regarding the benefit of preventive measures
such as cerebrospinal fluid drainage (CSFD), along with their potential complications [7,8].
Presently, there is no widely agreed-upon treatment for SCI [9].

To address this gap, we performed an umbrella review of the available evidence
to provide an overview of the current state of knowledge and identify areas for future
research. This study aims to provide a comprehensive overview of the current knowledge
regarding SCI following aortic surgery based on systematic reviews and meta-analyses.
The primary objectives are to summarize the incidence risk factors (Q1), pathogenesis
(Q2), methods for early diagnosis (Q3), and management strategies, including preventive
measures (Q4) and the potential complications associated with CSFD (Q5), as well as the
treatment (Q6) and prognosis (Q7) of this devastating complication (Table 1). We will also
discuss potential sources of heterogeneity across studies and make recommendations for
future research directions.

Table 1. The research questions summarized in the PICOT format.

Research
Question

Patient Intervention Comparator Outcome Time

Q1
Patients

undergoing
aortic surgery

Risk factors
related to SCI

following
surgery

None or
standard aortic

surgery

Incidence and
risk factors for

SCI
ANY

Q2

Patients
experiencing SCI

post-aortic
surgery

Mechanisms
leading to SCI

Standard aortic
surgery patients

without SC

Understanding
of pathogenesis

in SCI after
surgery

ANY

Q3

Patients at risk
for SCI

post-aortic
surgery

Early diagnostic
methods

Standard
diagnostic

methods or no
early diagnostic

approach

Diagnostic
accuracy,

timeliness, and
effectiveness in

detecting SC

Intraoperative
and early

postoperative
periods

Q4

Patients
undergoing

aortic surgery at
risk for SCI

Preventive
interventions

Standard care
without specific

preventive
measures

Incidence of SCI,
early detection,

and neurological
outcomes

Intraoperative
period, early
post surgery

Q5

Patients
undergoing

aortic surgery at
risk for SCI

Presence of
complications

linked to CSFD

No CSFD or
standard care

Incidence of
complications

linked to CSFD

Early and late
postoperative

periods
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Table 1. Cont.

Research
Question

Patient Intervention Comparator Outcome Time

Q6
Patients with SCI

post-aortic
surgery

Treatment
options

No treatment or
standard

management
protocols

Recovery of
neurological
function and

reduction in SCI
severity

Immediate
postoperative to

long-term
follow-up

Q7
Patients with SCI
following aortic

surgery

Factors
influencing
prognosis

No SCI or
standard aortic
surgery without

complication

Functional
recovery, quality
of life, mortality

rates

Short-term to
long-term
follow-up

This review will be of interest to vascular and cardiothoracic surgeons, neurologists,
and neurosurgeons, as well as anesthesiologists and critical care physicians involved in
managing patients undergoing aortic surgery.

2. Materials and Methods

2.1. Study Design

This umbrella review provides a comprehensive overview of available systematic
reviews and meta-analyses on SCI following aortic surgery. The study was conducted
and reported in alignment with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines. This secondary research synthesis did not require
ethical approval, as it did not involve direct patient involvement. Additionally, this project
was conducted without external funding.

2.2. Information Sources

From inception to December 2024, two review authors (A.B. and A.K.) systematically
searched several electronic databases, including PubMed, Scopus, and Web of Science, for
relevant systematic reviews and meta-analyses. We also searched the reference lists of
included studies for potential additional references. Additionally, the authors searched for
gray literature, such as conference proceedings and unpublished studies, to minimize the
risk of publication bias.

2.3. Search Strategy

The search strategy combined keywords related to SCI, aortic surgery, and the study
design (systematic reviews and meta-analyses). The full search strategy was (“spinal
cord ischemia” OR “neurological deficits” OR “spinal cord injury” OR paraplegia OR
paraparesis) AND (“endovascular aortic repair” OR “abdominal aortic surgery” OR “aortic
aneurysm”) AND “(management” OR “treatment” OR “hypothermia” OR “cerebrospinal
fluid drainage” OR “intercostal artery reimplantation”), with modifications according to
the database requirements.

2.4. Study Selection

Two review authors (A.B. and A.K.) independently screened the titles and abstracts of
identified studies, retrieving full-text articles for further assessment. Studies were included
if they met the following criteria: (1) systematic review or meta-analysis; (2) focused on SCI
following aortic surgery; (3) reported at least one of the following parameters: incidence,
risk factors, early diagnosis, prevention, treatment, or prognosis; and (4) written in English.
Narrative reviews, expert opinions in languages other than English, and individual primary
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studies were excluded. The authors used the Rayyan web application for collaborative
reviews during the screening process [10]. In case of disagreement, the authors consulted a
senior author (K.N.F.) (Figure 1).

 

Figure 1. Prisma flow chart of our literature search.

2.5. Data Extraction

Two review authors (A.B. and A.K.) independently extracted relevant data using a
pre-designed data extraction form from the included studies. The extracted data included
study characteristics (authors, year of publication, study design, number of included
studies, and total number of patients), details on the population, intervention or exposure,
comparison, and outcomes. We additionally extracted the author’s search keywords,
databases, eligibility criteria, and quality assessment methods.

2.6. Data Synthesis

For qualitative data, the evidence synthesis for this umbrella review will be presented
in a narrative format, providing a comprehensive overview of the key findings from the
included systematic reviews and meta-analyses. The narrative synthesis will summarize
the incidence, risk factors, diagnostic methods, management strategies, and prognosis of
SCI following aortic surgery. Relevant data, such as pooled estimates, will be presented in
table format to aid in the interpretation of the results. The narrative review will also discuss
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potential sources of heterogeneity across the included studies and will highlight areas
for future research to address the existing knowledge gaps in this field. For quantitative
data, where appropriate, we conducted umbrella meta-analyses using the “metaumbrella”
package for R version 4.3.3 to provide pooled estimates of the incidence of SCI, the ef-
fectiveness of specific management strategies, and the risk associated with various risk
factors. The “metaumbrella” package allows for the synthesis of multiple meta-analyses,
enabling us to provide a comprehensive overview of the quantitative evidence on this
topic. This approach will help identify patterns and sources of heterogeneity across the
included studies.

2.7. Quality Appraisal

Two review authors (A.B. and A.K.) appraised the gathered literature using AMSTAR-
2 [11,12]. The quality appraisal of the literature using AMSTAR-2 involved a rigorous
assessment of systematic reviews based on 16 key domains. These domains cover crucial
aspects of review methodology, including protocol registration, search strategy compre-
hensiveness, risk of bias assessment, and methods of data extraction [11,12]. Seven of
these domains were designated as “critical”, carrying greater weight in the overall ap-
praisal. AMSTAR 2 does not generate a numerical score, but provides an overall rating of
“high”, “moderate”, “low”, or “critically low” based on the number of “no” responses for
each domain. This rating reflects the methodological rigor and trustworthiness of the re-
viewed systematic reviews, aiding in the identification of high-quality evidence for clinical
decision-making and research [11,12]. The results were visualized using amstar2Vis [11,12].

The overall quality of the output evidence was assessed according to GRADE rec-
ommendations [13]. The GRADE system is a widely used framework for evaluating the
certainty of evidence in systematic reviews and meta-analyses [13]. It assesses the cer-
tainty of evidence on a scale from high to very low, based on factors such as risk of bias,
inconsistency, indirectness, imprecision, and publication bias [13].

3. Results

3.1. Literature Search

The systematic literature search yielded a total of 1932 records. After removing
duplicates, 1290 unique citations were screened. Of these, 121 full-text articles were
assessed for eligibility, and 23 systematic reviews and meta-analyses were included in the
final synthesis.

3.2. Study Characteristics

The included studies were published between 2004 and 2024 (Table 2). Sixteen em-
ployed quantitative meta-analysis, while six were qualitative in nature. The most frequently
utilized databases were PubMed Ovid, Cochrane Library, ClinicalTrials.gov, Embase, Sco-
pus, CINAHL, and Embase. The study population comprised patients undergoing open
aortic surgery with EVAR and TEVAR for thoraco-abdominal aortic aneurysms (TAAA) or
dissections. The most common prophylactic measure was CSFD.
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3.3. Incidence and Risk Factors (Q1)

Twelve studies have examined the incidence of SCI as a primary or secondary focus
(Table 3), six of which comprised the primary question. However, the included studies ex-
hibited significant heterogeneity in their techniques, case selection, and outcome measures,
leading to a wide range of reported incidences, from as low as 0% to as high as 33%.

The overall incidence of SCI after surgical and endovascular aortic repair is about
10% and 3.5%, respectively [3,4,7,9,14,19–21] (Table 4). However, permanent deficit re-
mains in approximately 3.3%, while late events are rare and limited to less than 2% of the
cases [3,4,7,9,14,19–21,23,25].

A systematic review and meta-analysis by Rocha et al. found a higher overall incidence
of SCI following endovascular TAAA repair (13.5%) compared to open repair (7.4%) [4].
Yet, the occurrence of permanent spinal cord injury was comparable, with a combined
incidence of 5.2% for endovascular and 4.4% for open repair [4].

According to a systematic review by Lella et al. (2022), the incidence of SCI varies
depending on the type of aortic repair. For endovascular descending thoracic aortic repair,
the overall SCI rates ranged from 0% to 10.6%, with permanent SCI ranging from 0% to
5.1% [9]. For endovascular thoraco-abdominal aortic repair, the overall SCI rates ranged
from 0% to 35%, with permanent SCI ranging from 2% to 20.5% [9]. In the case of open
thoraco-abdominal aortic repair, one study reported a permanent SCI rate of 1.1%, while the
overall SCI rates were described as being within the 0–35% range, although not explicitly
stated [9].

The study by Pini et al. reported an overall pooled incidence of SCI of 11% after
endovascular TAAA repair [20]. However, the incidence varied based on the extent of the
TAAA repair, with extent IV repairs having a pooled rate of 6%, while repairs involving
extents I–III and V had a higher rate of 13% [20]. Although there was a trend towards
lower SCI rates in staged procedures, the difference was not statistically significant [20].
Additionally, the study explored other potential risk factors, such as age and aneurysm
diameter, but did not find consistent associations with SCI [20].

Muston et al. examined SCI as a primary outcome in staged TAAA repairs, comparing
open, endovascular, and hybrid approaches [3]. They found an overall pooled SCI incidence
of 5.4% across all staged repairs [3]. While there was a trend towards lower SCI rates with
the hybrid approach (3.2%) compared to open (1.4%) and endovascular (9.8%), these
differences were not statistically significant [3]. The study highlighted the challenges in
comparing SCI rates due to variations in reporting across studies and emphasized the need
for standardized reporting in future research [3].

According to a meta-analysis by Alzghari et al., the pooled incidence of permanent
spinal cord injury was 3.3% [2]. This incidence varied based on the surgical approach, with
4% for open repairs and 2.9% for endovascular repairs [2]. Additionally, the permanent SCI
rate differed by the location of the aneurysm, being 2.0% for descending thoracic aneurysm
repair and 4.7% for TAAA repair [2]. The permanent SCI rate also varied with the extent of
the TAAA, ranging from 3.8% for Crawford extent I to 13.4% for extent II, 7.1% for extent
III, 2.3% for extent IV, and 6.7% for extent V [2].

Separately, a meta-analysis by Zheng et al. in 2024 reported a pooled estimated risk for
permanent SCI after TEVAR of 2.0%, based on 22 studies with 1479 patients [6]. The pooled
estimated risk for temporary SCI was 1.0% based on 24 studies with 2048 patients [6].

The incidence of delayed SCI after aortic surgery was examined indirectly by two
eligible studies, only as a secondary question. In a systematic review by Sef et al., the
reported incidence of delayed SCI varied considerably, ranging from as low as 1% to as high
as 12% across the included studies [23]. This variation likely reflects differences in patient
populations, surgical techniques, and definitions of delayed SCI used across the included
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studies [23]. This systematic review underscored the challenges in determining a precise
incidence due to these inconsistencies [23]. In a meta-analysis, Chen et al. investigated the
relationship between prophylactic CSFD and SCI during thoracic and thoraco-abdominal
endovascular aortic repair [21]. They reported incidences of 1.3% for immediate SCI,
defined as the presence of paraplegia at the emergence of anesthesia, and 1.9% for delayed
SCI, although the definition of delayed SCI was not clearly specified [21].

3.4. Pathogenesis (Q2)

Only the systematic review by Sef et al. discussed in depth the potential mechanisms
underlying SCI after aortic surgery [23]. The proposed mechanism of neurologic injury
following TA repair involves the disruption of the spinal cord’s blood supply at some
point, leading to hypoxia [23]. Spinal cord edema and microthrombi development can
further reduce perfusion pressure [23]. Existing evidence indicates that the spinal cord
relies extensively on a collateral network, often as much as on any nominal vessel, allowing
for sufficient blood flow even in the face of ischemia [23]. In addition, experimental data
show that spinal cord perfusion pressure drops after segmental artery sacrifice, which
gradually recovers over time, however [23].

3.5. Early Diagnosis (Q3)

Five studies examined the role of various diagnostic modalities in the early detec-
tion of SCI. The systematic review by Sef et al. (2023) explored the use of perioperative
neuromonitoring during open TAAA repair [23]. The authors analyzed studies inves-
tigating different neuromonitoring methods, such as motor-evoked potentials (MEPs),
somatosensory evoked potentials (SSEPs), and near-infrared spectroscopy (NIRS), to assess
their ability to predict and prevent SCI [23]. MEPs emerged as the most commonly used
and studied modality, demonstrating reasonable sensitivity and specificity for detecting
SCI [23]. While SSEPs and NIRS were also investigated, the evidence supporting their use
was less robust, with limitations in sensitivity and specificity [23]. The review suggested
that a multimodal approach, combining different neuromonitoring techniques, might offer
the best chance of detecting SCI [23].

Tanaka et al. conducted a systematic review and meta-analysis to establish the effec-
tiveness of MEPs in predicting SCI during open surgical repair of thoracic and TAAAs [15].
MEPs had an estimated 77% pooled sensitivity in identifying cases of SCI, and a 95%
pooled specificity in accurately ruling out the condition [23]. The diagnostic odds ratio
was 30, indicating a strong association between MEPs changes and SCI. However, the
authors noted substantial heterogeneity among the included studies, while the study’s
methodological quality was moderate [23]. The authors concluded that MEPs constitute
a valuable tool for predicting SCI during open TAAA repair, but its sensitivity may be
limited [23].

The systematic review by Harky et al. investigated the potential of CSF biomarkers
in predicting SCI after TAAA repair, including S-100β, neuron-specific enolase, lactate,
glial fibrillary acidic protein A, Tau, heat shock proteins 70 and 27 (HSP70, HSP27), and
pro-inflammatory cytokines [16]. The review found that, while several biomarkers showed
potential, there is a lack of high-quality studies with consistent findings, suggesting lim-
ited evidence. Furthermore, commonly measured markers like lactate, S-100β, NSE, and
Tau did not reliably correlate with SCI occurrence, indicating an inconsistent correlation
with SCI [16]. However, their review identified GFAP, HSP70, HSP27, and IL-8 as promis-
ing parameters, as they showed significant increases in SCI patients, warranting further
investigation [16].
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Thet et al.’s review documented the current evidence on neuromonitoring during
endovascular repair of descending thoracic aortic and TAAAs [25]. The review found that
somatosensory-evoked potentials and motor-evoked potentials are the most frequently
employed neuromonitoring techniques, offering reasonable sensitivity for identifying
critical spinal cord injury [25]. The review also discussed other methods, such as near-
infrared spectroscopy, but the evidence supporting their use is less established [25]. The
review highlighted that neuromonitoring is particularly valuable in high-risk patients,
enabling timely intervention to prevent or mitigate SCI [25].

Soliman et al. covered both established methods like motor-evoked potentials (MEPs)
and somatosensory-evoked potentials (SSEPs), as well as newer modalities such as near-
infrared spectroscopy (NIRS), computed tomography (CT), magnetic resonance imaging
(MRI), and CSF biomarkers [26]. Although the perioperative use of MEPs and SSEPs is
limited due to the lack of an established protocol, NIRS appears to offer the continuous, non-
invasive monitoring of spinal cord oxygenation [26]. However, the effectiveness of NIRS is
constrained by its shallow penetration depth and susceptibility to artifacts [26]. Similarly,
CT and MRI offer detailed anatomy, but still, they are expensive, time-consuming, and
lack real-time continuous recording [26]. Diffusion-weighted MRI shows promise for early
SCI detection but cannot be used intraoperatively [26]. CSF and serum biomarkers have
uncertain clinical utility [26]. The authors concluded that a multimodal approach combining
various neuromonitoring modalities could be the most effective for postoperative SCI
monitoring [26].

3.6. Prevention (Q4)

The review by Cina et al. showed that CSFD significantly reduces the risk of para-
plegia after open aortic repair, with an absolute risk reduction of 10 [8]. With the use of
prophylactic CSFD, one case of paraplegia is prevented for every 10 patients treated [8].
The review suggests that maintaining CSF pressure below 10 mmHg may be crucial for
the effectiveness of CSFD in preventing paraplegia [8]. In conclusion, the review affirms
that CSFD is an effective method for preventing paraplegia, while emphasizing the impor-
tance of careful patient selection and meticulous CSFD management to minimize potential
complications [8].

Wong et al. analyzed strategies for preventing spinal cord injury in thoracic endovas-
cular aortic repair [14]. The review focused on CSFD and discussed its potential utility,
particularly for high-risk patients [14]. The optimal CSF pressure target during drainage,
below 10 mmHg, was also discussed. Other strategies used in open surgical repair, such as
maintaining spinal cord perfusion pressure and minimizing aortic occlusion duration, were
briefly mentioned, but their applicability and effectiveness in TEVAR were not extensively
explored [14].

Khan et al. demonstrated that CSFD significantly reduced the risk of SCI following
TAAA repair [5]. The pooled analysis showed a nearly 50% reduction in SCI with CSFD [5].
The protective effect was more pronounced for early SCI but not statistically significant for
late SCI [5]. The study concluded that CSFD could be an effective strategy, cautioned about
potential complications, and emphasized the need for careful drain management [5]. How-
ever, the optimal drainage parameters and patient selection criteria were not adequately
defined [5].

Batubara et al. discussed spinal cord ischemia prevention in the context of left subcla-
vian artery revascularization during thoracic endovascular aortic repair [18]. The authors
showed that LSA revascularization is associated with a statistically significant reduction in
the risk of several ischemic complications [18]. Specifically, LSA revascularization signifi-
cantly lowers the risk of stroke (OR 0.41), spinal cord ischemia (0.34), and left arm ischemia
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(0.22) [18]. However, the optimal revascularization techniques and patient selection criteria
still warrant further investigation [18].

The role of prophylactic CSFD in preventing SCI after thoracic endovascular aortic
repair was also examined by Zhang et al. [19]. Their review compared the use of prophy-
lactic CSFD (placed before any signs of SCI) versus selective CSFD (inserted only after SCI
symptoms appear) [19]. The use or not of prophylactic CSFD did not significantly affect
the overall incidence of spinal cord injury (p = 0.51) in both the aortic aneurysm (p = 0.76)
and aortic dissection subgroups (p = 0.70) [19]. However, the authors also acknowledge the
limitations of the available evidence, including the utilized studies’ heterogeneity and the
potential for publication bias [19].

Pini et al. found that the pooled SCI rate was lower for staged procedures compared to
non-staged procedures (9% vs. 18%, respectively; p = 0.02), without significant difference in
SCI rates between procedures staged over 1 month apart and those staged under 1 month
apart [20]. While the staged approach showed a benefit in reducing SCI, the review also
reported an inter-stage mortality rate of 1.6%, highlighting the potential risks associated
with the staged approach [20]. In addition, the authors reported a similar pooled SCI
rate of approximately 10% for both prophylactic and symptomatic CSFD, suggesting that
prophylactic CSFD might not have offered a significant advantage in preventing SCI after
TAAA-ER [20]. Finally, the authors commented that factors beyond hemodynamic changes,
such as atheroembolization from a “shaggy aorta,” could also have contributed to SCI, and
that focusing solely on CSFD might not have addressed all potential causes of SCI [20].

Chen et al. (2023) directly compared SCI rates in patients undergoing thoracic endovas-
cular aortic repair with and without prophylactic CSFD [21]. The meta-analysis found no
statistically significant difference in SCI rates between patients who received prophylactic
CSFD and those who did not (OR 1.34, 95% CI 0.88–2.04, p = 0.17). These findings suggest
that routine prophylactic CSFD may not offer a substantial benefit in reducing SCI risk for
all TEVAR patients [21]. The study found no statistically significant difference in either
transient or permanent SCI rates between the CSFD and non-CSFD groups [21]. The review
also conducted subgroup analyses based on factors such as the type of aortic pathology and
the CSFD strategy employed, yet these analyses likewise failed to reveal any significant
differences in SCI rates [21].

Similarly, Frankort et al. incorporated twenty-eight observational, retrospective stud-
ies into their meta-analysis, involving a total of 4814 patients [7]. No significant reduction
in spinal cord injury (SCI) was observed with the use of cerebrospinal fluid (CSF) drainage
(OR 0.67, 95% CI 0.29–1.55, p = 0.35) [7]. The authors concluded that the placement of
pre-operative CSF drainage did not correlate with a positive outcome in terms of SCI
rates during endovascular repairs of thoraco-abdominal aortic aneurysms and descending
thoracic aortic aneurysms (DTAA), but given the low quality of evidence, a definitive
recommendation for the pre-operative use of CSF drainage placement could not be estab-
lished [7].

According to Spinella et al.’s analysis of 53 studies involving 3095 patients, both the
staged approach with reperfusion branches and the staged sequential approach with posi-
tioning of the thoracic component alternatives were associated with lower SCI risk, with
type latter showing greater reduction, though less pronounced in older patients [22]. Addi-
tionally, the absence of cerebrospinal fluid, larger aortic diameter, and smaller aneurysm
extent were associated with lower SCI risk [22]. Thus, a staged endovascular treatment,
based on the patient’s anatomy and endovascular repair feasibility criteria, may provide
significant advantages over single-step treatment in lowering the risk of spinal cord injury,
irrespective of the reperfusion method employed [22].
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Alzghari et al. discussed a couple of strategies for preventing SCI in the context of
aortic repair, focusing on the use of prophylactic CSFD [2]. They suggested that CSFD
can lower SCI rates after open TAAA repair, with less clear evidence of its effectiveness
in TEVAR [2]. Additionally, the review states that maintaining adequate spinal cord
perfusion is crucial for preventing SCI without delving into strategies to maintain mean
arterial pressure within a specific target range and avoid hypotension. Finally, their study
emphasizes the complexity of SCI prevention after aortic repair and the need for a multi-
faceted approach [2].

Muston et al. discussed protective measures to reduce the risk of SCI during TAAA
repair [3]. The authors state that most studies utilized spinal cord protection methods
beyond induced hypothermia and rewarming, such as staging operations to allow spinal
vasculature repair, and CSFD to lower pressure around the spinal cord [3]. Temporary
aneurysm sac perfusion (TASP) was also used to maintain blood flow during surgery,
while minimally invasive segmental spinal artery coil embolization (MISSACE) was less
frequently employed [3].

Leone et al. summarized the complications associated with CSFD. At the same time,
the authors recorded important details in the adopted CSFD protocols, depicting the
heterogeneity in the clinical use of CSFD for SCI protection [24]. According to their review,
the drains were placed using either anatomical landmarks or fluoroscopy guidance [24].
In most cases, the type of drain was not specified, but in two studies, the authors used
Liquogard. Drains targeted either a specific pressure (10–12 mmHg) or a fixed CSF-flow
rate (5–10 mL/h) [24]. In some studies, the drain was intermittently opened for 15 min
every hour, allowing for a maximal CSF drainage of 20 mL [24].

Table 3. Incidence of spinal cord ischemia in the gathered studies.

Authors
Studies

(Patients)
Overall Transient Permanent Early Late

Cina (2004)
[8] 8 (1143) 33% (-) (-)

Wong
(2012) [14] 46 (4936) 3.47% (95% CI,

1.98–5.37%)

Tanaka
(2016) [15] 19 (-) 0 to 16.7%

Khan
(2016) [5] 10 (2013) (-)

Li (2017)
[11] 16 (10,307) 0 to 50%

Moulakakis
(2018) [1] 18 (25) 1% (range: 0–8%)

Harky
(2019) [16] 15 (265) (-)

Rocha
(2020) [4] 71 (-)

Endovascular:
13.5% (95% CI,

10.5–16.7%); Open:
7.4% (95% CI,

6.2–8.7%, p < 0.01)

Endovascular:
5.2% (95% CI,

3.8–6.7%); Open:
4.4% [95% CI,

3.3–5.6%,
p = 0.39]
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Table 3. Cont.

Authors
Studies

(Patients)
Overall Transient Permanent Early Late

Malloy
(2020) [17] 8 (859) 0–17% 0–2%

Batubara
(2022) [18] 22(11,386) 2.5% (n = 283,

R = 11,065)

Zhang
(2022) [19] 34 (3561)

Endovascular for
aortic: 3.49% (95%

CI, 0.23–6.76%);
Endovascular for
dissection: 3.20%

(95% CI,
0.00–7.20%)

Pini (2022)
[20] 27 (2333)

Endovascular:
11% (95%CI,

8–15%)

Lella
(2022) [9] 41 (-)

Overall: 0–16%;
Endovascular
0–35%; Open:

3.1–33.5%

Endovascular:
2–20.5%; Open:

1.11%

Cheng-
Hao (2023)

[21]
40 (4973) TEVAR: 3.5% (95%

CI: 2.6–4.4%)
1.3% (95% CI:

0.7–1.8%)
1.9% (95% CI:

1.2–2.5%

Frankort
(2023) [7] 28 (4814) Endovascular: 5%,

(95% CI 0–14%)

Muston
(2023) [3] 20 (924)

Overall: 5.4%
(95%CI 5.1–5.8%);
Open: 1.4% (95%

CI, 1.3–1.5%);
Hybrid: 3.2% (95%

CI, 2.8–3.6%);
Endovascular:
9.8% (95% CI,

9.2–10.4%)

Sef (2023)
[23] 27 (3130) 0% to 17.0% 1.3% to 12.0%

Alzghari
(2024) [2] 239 (61,962)

Overall: 3.3%
(95%CI

2.9–3.8%); Open
4.0% (95% CI,

3.3–4.8%);
Endovascular:
2.9% (95% CI,

2.4–3.5%)

Zheng
(2024) [6] 34 (2749)

1.0% (95%
CI,

0.00–1.0%)

2.0% (95% CI,
1.0–2.0)

Thet (2024)
[25] 11 (1069) 3.8 to 17.3% 2.7 to 5.8%
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Table 4. Summary table for the overall, permanent, and late spinal cord ischemia incidence according
to the implemented approach.

Incidence Technique Range Reference Studies

Overall Open 1.4–33.5% (prevalent value
around 10%) Rocha, 2019 [4]; Lella, 2022 [9]; Muston, 2023 [3]

Endovascular 0–35% (prevalent value
around 3.5%)

Wong, 2012 [14]; Rocha, 2019 [4]; Pini, 2022 [20];
Zhang, 2022 [19]; Lella, 2022 [9]; Cheng-Hao,
2023 [21]; Frankort, 2023 [7]; Muston, 2023 [3]

Not defined 3.8–33% Cina, 2004 [8]; Lella, 2022 [9]; Muston, 2023 [3]

Permanent Open 3.3–11% Rocha, 2019 [4]; Alzghari, 2024 [2]

Endovascular 2.9–6.7% Rocha, 2019 [4]; Lella, 2022 [9]; Alzghari, 2024 [2]

Not defined 2–7–5.8% Thet, 2024 [25]

Late Open NR NR

Endovascular 1.9% (95% CI: 1.2–25%) Cheng-Hao, 2023 [21]

Not defined 1.3–12% Sef, 2023 [23]

Malloy et al.’s systematic review highlighted the variability in the indications and
use of CSFD and the absence of a standard protocol [17]. Some studies indicated CSFD
as a prophylactic measure for all patients, others in patients undergoing TEVAR, and the
remaining primarily used it only in high-risk, selected patients [17]. Their review stated
that the ideal timing, duration, and drainage parameters to maximize the benefits of CSFD
remain unestablished, necessitating further studies in order to define an optimal CSFD
protocol [17].

Zheng et al. were also among those who aimed to determine whether prophylactic
use of CSFD contributes to a lower rate of SCI (SCI) after thoracic endovascular aortic
repair (TEVAR) for Type B aortic dissection (TBAD) [6]. Based on a total of 34 studies
involving 2749 patients, once again, the authors reported no reduction in the occurrence
of permanent SCI with poutine or selective CSFD, and no difference in overall mortality
between the two groups [6]. It is worth noting that the definition of “selective” CSFD was
used inconsistently throughout the review, as it has been interchangeably used to refer to
prophylactic drainage only in high-risk patients and drains placed after SCI [6].

According to Lella et al. CSFD, either routinely employed or in selected high-risk
patients, was the most common measure to mitigate SCI after aortic repair [9]. High-risk
patients included patients with longer aortic coverage, prior aortic surgery, and coverage
of the subclavian and hypogastric vessels [9]. CSFD was set to a set pressure of 10 mmHg
and 0 mmHg in asymptomatic and symptomatic patients [9]. Once again, the importance
of TASP and MISAGE was shown, but the supporting evidence was scarce [9]. Regarding
the perioperative care measures, the authors noticed an increased interest in optimiz-
ing hemodynamic flow parameters, including mean arterial blood pressure, as well as
hemoglobin concentration and oxygen delivery [9]. The arterial pressure was maintained
above 90 mmHg by either withholding antihypertensive medications or rarely using vaso-
pressors, and the hemoglobin was kept above 10 g/dL [9]. Systemic or intrathecal steroids
and intravenous naloxone were reported in a couple of studies without robust data on their
safety and effectiveness [9].

3.7. Complications Associated with CSFD (Q5)

Seven studies reported complications associated with CSFD. Eight studies reported
complications associated with CSFD. Khan et al. reported complications of CSFD during
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TAAA repair, including two patients requiring external ventricular drains, four experienc-
ing intracranial hypotension, two instances of catheter occlusion or dislodgement, and one
case of persistent cerebrospinal fluid leak requiring an epidural blood patch [5]. However,
the exact complication rates could not be determined [5].

According to Zhang et al., the complications of CSFD included 1 case of subarachnoid
hemorrhage, 1 case of epidural hematoma, 4 cases of intracranial hypotension, and 12 cases
of headache, out of a total of 435 patients [19]. However, their review notes that the
incidence of other complications, such as CSF leakage, infection, and entrapped drain, was
not reported, so their specific rates remain unknown [19].

According to Chen et al., several additional complications were reported after pro-
phylactic CSFD, including spinal headache (4.3%), meningitis (0.6%), CSF leak requiring
re-intervention (0.7%), insertion site bleeding (0.7%), retained catheter tip (0.7%), epidural or
spinal hematoma (0.9%), intracranial or subdural hemorrhage (0.8%), and significant para-
paresis or paraplegia not attributable to ischemia (0.8%) [21]. This review also highlights
two drain-related deaths following large intracranial bleeds, emphasizing the potential
severity of CSFD complications [21]. The authors suggest that a larger total volume drained
could be a risk factor for intracranial hemorrhage [21].

Frankort et al. attempted to quantify the incidence of complications associated with
CSFD [7]. Their review estimated an overall complication rate of 13.6%, with a random-
effects model estimate of 10% and a 3.4% rate in low-risk bias studies [7]. However, the
review did not provide details on specific complication types due to limited reporting in
the source studies [7].

Alzghari et al. categorized the complications of CSFD into three groups: severe (1.95%,
including subdural hematoma and intracranial hemorrhage), moderate (0.38%, including
spinal headache), and minor (1.81%, including puncture site bleeding) [2]. The authors
noted that the rates were pooled estimates that may have varied across studies [2].

A review by Zheng et al. focuses on the impact of prophylactic CSFD on outcomes like
SCI and mortality rather than comprehensively analyzing CSFD-related complications [6].
While the review does not quantify complication rates, it acknowledges the potential for
adverse events [6]. The discussion mentions complications like intracranial hypotension
and meningitis, but the included studies did not consistently report these, limiting detailed
analysis [6].

According to the review by Malloy et al., the pertinent literature commonly reported
low-severity complications associated with CSFD, such as spinal headache and puncture
site pain, with a reported incidence rate as high as 23% [17]. While fewer studies detailed
complications requiring intervention, the available evidence suggests that more serious
issues, including spinal hematomas, an entrapped drain, and cerebrospinal fluid leaks, did
occur in some cases [17]. Importantly, no studies reported persistent morbidity or mortality
directly attributed to CSFD procedures [17].

Leone et al. identified seven CSFD-related deaths among 365 patients in three publica-
tions [24]. The authors estimated the crude mortality rate and the random effects model
mortality to be as high as 1.9% and 1.4%, respectively, both of which are non-negligible
figures [24]. Notably, all deaths occurred after massive intracranial hemorrhage during
hospitalization or within 30 days after surgery [24].

3.8. Treatment (Q6)

None of the studies reviewed directly focused on summarizing the evidence on
managing postoperative SCI. Similarly, no review addressed the management of delayed
SCI. However, two studies did discuss relevant aspects of SCI treatment as a secondary aim.
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Postoperative SCI management, according to Lella et al., focuses on prompt diagno-
sis and treatment [9]. Strategies for managing postoperative SCI include hemodynamic
optimization, which involves maintaining adequate mean arterial pressure, often above
80 mmHg or higher, depending on patient-specific factors [9]. Permissive hypertension
may be employed, in the sense of withholding antihypertensive medication [9]. Continuing
or initiating CSF drainage to reduce pressure on the spinal cord is a common practice,
with target pressures generally below 10–15 mmHg [9]. Surgical intervention, such as
decompression or revascularization, may be considered in cases of persistent or worsening
neurological deficits [9]. Supportive care, which includes maintaining adequate oxygena-
tion, managing fluid and electrolyte balance, and providing appropriate pain control, is
also crucial. Regular neurological assessments are essential to monitor for changes in neu-
rological status and guide treatment decisions [9]. The review emphasizes the importance
of a multidisciplinary approach involving vascular surgeons, neurologists, and critical care
specialists. It also highlights the need for further research to optimize postoperative SCI
management strategies [9].

Pini et al. focused on the occurrence of SCI after endovascular repair of TAAA
and mentioned certain measures, such as pharmacologic blood pressure support, direct
usage of CSFD, and intensive physiotherapy, as being clinically useful [20]. Significant
clinical amelioration was observed in selected patients after stenting a stenotic hypogastric
artery [20].

3.9. Prognosis (Q7)

Most of the systematic reviews mentioned the overall mortality rates in the context of
open surgical or endovascular repair but did not primarily address mortality specifically
associated with SCI. Tanaka et al. reported that the total mortality rate across the included
studies was 6.9% (54/782 patients) [15]. Likewise, Algzhari et al. (2023) distinguish between
operative mortality, which is death during the initial hospital stay or within 30 days of the
operation if the stay was shorter, in up to 6.2% of cases, and late mortality, defined as death
occurring after the initial hospital stay or after 30 days post-operation, without a single
pooled late mortality rate but presenting data for different follow-up periods [2]. Muston
et al. added that the 36-month survival rates were as follows: the hybrid group had the
highest survival at 88.7%, the open group had a survival of 61.7%, while the endovascular
group had insufficient data for meaningful interpretation [3].

Wong et al. were among those to comment on the negative impact of SCI on medium-
term survival [14]. The review references a single study which found that perioperative SCI
after thoracic aortic interventions is associated with impaired medium-term survival [14].
Once again, the review does not provide precise mortality rates attributable to SCI [14].
Likewise, Lella et al. noted that patients with permanent paraplegia due to SCI were
characterized by a poorer prognosis and had a mortality rate as high as 75% for DTA, and
44% for TAAA within the first year after surgery [9].

On the other hand, Moulakakis et al. focused on 25 cases with SCI from 18 studies
regarding neurological improvement [1]. Their review included patients with variable
presentation, ranging from mild sensory deficits to complete paraplegia, and mentions
that common symptoms include motor weakness (paraparesis or paraplegia), sensory
disturbances, and bowel or bladder dysfunction [1]. The specific neurological deficits
depended on the level and extent of spinal cord involvement and are indicative of the
definition of SCI variability [1]. In half of these cases, patients exhibited only modest
improvement at follow-up. In a quarter of the cases, no improvement was observed, while
a quarter of cases demonstrated near-complete recovery [1].

228



Brain Sci. 2025, 15, 409

3.10. Results of Quality Appraisal

Of the studies, twenty-three were rated as being “critically low” and two as “low”
quality according to AMSTAR-2. It is worth noting that no study reported the list of the
excluded records except one [7], and no study considered the role of funding or the risk of
bias while discussing their results (Figure 2). Furthermore, the clinical heterogeneity of the
available data precluded performing an umbrella meta-analysis that could help us estimate
the risk of publication bias.

(A) 

 
(B) 

Figure 2. AMSTAR-2 grading for each review study individually (A) and for the whole dataset
(B) [1–9,11,14–26].

The eligible reviews and meta-analyses of our study were largely characterized by
a high risk of bias, frequent inconsistencies or conflicting findings, and a lack of direct
evidence on numerous topics (Table 5). It is also notable that only a few studies controlled
for potential moderators. Thus, according to the GRADE recommendations, the overall
quality of evidence was moderate for Q1, Q4, and Q5, low for Q3, and very low for Q2, Q6,
and Q7, suggesting that further research is still needed to better characterize the underlying
pathogenesis, methods for early SCI detection, and treatment strategies for perioperative
SCI (Table 6).
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4. Discussion

4.1. Overview of Our Findings

This paper includes systematic reviews and studies that provide a comprehensive
overview of the current evidence on diagnosing, preventing, and managing SCI in the
context of thoracic and thoraco-abdominal aortic interventions. SCI has been found to
occur with a reported incidence ranging from 1.4% to 10% for open repair and 3% to 10%
for endovascular procedures. Permanent paraplegia remains in less than 5% of the cases.
Among the risk factors of SCI, extensive aortic coverage, poor collateral blood perfusion,
reoperation, and hemodynamic instability have been identified (Q1). The reviewed studies
also highlight the effectiveness of various interventions, such as CSFD, pharmacologic
blood pressure support, and selective revascularization, in preventing postoperative issues
(Q4). Finally, CSFD seems to have non-negligible morbidity and mortality, and its use
should weigh the benefits against the potential risks (Q7).

4.2. Prevention and Treatment of SCI in the Guidelines

Several clinical guidelines were published in 2024, including the “2024 ESC Guidelines
for the management of peripheral arterial and aortic diseases”, the “European Society
for Vascular Surgery (ESVS) 2024 Clinical Practice Guidelines on the Management of
Abdominal Aorto-Iliac Artery Aneurysms”, and the “AO Spine & Praxis Spinal Cord
Institute Guidelines for the Management of Acute Spinal Cord Injury”. These guidelines
provide comprehensive recommendations to prevent and manage spinal cord injury [27,28].

The ESVS recommendations support the assertion that SCI is more common after
the open or endovascular repair of TAAAs, types I, II, and III [29]. The endovascular
repair of complex AAAs may triple the SCI risk compared to open surgery, although recent
studies show varying incidences [29]. Preventive strategies include staging the procedure,
maintaining high blood pressure and oxygenation, preserving collateral circulation, CSFD,
and neuromonitoring [29]. Prophylactic CSFD is proven for open TAAA repair but lacks
evidence for complex AAA EVAR [29]. Due to potential complications, routine prophylactic
CSFD is not recommended for complex AAA repair, but may be considered in high-risk
patients [29]. Rapid post-operative extubation for neurological assessment is desirable, and
a rescue drainage policy is often preferred over prophylactic drainage [29].

According to the ESC guidelines, SCI is reported in 11% to 15% of cases, and is
often linked to the severity of aortic pathology [30]. However, thoracic endovascular
aortic repair has been associated with an increased risk of SCI, underscoring the need
for a prudent approach to revascularization strategies [30]. This may involve the prior
surgical or concurrent endovascular revascularization of the left subclavian artery in
elective settings [30]. The guidelines do not comment on neuromonitoring or the use of
CSFD and provide no treatment strategy in the event of SCI [30].

AO Spine defines intraoperative spinal cord injury as a new or worsening neurological
deficit due to spinal cord dysfunction diagnosed during surgery, using neuromonitoring,
wake-up tests, or immediate post-operative clinical assessment [31]. The reported frequency
of intraoperative SCI varies widely from 0% to 61%, with risk factors including older age,
male sex, cardiovascular disease, severe myelopathy, blood loss, osteotomy, and spinal
deformities [31]. Conversely, better preoperative neurological status and intraoperative
neuromonitoring are associated with decreased ISCI risk [31]. Multimodal monitoring can
achieve high sensitivity (83.5%) and specificity (93.8%) [32]. The authors recommend a
comprehensive checklist of surgical, technical, and anesthetic measures to prevent and
manage ISCI, emphasizing communication between surgeons and anesthesiologists [32].
In the event of persistent neurophysiologic changes, options include steroids, consulting
colleagues, wake-up tests, and potentially aborting the procedure [32]. Post-operative
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management involves close monitoring, steroids, blood pressure control, and further
imaging [32]. AO Spine also recommended maintaining the mean arterial blood pressure
between 75 and 80 mmHg, but not exceeding 90–95 mmHg, in order to optimize spinal
cord perfusion in patients with acute traumatic SCI [28]. This recommendation is for a
time period of at least three to seven days [28]. However, the attending physician should
use their discretion in selecting the appropriate vasopressor or inotrope to achieve the
target mean arterial pressure goals in these patients [28]. The guidelines do not provide
any commentary on the use of CSFD, and they also lack a clear definition of the optimal
steroid treatment and its recommended dosage.

4.3. Evidence Gaps and Future Perspectives

The current umbrella review identified five important gaps in the literature. Firstly,
the literature does not consistently define and report SCI. Most reviews did not distinguish
between permanent and temporary neurological deficits, which could have important
implications for patient outcomes and management. Minor motor and sensory deficits
were not registered. The absence of consistent definitions extends to the terms “temporary
and “permanent” neurological deficit, a fact which adds to the complexity in understanding
this disabling complication. A detailed, multifaceted definition that considers severity,
timing, and other factors like neurological level should be broadly used and supported by
the appropriate guideline bodies. Moreover, many of the reviewed studies did not assess
long-term neurologic outcomes beyond the immediate perioperative period.

Secondly, all risk factors point towards an ischemic etiology for SCI, with the final
pathway likely being, most likely, the hypoperfusion of the spinal cord during aortic
surgery (Q2). The surgical manipulation, aortic cross-clamping, and coverage of the
involved segmental arteries during repair can compromise spinal cord perfusion, leading
to ischemia and subsequent neurological deficits. Nevertheless, the pathogenesis seems
to be multifactorial and incompletely understood, implicating factors like inadequate
revascularization, elevated CSF pressure, and spinal cord compression from hematomas
to be less studied. Likewise, the molecular pathogenetic pathways, including spinal cord
edema, neuroinflammation, excitotoxicity, spasm of the microcirculation, mitochondrial
dysfunction, oxidative stress, and apoptosis, are not fully characterized. Moreover, it is not
clear if the underlying mechanisms of delayed SCI are the same as in acute/peri-operative
injury. Understanding the pathogenetic mechanisms is critical in the development of
effective targeted preventive and therapeutic interventions.

Thirdly, no established method exists to monitor or measure spinal cord perfusion
intraoperatively to guide surgical and anesthetic management (Q3). Modern techniques,
like somatosensory and motor-evoked potentials, remain an established method in spine
surgery. However, their accuracy in aortic repair surgery could be affected by several fac-
tors, such as hypothermia, cardiopulmonary bypass, and drug selection during anesthesia.
Therefore, further comprehending the limitations and optimizing the use of neuromonitor-
ing strategies is of utmost importance. Other methods, like CSF biochemistry and NIRS,
seem to be less promising, at least in the near future.

Fourthly, a lack of consensus on the optimal treatment strategies is observed, althrough
this is not to say that there are no treatment methods at all (Q6). It is clear that endovascular
repair is associated with significantly less risk for SCI. Likewise, staged procedures, F/B
endovascular aortic repair, and LSA revascularization have shown protective effects against
SCI [33,34]. Empasis is also placed on the optimal aneurysm selection, due to inherent
differences in the associated SCI risk. However, many of the implemented measures are, in
fact, extensions of the preventive measures during postoperative care. Among these are
the use of CSFD, blood pressure augmentation, hypothermia, pharmacologic agents, and
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stimulation strategies [35]. Moreover, the target CSFD remains ill-defined, with significant
differences among studies. The role of steroids is also unclear. In spinal cord trauma,
early high-dose methylprednisolone has been advocated for a limited period of 24 h in
highly selected young patients without any underlying comorbidities, but its utility in
SCI associated with aortic procedures is not proven. Likewise, specific vasodilators or
other neuroprotective medications with documented benefits after cerebral aneurysmal
vasospasm, like nimodipine, milrinone, or fasudil, warrant further investigation. It is
of note that the “ISCOPE” trial by Papadopoulos et al. demonstrated that neurologic
recovery may be more closely tied to spinal cord perfusion pressure (SCPP) than to mean
arterial pressure. Future guidelines may include SCPP monitoring and management
recommendations as new evidence emerges, with stratification for early and delayed SCI.

Finally, the impact of SCI on long-term functional outcomes and quality of life remains
poorly characterized. While the available studies provide mortality rates, they do not
systematically report on SCI-related parameters. These figures are important to guide
patients and their families in the complex decision-making process surrounding the risks
and benefits of thoracic or thoraco-abdominal aortic interventions. Moreover, accurate data
would support future research endeavors, cost-effectiveness analyses, and healthcare policy
decisions. In addition, future studies need to address several functional patient-reported
data, including quality of life, overall patient functioning, psychological distress, and
social parameters.

4.4. Ongoing Trials

Numerous ongoing clinical trials are poised to yield valuable insights regarding the
prevention and management of SCI in the context of TAAA repair procedures. The clinical
trial denoted as NCT04941157 serves as a pilot study, specifically aiming to evaluate the
feasibility of conducting a larger randomized controlled trial that contrasts the prophylactic
versus selective placement of CSFD for SCI prevention in patients undergoing endovas-
cular TAAA repair. This investigation seeks to ascertain whether the implementation of
prophylactic CSF drains, as part of a comprehensive SCI prevention protocol, effectively
diminishes the incidence of SCI compared to a strategy of placing drains exclusively upon
the manifestation of SCI.

Similarly, the SINATRA trial (NCT03074487) is focused on exploring methodologies
for the early detection of SCI subsequent to open surgical interventions for TAAA. This
study aims to assess the accuracy and feasibility of alternative neurophysiological as-
sessments for the postoperative detection of SCI in sedated or partially sedated patients.
Among the diagnostic modalities being evaluated are long loop reflexes (LLR) utilizing
F-waves and paraspinal muscle oxygenation metrics measured through near-infrared
spectroscopy (NIRS).

Conversely, the trial labeled NCT05195905 investigates the application of physician-
modified endografts (PMEG) in treating pararenal and thoracoabdominal aortic aneurysms.
This research intends to enroll approximately 30 participants aged 18 years and older.
The primary outcomes to be measured encompass the incidence of major adverse events
within 30 days post-procedure and the success of the treatment at the 12-month follow-
up. Secondary outcomes include mortality rates, incidences of major adverse events,
occurrences of spinal cord ischemia, treatment success, and the rate of freedom from
secondary interventions.

The PAPA-ARTiS trial (NCT03434314) is designed to investigate the potential reduction
in paraplegia and mortality risk associated with the minimally invasive staged aortic
coiling and embolization (MISACE) procedure in patients undergoing thoracoabdominal
aortic aneurysm repair. This multinational, prospective, open-label, two-arm randomized
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controlled trial compares two distinct treatment strategies: TAAA repair conducted with
versus without MISACE pre-treatment, the latter of which involves the staged embolization
of segmental arteries prior to aneurysm repair in an effort to enhance collateral blood flow
to the spinal cord.

Lastly, the CASPER trial represents a multicenter initiative aimed at enrolling 100 pa-
tients diagnosed with acute traumatic cervical and thoracic SCI to explore the influence of
spinal cord perfusion pressure (SCPP) management on neurological outcomes. Patients
will have a lumbar intrathecal catheter placed within 24 h post injury for the purposes of
intrathecal pressure (ITP) measurement and CSF sampling. The primary objective of this
study is to ascertain whether the maintenance of an SCPP ≥ 65 mmHg yields improved
neurological recovery outcomes in comparison to conventional hemodynamic management
practices. Additionally, the trial will investigate the feasibility of CSF drainage to mitigate
ITP while assessing the complications associated with intrathecal catheter insertion and
CSF drainage in this specific patient demographic.

4.5. Key Challenges in Studying Spinal Cord Injury

The rarity of SCI and the inherent difficulties in conducting large-scale clinical trials
pose significant barriers to advancing research in this field. Multidisciplinary collaboration
among vascular surgeons, anesthesiologists, critical care physicians, neurosurgeons, neurol-
ogists, and rehabilitation specialists is essential to comprehensively investigate the various
aspects of this complex clinical condition. Securing adequate funding and overcoming
the inherent heterogeneity among SCI cases further contribute to the slow progress in
this area of study. Additionally, the use of diverse definitions and outcome measures in
the available literature makes it challenging to synthesize the evidence and draw firm
conclusions. Despite these limitations, the past decade has witnessed a substantial increase
in the volume of published research on SCI associated with aortic surgery. Establishing
standardized registries with well-defined parameters would be instrumental in advancing
this field of study.

4.6. The Role of CSF Drainage

The current review identifies prophylactic cerebrospinal fluid (CSF) drainage as a
commonly used technique in open elective TAAA repairs to preserve spinal cord perfu-
sion, aiming to maintain intracranial pressure below central venous pressure or 10 mmHg.
Drainage rates typically fall within the range of 5 to 15 milliliters per hour (mL/h), with
some centers opting for slightly higher rates, up to 20 mL/h, during the intraoperative pe-
riod. Postoperatively, many protocols recommend a more conservative drainage rate, often
not exceeding 10 mL/h. The total volume of CSF drained can also vary significantly, with
some protocols specifying maximum volumes, such as no more than 25 mL in a four-hour
period or 150 mL within a 24 h window. The overall duration of CSF drainage typically
extends for 24 to 72 h following surgery in patients who do not exhibit any neurological
deficits. However, in cases where SCI symptoms develop, the drainage period may be
prolonged, sometimes lasting up to 5 to 7 days. This approach is often supplemented by
strategies to ensure adequate blood pressure and cardiac output. However, the effective-
ness of CSF drainage in thoracic endovascular aortic repair (TEVAR) is debated, with some
centers recommending it for high-risk patients while others advocate for selective use only.
Although intended to prevent spinal cord ischemia, the procedure carries risks, including
headaches and infections, necessitating careful patient selection and monitoring. To op-
timize the use of prophylactic CSF drainage, further investigation into specific drainage
parameters from medical associations and the detailed exploration of patient selection
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criteria is crucial, along with recommendations for future randomized controlled trials to
provide more definitive evidence.

4.7. The Role of Neuromonitoring

The adjustment for confounding variables such as operation duration and aortic
coverage, disturbances in oxygenation and core body temperature is paramount for the
accurate interpretation of intraoperative recordings in abdominal aortic repair surgery.
Within this context, multimodal neuromonitoring—specifically the integration of MEPs
and SSEPs—emerges as a significant tool for the intraoperative evaluation of spinal cord
functionality during surgery. This combinatorial approach is characterized by enhanced sen-
sitivity and specificity, which may facilitate the improved identification of risks associated
with SCI. Nevertheless, the literature surrounding the definitive impact of neuromonitoring
on the reduction in paraplegia rates presents conflicting evidence, likely attributable to
variability in monitoring protocols and the influence of multiple external factors. Therefore,
it is essential to embed neuromonitoring within a comprehensive strategy for SCI preven-
tion, which should include the implementation of CSFD, distal aortic perfusion, and the
selective re-implantation of intercostal arteries. To elucidate the role of neuromonitoring
and refine its application in enhancing neurological outcomes for patients undergoing
abdominal aortic repair, further empirical research, particularly well-structured random-
ized controlled trials that adequately account for possible confounders, is warranted. In
addition, intraoperative neuromonitoring might help identify patients at risk of developing
delayed SCI. Given the dynamic nature of both open and endovascular surgical techniques,
a continuous reassessment of optimal neuromonitoring strategies is necessary, alongside
the recognition that the presence of proficient multidisciplinary teams is critical for the
successful adoption and interpretation of these advanced monitoring techniques.

4.8. Limitations

The current umbrella review is limited by the shortcomings of primary and secondary
studies. Firstly, it is based on small-sized, single-center, retrospective studies, which carry a
risk of bias. Secondly, the reporting clarity of the secondary reviews and meta-analyses
is often suboptimal, limiting the ability to assess methodological quality. Thirdly, there
is substantial clinical heterogeneity among the included studies in terms of definitions
of SCI, patient population, surgical procedures, and reported outcomes. Fourthly, the
limited available evidence precludes the stratification of the findings according to the
implemented technique, patients’ age and gender, aneurysm extent, and studies from low-
or middle-income countries. Finally, as in every umbrella review, there is an obvious bias
against newer techniques and devices.

5. Conclusions

SCI remains a devastating complication after aortic repair surgery with a variable rate
depending on several factors, including the type of repair and the adopted prophylactic
measures. To effectively address the existing gaps in our understanding of SCI related
to thoracic and thoraco-abdominal aortic procedures, future research should prioritize
standardizing definitions of SCI and associated neurological deficits to ensure consistency
across studies, thereby enhancing communication and collaboration within the research
community. Furthermore, a deeper examination of the pathogenic mechanisms of SCI
at the cellular and molecular levels is necessary to identify potential therapeutic targets.
Optimizing neuromonitoring techniques through multimodal approaches could signifi-
cantly improve the intraoperative and early postoperative detection of SCI. Conducting
high-quality studies, particularly randomized controlled trials, is vital for assessing the
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effectiveness of preventive strategies such as CSFD, staged procedures, and meticulous
hemodynamic management, alongside establishing evidence-based treatment protocols
that explore pharmacological interventions and surgical decompression strategies. Iden-
tifying high-risk patients who may be susceptible to CSFD-related complications and
developing strategies to mitigate these risks is crucial, as is a thorough assessment of the
long-term morbidity and mortality linked to SCI after aortic repair, which will provide
valuable insights for patient management and prognostication. By addressing these re-
search priorities, we can significantly enhance our ability to prevent, diagnose, and manage
SCI, leading to improved outcomes for patients undergoing aortic surgery.
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Abbreviations

The following abbreviations are used in this manuscript:

BMT Best medical treatment
CSF Cerebrospinal fluid
CSFD Cerebrospinal fluid drain
CT Computerized tomography
CNIHE Canadian National Institute of Health Economics
DTA Descending thoracic aortic
F/B-EVAR Fenestrated or branched endovascular repair
GRADE Grading of Recommendations Assessment
LSA Left subclavian artery
MA Meta-analysis
MEPs Motor evoked potentials
MICACE Minimally invasive segmental spinal artery coil embolization
MRI Magnetic resonance imaging
NIRS Near-infrared spectroscopy
NOS Newcastle Ottawa scale
OS Open surgery
SCI Spinal cord ischemia
SR Systematic review
SSEPs Somatosensory evoked potentials
QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies—2
TAAAs Thoracoabdominal aortic aneurysms
TASP Temporary aneurysm sac perfusion
TBAD Type B aortic dissection
TCD Transcranial Doppler
TEVAR Thoracic endovascular aneurysm repair
US Ultrasound
W/O Without
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Abstract

Background and Clinical Significance: Moyamoya disease (MMD) is a progressive in-
tracranial vasculopathy characterized by stenosis or occlusion of the terminal internal
carotid arteries and the development of fragile collateral networks. It predisposes patients
to ischemic and hemorrhagic strokes. Although both direct and indirect revascularization
procedures are recommended to restore cerebral blood flow, recurrent cerebrovascular
events may still occur, and delayed hemorrhage following revascularization is particularly
uncommon. Case Description: We report the case of a 42-year-old woman who presented
with seizure, syncope, and aphasia. Cranial computed tomography (CT) revealed a large
left temporal–insular intraparenchymal hematoma with a midline shift. Computed tomog-
raphy angiography (CTA) demonstrated bilateral internal carotid artery narrowing and
collateral vessel proliferation, without aneurysm. Her history indicated a hemorrhagic
stroke 15 years earlier, at which time MMD was diagnosed by magnetic resonance an-
giography (MRA) and managed with multiple burr hole surgeries. She remained free
of cerebrovascular events until the current presentation. The patient underwent emer-
gent hematoma evacuation, followed by intensive care management. Postoperatively, she
demonstrated neurological improvement, though with residual motor aphasia and right-
sided weakness, and was discharged for rehabilitation. Conclusions: This case underscores
the rare occurrence of delayed intracerebral hemorrhage 15 years after indirect revascu-
larization in MMD. Although revascularization surgery remains the standard therapeutic
approach, this report highlights the importance of sustained long-term surveillance, strict
risk factor management, and careful postoperative follow-up. The key point is that late
hemorrhagic complications, though uncommon, must be considered in the long-term care
of MMD patients following revascularization.

Keywords: moyamoya disease; indirect revascularization; delayed intracerebral
hemorrhage; multiple burr hole technique

1. Introduction

Moyamoya disease (MMD) represents a cerebrovascular disorder that increases sus-
ceptibility to stroke due to progressive narrowing of the intracranial internal carotid arteries
and their major proximal branches. Individuals who exhibit the distinctive moyamoya
angiopathy in conjunction with additional underlying conditions are classified as having
moyamoya syndrome [1]. MMD results in diminished cerebral perfusion, the develop-
ment of collateral circulation, and a heightened susceptibility to transient ischemic attacks,
ischemic strokes, and intracranial hemorrhage [1,2].
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Epidemiological data indicate a higher incidence in people of Asian ancestry; however,
cases are likewise observed in Western populations, including the Americas and Europe [3].
It was observed that the incidence peaked in the age group of 5 and 40 years [4,5]. MMD
shows a female predominance, with an incidence about twice that in males. In the Japanese
population, it is most frequently identified during childhood, and overall, the rate in Japan
is estimated to be ten times greater than in European countries [4–6].

The etiology of MMD remains incompletely understood, but genetic factors, such as
mutations in the ring finger protein 213 (RNF213) gene, have been implicated in disease
susceptibility, particularly among East Asian patients [7].

Imaging modalities such as cranial computed tomography angiography (CTA), mag-
netic resonance angiography (MRA), and digital subtraction angiography (DSA) are em-
ployed for evaluation. The distinctive angiographic pattern of the collateral vessels, remi-
niscent of a “puff of smoke” in Japanese, led to the designation moyamoya.

Antiplatelet and anticoagulant agents are used in cases where surgery is not pos-
sible, but the primary treatment for MMD is revascularization surgery. Given its pro-
gressive nature and significant risk of ischemic and hemorrhagic complications, early
recognition and appropriate management of MMD are critical to improving long-term
neurological outcomes.

MMD, both ischemic and hemorrhagic strokes may occur following revascularization
surgery. These complications are typically associated with certain etiological factors, such as
hyperperfusion syndrome, hemodynamic alterations at the anastomosis site, or underlying
vasculopathies. However, late-onset hemorrhagic stroke cases are reported to be quite
rare in the literature. In this report, we present a rare case of delayed hemorrhagic stroke
occurring long after revascularization and discuss it in the context of the existing literature.

2. Case Description

A 42-year-old female patient was admitted to the emergency department with com-
plaints of seizure and syncope, initially presenting with aphasia. Upon admission,
the patient’s blood pressure was recorded at 170/110 mmHg, with no prior history of
hypertension. Laboratory investigations, including coagulation parameters, revealed
no abnormalities.

Neurological examination showed impaired consciousness, with no anisocoria. She
localized painful stimuli with the left extremities, whereas no movement was detected on
the right side. There was no eye opening in response to verbal or painful stimuli (GKS 7).

An emergent brain CT demonstrated a 48 mm × 75 mm intraparenchymal hematoma
in the left temporal and insular lobes, with a 16 mm midline shift to the right, as well as
multiple burr hole defects (Figure 1).

CT angiography revealed reduced calibers of the bilateral internal carotid arteries,
along with prominent revascularization at the hematoma base and contralateral hemisphere.
No aneurysms were identified (Figure 2).

According to the history obtained from her husband, the patient had experienced a
hemorrhagic stroke 15 years earlier, at which time MR angiography had confirmed the
diagnosis of MMD, and she underwent multiple burr hole surgery (Figures 3 and 4).

She had remained free of ischemic or hemorrhagic stroke for 15 years and had no
comorbidities, including hypertension, except for Sjögren’s syndrome. Two years after
the revascularization surgery performed 15 years ago, the patient was diagnosed with
Sjögren’s syndrome following rheumatologic assessment for complaints of dry eyes and
mouth. She was managed with symptomatic therapy, and her medical history indicated no
evidence of disease progression.
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The patient’s husband was informed, and written consent was obtained. The pa-
tient underwent a fronto-temporo-parietal skin incision, followed by the creation of an
8 cm × 6 cm craniotomy flap. Adhesions between the galea and dura from the previous
revascularization were carefully dissected. Evacuation of the intraparenchymal hematoma
exposed an area of atypical vascularization at its base, from which tissue samples were
obtained for pathological analysis. The patient was subsequently transferred to the post-
operative intensive care unit. In the postoperative period, the patient showed a favorable
response to antihypertensive therapy with an angiotensin II blocker, diuretic, and calcium
channel blocker, regaining consciousness and cooperative ability 34 h after surgery. Follow-
ing a three-day stay in the intensive care unit, she was moved to the neurosurgery ward.

 

Figure 1. Initial brain CT obtained at the patient’s presentation to the emergency department
((A) axial, (B) sagittal, (C) coronal view). The scan demonstrates a large intraparenchymal hematoma
in the left temporal and insular lobes, accompanied by a significant midline shift to the right and
mass effect with compression of the adjacent ventricular structures. Multiple burr hole defects from
the previous revascularization procedure are also visible.

 

Figure 2. Preoperative brain CTA of the patient ((A) axial, (B) coronal, white arrow: revascularized
region adjacent to the hemorrhage).

241



Brain Sci. 2025, 15, 1077

 

Figure 3. Pre-revascularization MR angiography obtained 15 years earlier ((A,B) axial planes;
(C,D) 3D reconstructions). White arrow: decreased caliber of the internal carotid artery (ICA);
yellow arrow: attenuated caliber of the middle cerebral artery (MCA); red arrow: reduced diameter
of the anterior cerebral artery (ACA).

 

Figure 4. Three-dimensional brain CT reconstruction obtained 15 years after indirect revasculariza-
tion, demonstrating the patient’s appearance following the multiple burr hole (MBH) procedure.
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During her ward stay, the patient developed diabetes insipidus, which was well-
controlled with desmopressin therapy. Control CT and MRI obtained on postoperative
day 7 demonstrated resolution of the midline shift and a decrease in cerebral edema
compared with the preoperative findings (Figure 5). Histopathological evaluation revealed
no evidence of vascular malformations.

 

Figure 5. Brain CT and MRI obtained on the seventh postoperative day ((A) axial, (B) sagittal,
(C) coronal view, (D) axial T2-weighted image). The postoperative CT demonstrates resolution of the
previously observed midline shift and a marked decrease in perilesional cerebral edema. No new
hemorrhage or ischemic changes are evident. The corresponding MRI sequences confirm a reduction
in the mass effect, an improvement in ventricular compression, and postoperative changes consistent
with hematoma evacuation.

At the time of discharge, the patient was maintained on antihypertensive therapy,
including an angiotensin II receptor blocker, a diuretic, and a calcium channel blocker, with
stable blood pressure. He was alert but exhibited motor aphasia, with right upper limb
strength graded 2/5 and right lower limb strength 3/5 (mRS 3). He was discharged to
continue physical therapy and rehabilitation.

3. Discussion

MMD impacts both children and adults, with clinical presentation ranging from
cerebral ischemia and infarction to hemorrhagic lesions. Common manifestations include
impaired cognition, migraine-type headaches, epileptic episodes, and motor disturbances
such as abnormal contractions, muscular rigidity, and cramps [1,8–10]. In clinical series of
MMD, the prevalence of ischemic stroke ranges from 50–75%, transient ischemic attacks
from 50–75%, and intracranial hemorrhage from 10–40% [1]. In adult patients with MMD,
enlargement and atypical branching of the anterior choroidal artery and/or posterior
communicating artery serve as significant predictors of hemorrhagic episodes [11].

The etiology and mechanisms underlying MMD remain poorly understood. In the
absence of an identifiable cause, it is considered an idiopathic disorder. Nevertheless, recent
research has focused on clarifying potential genetic and immunological contributors.

MMD, previously regarded as a predominant genetic disorder, has also been linked
to autoimmune mechanisms. A competitive endogenous RNA network centered on the
long non-coding RNA MALAT1 was identified, involving 15 key mRNA targets. Immune
profiling showed increased microvascular endothelial cells and reduced CD4+ memory and
regulatory T cells, with MALAT1-associated gene expression correlating positively with
endothelial changes and inversely with T-cell subsets. These findings indicate MALAT1 as
a potential biomarker and therapeutic target in MMD [12].

MMD is most strongly linked to genetic alterations in RNF213, a founder mutation
predominantly observed in East Asian populations. Emerging evidence demonstrates that
RNF213 variants are also overrepresented in non-moyamoya intracranial vasculopathies,
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including large-artery atherosclerotic stroke and intracranial arterial stenosis or occlusion,
particularly among East Asian individuals with early-onset or cryptogenic stroke [13].
Investigations of the RNF213 Arg4810Lys mutation have revealed that it disrupts angio-
genic signaling, endothelial function, vascular remodeling, and immune regulation, effects
worsened by stressors such as hypoxia and inflammation, and is implicated in MMD,
intracranial stenosis, ischemic stroke, and atherosclerosis [7].

A ceRNA regulatory network was established to explore potential therapeutic targets
in MMD, leading to the identification of AKT1, CLDN3, ISG20, and TGFB2 as critical
hypoxia-immune–related genes implicated in disease mechanisms. These genes are be-
lieved to contribute to MMD pathogenesis through their involvement in processes such as
epithelial–mesenchymal transition, angiogenic signaling, and cellular adhesion. Elucidat-
ing the function of hypoxia-immune genes in MMD not only provides insight into possible
pathogenic mechanisms but also paves the way for novel diagnostic strategies and targeted
therapeutic interventions [14].

Although the exact cause of MMD remains unclear, evidence indicates that immune
dysregulation, alongside genetic predisposition, plays a key role. T and B lymphocytes,
macrophages, and dendritic cells contribute to inflammation and vascular remodeling,
promoting arterial stenosis and ischemic risk. Genetic and environmental factors influence
immune activation, linking immune responses to disease progression. Targeting these path-
ways may offer therapeutic potential, but further research is needed to clarify mechanisms
and optimize treatments [15].

Complement C3 levels are typically reduced in patients with MMD and show a
further decline in the advanced stages as defined by Suzuki grading. Factors such as age,
diastolic blood pressure, and circulating complement C3 levels have been associated with
the progression of vasculopathy, supporting the hypothesis that the complement system
may contribute to the pathogenesis of MMD [16].

Reports of MMD occurring in association with multiple sclerosis (MS) are rare, largely
due to overlapping clinical features between the two conditions [17]. Although the char-
acteristic angiographic findings enable the diagnosis of MMD, they do not exclude the
possibility of concomitant central nervous system disorders. Without careful assessment
of the clinical and neuroradiological profile, this coexistence may easily be overlooked.
Therefore, in MMD patients presenting with atypical MRI lesions, cerebrospinal fluid
analysis and spinal cord imaging are recommended to evaluate for potential accompanying
pathologies [18].

In the differential diagnosis of MMD, it is important to consider conditions such
as autoimmune disorders (e.g., Sjögren’s syndrome), meningitis, intracranial neoplasms,
Down syndrome, Neurofibromatosis type 1, post-radiation cerebrovascular lesions, sickle
cell disease, migraine, and atherosclerosis. Moreover, clinicians should remain aware
that these conditions may coexist with MMD, potentially complicating the clinical and
radiological assessment [19–24].

Digital subtraction angiography (DSA) remains the gold standard in diagnosing MMD.
Owing to its superior spatial and temporal resolution, it is invaluable for evaluating stenosis
or occlusion of the terminal internal cerebral artery (ICA) and the patency of collateral
pathways. Additionally, DSA provides the most reliable means of visualizing collateral
vessel development, which is essential for guiding therapeutic decisions and monitoring
postoperative neoangiogenesis [25–27]. It is also a straightforward, efficacious, and safe
approach when applied for the selective embolization of ruptured aneurysms arising within
Moyamoya collateral vessels [28].

Computed tomography angiography (CTA) enables clear visualization of the circle of
Willis as well as the anterior, middle, and posterior cerebral arteries and their main branches,
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offering a valuable diagnostic tool for detecting occlusive vascular pathology. Owing to
its rapid acquisition and fast image reconstruction, CTA is often the preferred modality in
emergency settings [29]. Computed tomography perfusion (CTP) is commonly utilized
as the primary modality for evaluating postoperative cerebral hemodynamic alterations,
owing to its rapid acquisition and superior spatial resolution [30].

Magnetic resonance angiography (MRA) provides a noninvasive and radiation-free al-
ternative to DSA and CTA for evaluating bypass patency and allows assessment of arterial
diameter to predict the formation of surgical collaterals [31]. Among available methods, 3D
time-of-flight (TOF) MRA is the most frequently employed for cerebral vascular imaging,
owing to its high spatial resolution, favorable signal-to-noise ratio, and capability of gen-
erating very thin slices. Nonetheless, TOF-MRA has demonstrated limitations compared
with CTA, including reduced accuracy in visualizing trephination bypass segments and the
tendency to overestimate focal pseudo-occlusive changes in this region [32]. Intracranial
vessel wall imaging (IVWI) serves as a complementary technique to conventional MRA and
holds significant promise for the morphological evaluation of revascularization in MMD.
High-resolution MRI–based IVWI is valuable in distinguishing MMD from intracranial
atherosclerotic stenosis [33,34]. In addition, preoperative assessments suggest that IVWI
may act as a predictive marker for postoperative stroke within the affected vascular ter-
ritory following revascularization [35]. The “Ivy sign,” characterized by leptomeningeal
hyperintensity on fluid-attenuated inversion recovery MRI (FLAIR-MRI), is considered a
distinctive radiological marker of MMD, reflecting sluggish flow within dilated pial vessels
supplying leptomeningeal collaterals and regions of compromised perfusion [36]. Clinical
studies have demonstrated that regression of the “ivy sign” on postoperative FLAIR-MRI
correlates with improved cerebral hemodynamics and symptomatic relief, whereas the
emergence of a new “ivy sign” may serve as an early indicator of postoperative cerebral
hyperperfusion syndrome [37].

Blood oxygen level–dependent functional MRI (BOLD-fMRI) is a neuroimaging modal-
ity that exploits deoxyhemoglobin within cerebral vessels as an intrinsic contrast mecha-
nism to generate functional activation maps. It is extensively applied to evaluate cerebrovas-
cular reserve, alterations in neurovascular coupling, and to determine the effectiveness of
surgical revascularization [38–40]. BOLD-fMRI also shows promise as a standardized tool
for both pre- and postoperative assessment of MMD patients, particularly in the pediatric
population. Nonetheless, enhancing the reliability and reproducibility of BOLD imaging
remains a significant challenge in clinical practice [29].

Single-photon emission computed tomography (SPECT) is regarded as the gold stan-
dard for evaluating cerebral perfusion [41]. Reduced cerebrovascular reserve, detected
either at baseline or following acetazolamide stimulation in postoperative MMD patients,
is associated with an unfavorable prognosis, including ongoing neurological deficits and
recurrent ischemic events [42]. Furthermore, alterations in cerebral blood flow measured
by SPECT have been linked to cognitive recovery in both adult and pediatric populations
with MMD [43].

Positron emission tomography (PET) is regarded as the reference functional imaging
modality for evaluating metabolic processes associated with vascular function in MMD
patients following bypass surgery [29]. Literature evidence suggests that PET provides
more precise assessments for carefully selected patients who are most likely to derive
benefit from surgical intervention [44–46]. Nonetheless, its widespread clinical application
is constrained by limited availability, high cost, and prolonged acquisition times [29].

A novel scoring system, the MRI-Based Assessment of Risk for Stroke in Moyamoya
Angiopathy (MARS-MMA), was created to evaluate hemodynamic status in patients with
Moyamoya prior to revascularization and was compared with DSA and PET imaging. The
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MARS-MMA score demonstrated a strong correlation with cerebral perfusion reserve. This
fully MRI-based scoring system represents a potentially valuable tool for predicting stroke
risk in MMD patients [47].

Suzuki and Takaku proposed a grading system for MMD based on angiographic
findings, outlining the progressive stages of vascular changes. In Grade I, there is initial
narrowing at the internal carotid artery (ICA) apex. Grade II is characterized by the emer-
gence of moyamoya collateral networks, while Grade III reflects further stenosis of the ICA
accompanied by intensification of these abnormal collateral vessels. In Grade IV, collateral
circulation begins to develop from the external carotid artery (ECA). Grade V demonstrates
prominent ECA collateral formation alongside regression of moyamoya-related vessels.
Finally, Grade VI represents complete occlusion of the ICA with the disappearance of
moyamoya collaterals. This staging system provides a structured framework for evaluating
disease progression and guiding clinical management [48].

In the surgical management of MMD, the ECA commonly serves as the donor source
for augmenting blood supply to the ischemic cerebral hemisphere. Revascularization can
be achieved through either direct or indirect approaches. In direct bypass, a branch of the
ECA is surgically anastomosed to a cortical artery, thereby providing immediate blood flow
augmentation. In contrast, indirect techniques involve placing vascularized tissue supplied
by the ECA in contact with the brain surface, stimulating angiogenesis and the subsequent
penetration of new vessels into the underlying cerebral cortex [1].

Another investigation reported that the combined revascularization strategy offers the
advantage of direct anastomosis, ensuring an immediate increase in cerebral blood flow,
while simultaneously promoting the gradual development of indirect collateral circulation.
Nonetheless, it has been proposed that patients presenting with stenosis of the ICA or
middle cerebral artery (MCA), but without complete occlusion, may be more suitable
candidates for indirect bypass, as an immediate augmentation of blood supply is not
essential in this subgroup [49].

A review of the literature highlights multiple studies comparing the outcomes of
direct and indirect revascularization techniques. A systematic analysis demonstrated that
postoperative stroke incidence following direct or combined bypass is comparable to that
observed after indirect procedures [50].

In a cohort study involving 559 patients with MMD who underwent direct, indirect,
or combined revascularization, a prior history of intracranial hemorrhage was identified
as a predictor of postoperative hemorrhagic stroke. Moreover, comorbid conditions such
as hypertension and diabetes were recognized as risk factors for postoperative ischemic
stroke [51–53].

The periventricular anastomosis theory has been proposed to explain the hemorrhagic
mechanism in MMD. Although direct bypass reduces the risk of intracranial bleeding,
a modified approach termed “personalized targeting bypass” aims specifically at hem-
orrhage prevention by using multimodal imaging to select the target vessel at the site
of medullary artery extension from the periventricular anastomosis. In a series of eight
patients, marked postoperative stenosis of the targeted anastomosis was achieved, and
no recurrent hemorrhage was observed during follow-up [54]. Moreover, five days of
postoperative bed rest following direct bypass markedly lowered the risk of intracerebral
hemorrhage and neurological decline [55].

Revascularization surgery has been shown to decrease the formation of moyamoya
collateral vessels, thereby more effectively reducing the risk of hemorrhage compared
with conservative management. In adult patients with MMD, direct bypass is particu-
larly crucial for preventing rebleeding, as indirect techniques demonstrate lower efficacy
than in pediatric cases [56]. Nevertheless, certain reports have suggested the presence of
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hemorrhagic complications following direct or indirect revascularization procedures in
both the early and late postoperative periods. In addition, although these techniques have
demonstrated efficacy in decreasing ischemic events related to MMD, they do not appear to
increase the incidence of postoperative hemorrhage, and additional research is warranted
to clarify the potential risk factors [57].

In a study evaluating the impact of hypertension on recurrent hemorrhage and long-
term survival in patients with hemorrhagic MMD treated with indirect revascularization,
strict blood pressure management was shown to markedly reduce hematoma recurrence
but did not affect overall survival. These findings suggest that blood pressure optimiza-
tion alone is insufficient in the management of hypertensive patients with hemorrhagic
MMD [58,59].

The multiple burr holes (MBH) approach provides several benefits compared to cran-
iotomy, such as reduced operative duration, lower intraoperative blood loss, fewer post-
operative adverse events, and similar perfusion as well as functional results. In addition,
MBH represents a safe and effective option for anterior cerebral artery revascularization in
pediatric MMD patients [60]. Another investigation demonstrated that the MBH method
could lower the likelihood of recurrent cerebrovascular events and decrease the incidence
of pseudomeningocele [61]. The adjunctive use of erythropoietin (EPO) with the MBH
procedure has been reported to decrease the incidence of long-term cerebrovascular events
in MMS patients following either hemorrhagic or ischemic stroke [62].

Although reports of delayed intracerebral hemorrhage following direct or indi-
rect revascularization are uncommon [63–65], our case involved hemorrhage occurring
15 years after indirect revascularization. This rare occurrence is examined in the context of
existing literature.

In limitation, this study is constrained by its single-case design, which precludes
generalization to broader patient populations. Genetic analysis, particularly regarding
RNF213 or other susceptibility loci, was not performed, limiting insights into potential
hereditary contributions. Advanced hemodynamic and functional imaging modalities,
such as SPECT, PET, or BOLD-fMRI, were not obtained because the patient required urgent
intervention, and only emergent CT angiography was performed. Detailed longitudinal
neurocognitive and functional assessments were also unavailable, restricting evaluation of
recovery beyond motor outcomes. Finally, given the rarity of delayed hemorrhage after in-
direct revascularization, further accumulation of similar cases and multicenter analyses are
necessary to better understand risk factors and optimize long-term management strategies
in MMD.

4. Conclusions

MMD is an intracerebral vasculopathy that may present with either hemorrhagic or
ischemic stroke. Although genetic and immunological factors have been implicated in
its etiology, the precise underlying cause remains unknown. Therapeutic options with
conservative management are limited, and both direct and indirect revascularization pro-
cedures are generally recommended. Nevertheless, recurrent ischemic or hemorrhagic
events may occur following revascularization surgery. In this report, we present a rare
case of hemorrhagic stroke occurring 15 years after indirect revascularization and discuss
the diagnosis, etiology, and postoperative complications of MMD in light of the current
literature. Importantly, long-term follow-up should include monitoring of collateral vessel
remodeling, the hemodynamic reserve, episodic hypertension, and the presence of coexist-
ing autoimmune conditions such as Sjögren’s syndrome, as these factors may influence the
risk of delayed hemorrhage and guide optimal patient management.
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CTA Computed tomography angiography
MRA Magnetic resonance angiography
DSA Digital subtraction angiography
GKS Glasgow coma scale
mRS Modified Rankin scale
TOF Time of flight
FLAİR Fluid-attenuated inversion recovery
IVWI Intracranial vessel wall imaging
CTP Computed tomography perfusion
BOLD-fMRI Blood oxygen level–dependent functional MRI
SPECT Single-photon emission computed tomography
PET Positron emission tomography
MARS-MMA MRI-Based Assessment of Risk for Stroke in Moyamoya Angiopathy
MBHs Multiple burr holes
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of Ruptured Aneurysms on Moyamoya Collateral Vessels: Two Cases. Medicina 2024, 60, 1499. [CrossRef] [PubMed]

29. Du, L.; Jiang, H.; Li, J.; Duan, T.; Zhou, C.; Yan, F. Imaging methods for surgical revascularization in patients with moyamoya
disease: An updated review. Neurosurg. Rev. 2022, 45, 343–356. [CrossRef]

30. Chen, Y.; Xu, W.; Guo, X.; Shi, Z.; Sun, Z.; Gao, L.; Jin, F.; Wang, J.; Chen, W.; Yang, Y. CT perfusion assessment of Moyamoya
syndrome before and after direct revascularization (superficial temporal artery to middle cerebral artery bypass). Eur. Radiol.
2016, 26, 254–261. [CrossRef]

31. Uchino, H.; Yamamoto, S.; Kashiwazaki, D.; Akioka, N.; Kuwayama, N.; Noguchi, K.; Kuroda, S. Using postoperative remodeling
of donor arteries on MR angiography to predict the development of surgical collaterals in moyamoya disease. J. Neurosurg. 2019,
134, 1–9. [CrossRef] [PubMed]

32. Chen, Q.; Qi, R.; Cheng, X.; Zhou, C.; Luo, S.; Ni, L.; Huang, W. Assessment of extracranial-intracranial bypass in Moyamoya
disease using 3T time-of-flight MR angiography: Comparison with CT angiography. Vasa 2014, 43, 278–283. [CrossRef]

33. Ryoo, S.; Cha, J.; Kim, S.J.; Choi, J.W.; Ki, C.-S.; Kim, K.H.; Jeon, P.; Kim, J.-S.; Hong, S.-C.; Bang, O.Y. High-resolution magnetic
resonance wall imaging findings of Moyamoya disease. Stroke 2014, 45, 2457–2460. [CrossRef]

249



Brain Sci. 2025, 15, 1077

34. Ya, J.; Zhou, D.; Ding, J.; Ding, Y.; Ji, X.; Yang, Q.; Meng, R. High-resolution combined arterial spin labeling MR for identifying
cerebral arterial stenosis induced by moyamoya disease or atherosclerosis. Ann. Transl. Med. 2020, 8, 87. [CrossRef]

35. Haas, P.; Hauser, T.-K.; Wiggenhauser, L.M.; Zerweck, L.; Tatagiba, M.; Khan, N.; Roder, C. Coincidence of Concentric Vessel-Wall
Contrast Enhancement in Moyamoya Disease and Acute Postoperative Ischemic Stroke During Revascularization Procedures.
Brain Sci. 2024, 14, 1190. [CrossRef]

36. Kaku, Y.; Iihara, K.; Nakajima, N.; Kataoka, H.; Fukushima, K.; Iida, H.; Hashimoto, N. The leptomeningeal ivy sign on fluid-
attenuated inversion recovery images in moyamoya disease: Positron emission tomography study. Cerebrovasc. Dis. 2013, 36,
19–25. [CrossRef]

37. Horie, N.; Morikawa, M.; Morofuji, Y.; Hiu, T.; Izumo, T.; Hayashi, K.; Nagata, I. De novo ivy sign indicates postoperative
hyperperfusion in moyamoya disease. Stroke 2014, 45, 1488–1491. [CrossRef]

38. Sam, K.; Poublanc, J.; Sobczyk, O.; Han, J.S.; Battisti-Charbonney, A.; Mandell, D.M.; Tymianski, M.; Crawley, A.P.; Fisher,
J.A.; Mikulis, D.J. Assessing the effect of unilateral cerebral revascularisation on the vascular reactivity of the non-intervened
hemisphere: A retrospective observational study. BMJ Open 2015, 5, e006014. [CrossRef]

39. Garbani Nerini, L.; Bellomo, J.; Höbner, L.M.; Stumpo, V.; Colombo, E.; van Niftrik, C.H.B.; Schubert, T.; Kulcsár, Z.; Wegener, S.;
Luft, A. BOLD cerebrovascular reactivity and NOVA quantitative MR angiography in adult patients with moyamoya vasculopathy
undergoing cerebral bypass surgery. Brain Sci. 2024, 14, 762. [CrossRef] [PubMed]

40. Sebök, M. BOLD Cerebrovascular Reactivity as a Novel Marker for Hemodynamic Impairment in Symptomatic Cerebrovascular
Steno-Occlusive Disease. Ph.D. Thesis, University of Zurich, Zurich, Switzerland, 2022.

41. Setta, K.; Kojima, D.; Shimada, Y.; Yoshida, J.; Oshida, S.; Fujimoto, K.; Tsutsui, S.; Chiba, T.; Fujiwara, S.; Terasaki, K. Accuracy of
brain perfusion single-photon emission computed tomography for detecting misery perfusion in adult patients with symptomatic
ischemic moyamoya disease. Ann. Nucl. Med. 2018, 32, 611–619. [CrossRef] [PubMed]

42. So, Y.; Lee, H.-Y.; Kim, S.-K.; Lee, J.S.; Wang, K.-C.; Cho, B.-K.; Kang, E.; Lee, D.S. Prediction of the clinical outcome of pediatric
moyamoya disease with postoperative basal/acetazolamide stress brain perfusion SPECT after revascularization surgery. Stroke
2005, 36, 1485–1489. [CrossRef] [PubMed]

43. Kazumata, K.; Tokairin, K.; Sugiyama, T.; Ito, M.; Uchino, H.; Osanai, T.; Kawabori, M.; Nakayama, N.; Houkin, K. Association of
cognitive function with cerebral blood flow in children with moyamoya disease. J. Neurosurg. Pediatr. 2019, 25, 62–68. [CrossRef]

44. Ikezaki, K.; Matsushima, T.; Kuwabara, Y.; Suzuki, S.O.; Nomura, T.; Fukui, M. Cerebral circulation and oxygen metabolism in
childhood moyamoya disease: A perioperative positron emission tomography study. J. Neurosurg. 1994, 81, 843–850. [CrossRef]
[PubMed]

45. Hara, S.; Kudo, T.; Hayashi, S.; Inaji, M.; Tanaka, Y.; Maehara, T.; Ishii, K.; Nariai, T. Improvement in cognitive decline after
indirect bypass surgery in adult moyamoya disease: Implication of 15 O-gas positron emission tomography. Ann. Nucl. Med.
2020, 34, 467–475. [CrossRef]

46. Roder, C.; Haas, P.; Fudali, M.; Milian, M.; Ernemann, U.; Meyer, P.T.; Tatagiba, M.; Khan, N. Neuropsychological impairment in
adults with moyamoya angiopathy: Preoperative assessment and correlation to MRI and H215O PET. Neurosurg. Rev. 2020, 43,
1615–1622. [CrossRef]

47. Zerweck, L.; Roder, C.; Blazhenets, G.; Martus, P.; Thurow, J.; Haas, P.; Estler, A.; Gohla, G.; Ruff, C.; Selo, N. MRI-Based
Assessment of Risk for Stroke in Moyamoya Angiopathy (MARS-MMA): An MRI-Based Scoring System for the Severity of
Moyamoya Angiopathy. Diagnostics 2024, 14, 1437. [CrossRef] [PubMed]

48. Suzuki, J.; Takaku, A. Cerebrovascular moyamoya disease: Disease showing abnormal net-like vessels in base of brain. Arch.
Neurol. 1969, 20, 288–299. [CrossRef]

49. Liu, J.J.; Steinberg, G.K. Direct versus indirect bypass for moyamoya disease. Neurosurg. Clin. 2017, 28, 361–374. [CrossRef]
50. Kazumata, K.; Ito, M.; Tokairin, K.; Ito, Y.; Houkin, K.; Nakayama, N.; Kuroda, S.; Ishikawa, T.; Kamiyama, H. The frequency

of postoperative stroke in moyamoya disease following combined revascularization: A single-university series and systematic
review. J. Neurosurg. 2014, 121, 432–440. [CrossRef]

51. Liu, W.; Huang, K.; Zhang, J.; Zhou, D.; Chen, J. Clinical features and risk factors of postoperative stroke in adult moyamoya
disease. Brain Sci. 2023, 13, 1696. [CrossRef]

52. Chen, Y.; Ma, L.; Lu, J.; Chen, X.; Ye, X.; Zhang, D.; Zhang, Y.; Wang, R.; Zhao, Y. Postoperative hemorrhage during the acute phase
after direct or combined revascularization for moyamoya disease: Risk factors, prognosis, and literature review. J. Neurosurg.
2019, 133, 1450–1459. [CrossRef] [PubMed]

53. Tokairin, K.; Kazumata, K.; Uchino, H.; Ito, M.; Ono, K.; Tatezawa, R.; Shindo, T.; Kawabori, M.; Nakayama, N.; Houkin, K.
Postoperative intracerebral hemorrhage after combined revascularization surgery in moyamoya disease: Profiles and clinical
associations. World Neurosurg. 2018, 120, e593–e600. [CrossRef]

54. Funaki, T.; Kataoka, H.; Yoshida, K.; Kikuchi, T.; Mineharu, Y.; Okawa, M.; Yamao, Y.; Miyamoto, S. The targeted bypass strategy
for preventing hemorrhage in moyamoya disease. Neurol. Med.-Chir. 2019, 59, 517–522. [CrossRef] [PubMed]

250



Brain Sci. 2025, 15, 1077

55. Nomura, S.; Kawashima, A.; Ishiguro, T.; Hashimoto, K.; Hodotsuka, K.; Nakamura, A.; Kuwano, A.; Tanaka, Y.; Murakami, M.;
Shiono, T. Five-day bed rest reduces postoperative intracerebral hemorrhage after direct bypass for moyamoya disease. World
Neurosurg. 2022, 159, e267–e272. [CrossRef]

56. Houkin, K.; Kamiyama, H.; Abe, H.; Takahashi, A.; Kuroda, S. Surgical therapy for adult moyamoya disease: Can surgical
revascularization prevent the recurrence of intracerebral hemorrhage? Stroke 1996, 27, 1342–1346. [CrossRef]

57. Ryan, R.W.; Chowdhary, A.; Britz, G.W. Hemorrhage and risk of further hemorrhagic strokes following cerebral revascularization
in Moyamoya disease: A review of the literature. Surg. Neurol. Int. 2012, 3, 72. [CrossRef]

58. Guo, Q.; Xie, M.; Ji, H.; Wang, Q.N.; Bao, X.; Duan, L. Long-Term Outcomes in Patients with Hemorrhagic Moyamoya Disease
Combined with Hypertension After Encephaloduroarteriosynangiosis. J. Am. Heart Assoc. 2025, 14, e039054. [CrossRef]

59. Lucia, K.; Acker, G.; Rubarth, K.; Beyaztas, D.; Vajkoczy, P. The development and effect of systemic hypertension on clinical
and radiological outcome in adult Moyamoya angiopathy following revascularization surgery: Experience of a single European
institution. J. Clin. Med. 2023, 12, 4219. [CrossRef]

60. Kim, J.W.; Phi, J.H.; Lee, J.Y.; Koh, E.J.; Kim, K.H.; Kim, H.-S.; Kim, S.-K. Comparison of bifrontal craniotomy and multiple burr
hole encephalogaleoperiosteal-synangiosis for pediatric moyamoya disease: An experience of 346 patients. Neurosurgery 2023, 93,
824–834. [CrossRef] [PubMed]

61. Soler-Rico, M.; Di Santo, M.; Vaz, G.; Joris, V.; Fomekong, E.; Guillaume, S.; Van Boven, M.; Raftopoulos, C. How to reduce the
complication rate of multiple burr holes surgery in moyamoya angiopathy. Acta Neurochir. 2023, 165, 3613–3622. [CrossRef]
[PubMed]

62. Lee, Y.; Lee, J.S.; Lee, S.-J.; Hong, J.M.; Lim, Y.C. Multiple burr hole and erythropoietin combination therapy: Optimal early
surgical intervention for patients with acute stroke episode of moyamoya disease or moyamoya syndrome. Front. Neurol. 2024,
15, 1479379. [CrossRef]

63. Aoki, N. Cerebrovascular bypass surgery for the treatment of Moyamoya disease: Unsatisfactory outcome in the patients
presenting with intracranial hemorrhage. Surg. Neurol. 1993, 40, 372–377. [CrossRef] [PubMed]

64. Otawara, Y.; Ogasawara, K.; Seki, K.; Kibe, M.; Kubo, Y.; Ogawa, A. Intracerebral hemorrhage after prophylactic revascularization
in a patient with adult moyamoya disease. Surg. Neurol. 2007, 68, 335–337. [CrossRef] [PubMed]

65. Nishimoto, T.; Yuki, K.; Sasaki, T.; Murakami, T.; Kodama, Y.; Kurisu, K. A ruptured middle cerebral artery aneurysm originating
from the site of anastomosis 20 years after extracranial-intracranial bypass for moyamoya disease: Case report. Surg. Neurol.
2005, 64, 261–265. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

251



brain
sciences

Brief Report

The Impact of Revascularization Surgery on Headaches in
Association with Cerebrovascular Reactivity in Patients with
Moyamoya Angiopathy

Francy D. Gallego Moyano 1, Helena C. Janssen 1, Lashmi Venkatraghavan 2, David J. Mikulis 3,

Hugo Andrade Barazarte 4, Ivan Radovanovic 4, Eef J. Hendriks 3 and Joanna D. Schaafsma 1,*

1 Department of Medicine, Division of Neurology, University Health Network (UHN), 399 Bathurst St.,
Toronto, ON M5T 2S8, Canada; d.gallegomoyano@hotmail.com (F.D.G.M.); helena.janssen@uhn.ca (H.C.J.)

2 Department of Anesthesiology, University Health Network (UHN), Toronto, ON M5T 2S8, Canada;
lashmi.venkatraghavan@uhn.ca

3 Division of Neuroradiology, Joint Department of Medical Imaging, University Health Network (UHN),
Toronto, ON M5T 2S8, Canada; david.mikulis@uhn.ca (D.J.M.); eef.hendriks@uhn.ca (E.J.H.)

4 Department of Surgery, Division of Neurosurgery, University Health Network (UHN),
Toronto, ON M5T 2S8, Canada; hugo.andradebarazarte@uhn.ca (H.A.B.); ivan.radovanovic@uhn.ca (I.R.)

* Correspondence: joanna.schaafsma@uhn.ca

Abstract: Background/Objectives: Headaches in Moyamoya angiopathy are common but poorly
understood. We aimed to investigate if headaches in Moyamoya angiopathy improve after revascular-
ization surgery and whether this is associated with improvement in cerebrovascular reactivity on MRI
(CVR-MRI). Methods: We included consecutive adult patients with Moyamoya angiopathy who had
chart data on headaches, CVR-MRI, and underwent extracranial–intracranial bypass surgery between
January 2010 and September 2022 at a tertiary neurovascular referral center. Clinical and CVR-
MR imaging data of all patients were collected through systematic chart review, complemented by
standard-of-care headache questionnaires from patients who were operated between 2018 and 2022.
We evaluated headache features and explored the association between headaches and CVR before and
after revascularization surgery. Results: Fifty-nine patients were included (mean age 47 ± 14 years,
43 females (73%)); among them, 41/59 (69%) reported headaches pre-surgery. Headache improved
in 28/41 (68%) patients after revascularization surgery with a reduction in pain severity (median
VAS-score from 5/10 to 2.5/10; p = 0.002), analgesic use (from 84% to 40%; p = 0.007), and sick leave
(from 60% to 16%; p < 0.001). Improvement in headaches was associated with improvement in
CVR (OR 5.3; 95% CI: 1.2–23.5) and sick leave reduction (OR 1.4; 95% CI: 1.6–121.4). Conclusions:
Headaches in Moyamoya angiopathy are common and disabling. They may improve in most patients
after revascularization surgery and seem to be associated with improvement in CVR, supporting the
hypothesis of a potential vascular origin of the headaches.

Keywords: moyamoya angiopathy; headaches; hemodynamic; cerebrovascular insufficiency;
extracranial intracranial arterial bypass

1. Introduction

Moyamoya angiopathy is characterized by a progressive stenosis of the terminal
portion of the internal carotid artery and its main branches with development of compen-
satory collaterals, so-called Moyamoya vessels [1,2]. Moyamoya angiopathy comprises
both Moyamoya disease and Moyamoya syndrome, where the first is idiopathic and the
latter occurs in association with another medical condition [2]. Moyamoya angiopathy can
cause hemodynamic insufficiency resulting in ischemic stroke and intracranial hemorrhage
caused by rupture of frail collaterals, both associated with a high rate of disability and
even death [2,3]. Treatment in adults consists of medical management and in selected cases,
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revascularization surgery through a direct extracranial–intracranial arterial (EC–IC) bypass,
with or without an indirect bypass, to prevent ischemic or hemorrhagic stroke [4,5]. To
decide on revascularization surgery, an assessment of the hemodynamic status is part of
the standard work-up [4,5]. An advanced technique to assess the hemodynamic reserve
capacity is blood-oxygenation-level-dependent (BOLD)-MRI in response to carbon diox-
ide (CO2), a vasodilatory stimulus. This cerebrovascular reactivity MRI (CVR-MRI) is
increasingly being offered to patients with chronic steno-occlusive disease [6,7].

In patients with Moyamoya angiopathy, the clinical focus is on stroke-like symptoms [4,5].
Headaches in Moyamoya patients are common, but limited data are available on their
pathophysiology, characteristics, impact on quality of life, and response to revascularization
surgery [8].

We aimed to investigate the presence and features of headaches in patients with Moy-
amoya angiopathy, their association with hemodynamic reserve capacity on CVR-MRI, and
response to revascularization surgery to enhance recognition and improve understanding
of this potentially disabling symptom.

2. Materials and Methods

From a prospective database of adult patients with cerebrovascular disease, who had
at least one CVR-MRI study at our neurovascular tertiary referral center, we included
consecutive patients with unilateral or bilateral Moyamoya angiopathy who underwent
direct EC–IC bypass with or without indirect bypass surgery between January 2010 and
September 2022 and had data on the presence or absence of headaches documented on their
chart (Figure 1). We collected data on demographics, headache characteristics, CVR-MR
imaging results, and type of flow augmentation surgery through systematic chart review.

Figure 1. Patient selection. EC–IC bypass = extracranial–intracranial arterial bypass surgery.
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CVR-MR imaging involved controlled end-tidal partial pressure of CO2 (PETCO2)
as a vasoactive stimulus delivered through a sealed mask (RespirAct, Thornhill Medical,
Toronto, ON, Canada), and BOLD MRI at a 3.0-Tesla system. Full brain BOLD MR im-
ages were acquired using a T2*-weighted two-dimensional gradient-echo sequence with
standard echo-planar readout. Three-dimensional T1-weighted anatomical MR images
were acquired for co-registration with BOLD MR images using an inversion-recovery fast
spoiled gradient-echo sequence. The calculated CVR was based on the BOLD-MR signal
intensity related to the PETCO2. This technique has been described previously in further
detail [6,7]. A clinic visit followed CVR-MR imaging.

Patients who had surgery between 2018 and 2022 also completed a structured headache
questionnaire as part of standard clinical practice. This questionnaire comprises the pres-
ence, localization, and types of headaches, headache triggers, accompanying symptoms,
as well as analgesic use and the impact of headaches on mood and sick leave before and
after surgery. It includes a Visual Analog Scale (VAS) score on a scale from 0 (no pain) to
10 (maximal pain).

The Institutional Research Ethics Board approved the study before data collection.
The need for informed consent was waived.

Statistical Analysis

In addition to descriptive analyses, we used the McNemar–Bowker test to compare
proportions and the Wilcoxon signed rank test to compare VAS scores before and after
surgery. A p-value < 0.05 was considered statistically significant. We explored the associa-
tion between headache improvement and improvement of cerebrovascular reactivity after
surgery using odds ratios with corresponding 95% confidence intervals (95% CI). Subse-
quently, a logistic regression analysis was employed to identify potential confounders for
this association and examine other factors related to headache improvement after surgery.
The data were statistically analyzed using SPSS version 28 software.

3. Results

Fifty-nine patients met the inclusion criteria (mean age 47 ± 14 years, 73% females)
(Figure 1). Most patients (70%) were diagnosed with Moyamoya disease and 30% with
Moyamoya syndrome. Thirty-eight patients (64%) were diagnosed with bilateral Moy-
amoya angiopathy, and 19 (50%) of them underwent bilateral flow augmentation surgery
(Table 1). o

Table 1. Baseline characteristics.

n = 59

Age (yr) 47 ± 14
Female sex 43/59 (73%)

Moyamoya disease 41/59 (70%)
Unilateral 11/41 (27%)
Bilateral 30/41 (73%)

Moyamoya syndrome 18/59 (31%)
Unilateral 10/18 (56%)
Bilateral 8/18 (44%)

History of stroke
Only ischemic 35/59 (59%)

Only hemorrhagic 6/59 (10%)
Ischemic and hemorrhagic 9/59 (15%)

No history of stroke 9/59 (15%)
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Table 1. Cont.

n = 59

Bypass surgery n (%)
EC–IC bypass left 22/59 (37%)

EC–IC bypass right 18/59 (31%)
EC–IC bypass bilateral 19/59 (32%)
EC–IC bypass + EDAS 4/59 (7%)

Interval CVR-MRI & bypass surgery (median
(IQR), months) 5 (3–8)

Interval bypass surgery & CVR-MRI (median
(IQR), months) 6 (3–12)

EC–IC bypass: extracranial–intracranial arterial bypass surgery (direct); EDAS: encephaloduroarteriosynangiosis
(indirect). IQR: interquartile range.

3.1. Headaches before and after Flow Augmentation Surgery

Data on headaches both before and after surgery were available for 57/59 (97%)
patients (Figure 1). Most patients (72%) reported headaches before bypass surgery, which
improved in more than two-thirds (68%) of patients after surgery. Two patients developed
new headaches after surgery (Table 2). The lateralization of the headache was not correlated
with the side of Moyamoya arteriopathy (p = 0.317) nor with the side of surgery (p = 0.754).

Table 2. Headaches before and after flow augmentation surgery.

n (%)

Headaches before surgery 41/57 (72%)
Headaches improved after surgery 28/41 (68%)

Headaches were unchanged after surgery 11/41 (27%)
Headaches worsened after surgery 2/41 (5%)
New onset headaches after surgery 2/57 (4%)

Thirty-one patients who underwent flow augmentation surgery between 2018 and
2022 completed the headache questionnaire. Twenty-five (25/31; 81%) reported mostly
throbbing or pressure-type headaches before surgery with a median headache severity
of 5/10 on the VAS. Among these patients, 17/25 (68%) reported one or more headache
triggers, and 15/25 (60%) described one or more accompanying symptoms, predominantly
nausea/vomiting and a preceding aura. Most patients (84%) used one or more classes of
analgesics. Almost half of the patients felt depressed due to their headaches, and nearly
two-thirds of patients missed work or quit their jobs because of headaches (Table 3).

Table 3. Headache characteristics before and after flow augmentation surgery.

Before Surgery
n (%)

After Surgery
n (%)

Completed questionnaires 31/59 (53%) 31/59 (53%)
Presence of headaches 25/31 (81%) 19/31 (61%)

Types of Headaches
Throbbing headache 9/25 (36%) 6/19 (32%)

Pressure-type headache 7/25 (28%) 6/19 (32%)
Dull headache 6/25 (24%) 6/19 (32%)

Sharp headache 4/25 (16%) 2/19 (11%)

255



Brain Sci. 2024, 14, 967

Table 3. Cont.

Before Surgery
n (%)

After Surgery
n (%)

Localization of Headaches
Bilateral 19/25 (76%) 14/19 (74%)

Unilateral 6/25 (24%) 5/19 (26%)

Headache Triggers
Lack of sleep 6/25 (24%) 5/19 (26%)

Menses 4/25 (16%) 4/19 (21%)
Exercise 3/25 (12%) 1/19 (5%)

Mental stress 3/25 (12%) 2/19 (11%)
Weather changes 1/25 (4%) 1/19 (5%)

Accompanying Symptoms
Preceding aura 6/25 (24%) 6/19 (32%)

Nausea/vomiting 9/25 (36%) 9/19 (47%)
Photo-/phonophobia 4/25 (16%) 3/19 (16%)

Dizziness 4/25 (16%) 2/19 (11%)
Transient focal weakness/sensory

symptoms 2/25 (8%) 0/19 (0%)

Analgesic Use 21/25 (84%) 10/25 (40%) *
Acetaminophen 16/25 (64%) 5/25 (20%)

Non-steroidal anti-inflammatory drugs 5/25 (20%) 2/25 (8%)
Triptans 3/25 (12%) 1/25 (4%)

Anticonvulsants 5/25 (20%) 2/25 (8%)
Opioids (codeine, caffeine, morphine) 3/25 (12%) 3/25 (12%)

Multiple drug classes 7/25 (28%) 3/25 (12%)

Headache impact
Pain severity: VAS-score (median (IQR)) 5 (0–9) 2.5 (0–5) *

Feelings of depression 11/25 (44%) 8/25 (32%)
Sick leave/quit job 15/25 (60%) 4/25 (16%) *

VAS: Visual Analog Scale (0–10). IQR: interquartile range. * Statistically significant difference.

After surgery, sick leave decreased significantly, from 60% (15/25) to 16% (4/25)
(p < 0.001), which was associated with headache improvement (OR 1.4; 95% CI: 1.6–121.4).
Headache severity improved with a reduction in VAS score from 5/10 to 2.5/10 after
surgery (p = 0.002), resulting in a reduction in analgesic use from 84% to 40% (p = 0.007)
after surgery (Table 3).

3.2. Cerebrovascular Reserve before and after Flow Augmentation Surgery

Pre-operative CVR-MRI results were available for 57/59 patients (97%). Most pa-
tients (39/57 (68%)) had bilateral decreased CVR. Post-operative CVR-MRI results were
available for 53/59 patients (90%). CVR improved in 36/53 patients (68%) and wors-
ened in 6/53 patients (11%) after surgery. Improvement of CVR was associated with an
improvement in headaches (OR 5.3; 95%CI: 1.2–23.5).

4. Discussion

In this cohort of patients with Moyamoya angiopathy, headaches were common, dis-
abling, and associated with a high rate of sick leave. Following flow augmentation surgery,
most patients experienced a reduction in headaches, along with observed improvement in
cerebrovascular reserve on MRI. This led to a decreased use of analgesics and a reduction
in sick leave.

Headaches in Moyamoya angiopathy are common but often remain unaddressed in
clinical practice due to insufficient awareness of their impact on quality of life and a limited
understanding of the underlying pathophysiology [8,9].
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In a prior study including 55 patients with Moyamoya angiopathy, of whom 34 had
flow augmentation surgery, a similar headache frequency before surgery was described [8].
Headaches improved after surgery in around two-thirds of the patients, consistent with
our findings. Additionally, our analysis showed an association between headache re-
duction and improved cerebrovascular reserve on MRI after surgery, potentially offering
insights into its underlying pathophysiological mechanism. When the cerebrovascular
reserve capacity is compromised due to Moyamoya angiopathy, leptomeningeal collateral
arteries typically dilate to compensate for reduced flow, which may cause headaches by
stimulation of dural nociceptors [8,10,11]. The vasoactive hypothesis in migraine supports
this theory and would explain the migraine-like headaches in Moyamoya angiopathy
patients [12,13]. Another explanation for headaches in this patient population could be
hypoxia and microvascular ischemia induced by chronic cerebral hypoperfusion and im-
paired hemodynamics from progressive intracranial steno-occlusive disease. Microvascular
ischemia could generate cortical spreading depression, as is also seen in migraine with
aura [8,10,14]. To support this hypothesis, future studies could focus on headaches and
chronic ischemic changes on MRI in patients with Moyamoya angiopathy.

Another potential explanation for headaches in this patient population could be
concomitant depression. Psychological well-being, including depression, can improve
after revascularization surgery in Moyamoya disease patients [15]. Feelings of depression
improved after revascularization surgery in our cohort, though not significantly, and they
were not associated with headache improvement, potentially because of lack of power.

Not only in adults, but also in pediatric patients with Moyamoya disease, headaches
are common and respond to indirect revascularization surgery [9,16,17].

Interestingly, contrasting findings were reported by a Chinese observational study,
which showed no differences in long-term outcomes of headaches between Moyamoya
angiopathy patients who underwent revascularization surgery and those with conser-
vative treatment [13]. It could be argued that patients receiving conservative manage-
ment had less advanced disease compared to patients who required revascularization
surgery and therefore had fewer headaches, potentially masking a positive effect of surgery
on headaches.

As demonstrated in this study, the impact of headaches on the daily routine of patients
with Moyamoya angiopathy is significant, which warrants increased awareness in clinical
practice. In children with headaches caused by Moyamoya disease, a decrease in school
attendance was seen [16]. The effect of revascularization surgery on headache severity and
reduction in sick leave is significant and, therefore, patients and their families should be
informed about these benefits when discussing surgery.

A strength of this study is the relatively large cohort size of Moyamoya angiopathy
patients and the available standard-of-care headache questionnaire, both providing robust
data on their clinical and radiographic status before and after revascularization surgery.

A limitation of this study is its retrospective nature and the potential introduction of
reporting bias concerning the presence of headaches and recall bias regarding headache
characteristics and changes. This limits the ability to establish causality and warrants
careful drawing of conclusions.

These study results need to be validated prospectively in a larger cohort of patients
with Moyamoya angiopathy to mitigate recall and reporting bias. Once the pathophysiology
of these disabling headaches is better understood, specific medical treatment targets may
be identified to tailor headache management in this patient population.

5. Conclusions

Headaches in Moyamoya angiopathy were common and disabling, although they
often improved after revascularization surgery, resulting in a better quality of life. Their
association with improved cerebrovascular reactivity post-surgery supports the postulation
that headaches in patients with Moyamoya angiopathy may have a vascular origin.
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Abstract

Objectives: The increasing incidence of unruptured intracranial aneurysms (UIAs) has
led to significant demands on neurovascular boards. Large language models (LLMs), such
as ChatGPT-4, ChatGPT-3.5, Claude, and Atlas GPT, have emerged as tools to support
clinical decision-making. This study compares treatment recommendations from these AI
models with those of an interdisciplinary neurovascular board to evaluate their accuracy
and alignment. Methods: We retrospectively included all 57 patients with UIAs discussed
by the neurovascular board in 2023. The board’s consensus decision served as the reference
standard. Key clinical and radiographic data, including PHASES, ELAPSS, and UIATS
scores, were provided to the AI models. Each model was tasked with recommending
either conservative or operative management and specifying the treatment modality (clip-
ping, coiling, flow diverter, or WEB device/flow diverter) where appropriate. AI model
recommendations were compared with the board’s decisions for management and the
specific treatment modality of the UIA. Results: ChatGPT-4 achieved the highest accuracy
in correctly predicting conservative or operative management (89%) and specific treatment
types (73%), followed by Atlas GPT (74% accuracy in conservative/operative decisions and
55% accuracy in specific treatment types), Claude (70% accuracy in conservative/operative
decisions and 50% accuracy in specific treatment types), and ChatGPT-3.5 (82% accu-
racy in conservative/operative decisions and 27% accuracy in specific treatment types).
ChatGPT-3.5 displayed a strong preference for clipping (94.3%). ELAPSS scores signifi-
cantly influenced AI recommendations and decision-making, particularly for ChatGPT-4
and ChatGPT-3.5. Follow-up recommendations for conservative management were shorter
among AI models, with Claude suggesting the shortest interval (7.72 months) compared to
the neurovascular board’s 13.36 months. Conclusions: AI models, particularly ChatGPT-4,
align closely with expert neurovascular board decisions and offer promising support for
initial clinical decision-making, particularly in resource-limited settings. However, inter-
disciplinary neurovascular boards remain unreplaceable for UIA management, and AI
should be viewed as a complementary tool. The observed improvement from ChatGPT-3.5
to ChatGPT-4 underscores the rapid evolution of AI technology, and further advancements
are expected to enhance both performance and accuracy in the future.

Keywords: artificial intelligence; unruptured intracranial aneurysm; treatment prediction;
AI model comparison; predictive accuracy
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1. Introduction

Unruptured intracranial aneurysms (UIAs) affect approximately 3% of the general
population, often remaining asymptomatic and undetected until discovered incidentally
through neuroimaging performed for unrelated reasons [1,2]. The increasing accessibility
of advanced imaging techniques has led to a higher incidence of incidental UIA detection,
posing significant challenges in clinical decision-making regarding their management [3].
The primary dilemma revolves around whether to intervene or manage the aneurysm
conservatively, a decision that necessitates a careful balance between the risk of aneurysm
rupture and the potential complications associated with treatment [4–6].

Management strategies for UIAs are inherently complex and require close interdis-
ciplinary collaboration between neurosurgeons, neuroradiologists, and neurologists. A
range of patient-specific factors, including age, comorbidities, family history, and aneurysm
characteristics such as size, location, morphology, and documented growth patterns, guide
decisions [4,7]. Treatment options encompass conservative treatment, surgical clipping,
endovascular coiling, flow diversion, and the use of WEB (Woven EndoBridge) devices,
each with its risk–benefit profile [8–10].

To aid in the decision-making process, predictive scoring systems have been developed.
The PHASES score estimates the 5-year risk of aneurysm rupture based on population,
hypertension, age, aneurysm size, a history of earlier subarachnoid hemorrhage from
another aneurysm, and aneurysm site [11]. The ELAPSS score predicts the risk of aneurysm
growth based on factors such as patient age, aneurysm size, and location [12]. The Un-
ruptured Intracranial Aneurysm Treatment Score (UIATS) integrates both patient- and
aneurysm-related factors to provide a comprehensive assessment for recommending either
intervention or observation [13].

Even with established decision-making aids, the rising number of incidental UIA
detections can place a considerable burden on neurovascular teams, sometimes leading
to resource constraints and delayed specialist consultations [14]. In many clinical settings,
immediate access to an interdisciplinary neurovascular board may not be readily available,
highlighting the need for supplementary forms of preliminary decision support. In this con-
text, artificial intelligence (AI), particularly Large Language Models (LLMs), has emerged
as a promising adjunct. Models such as ChatGPT-4 (OpenAI), ChatGPT-3.5. Claude (An-
thropic) and Atlas GPT (Atlas Meditech) utilize deep learning algorithms and extensive
medical literature to generate human-like language outputs that can aid in guiding initial
clinical decisions [15].

Recent studies have explored the application of AI and LLMs in neurosurgical decision-
making, particularly in neuro-oncology. For instance, investigations into ChatGPT’s ability
to provide diagnoses and treatment plans for brain tumors have demonstrated its potential
to assist in clinical evaluation [16]. However, the use of LLMs in determining management
strategies for UIAs has not been extensively studied. This study aims to compare the
decisions made by an interdisciplinary neurovascular board with those generated by four
different LLMs—ChatGPT-4, ChatGPT-3.5, Claude, and Atlas GPT—regarding the optimal
management of unruptured intracranial aneurysms.

2. Methods

2.1. Study Design

Ethical approval was obtained from the local ethics committee (protocol code EK-
Freiburg: 24-1429-S1, approval date 12 November 2024). The requirement for individual
informed consent was waived because the study involved a retrospective analysis of
pseudonymized patient data, which did not allow direct identification of individuals.
We adhered to the STROBE (Strengthening the Reporting of Observational Studies in
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Epidemiology) checklist guidelines to ensure comprehensive and transparent reporting [17].
All data is available on reasonable request to the authors.

Patients were included if (i) UIA was confirmed using neuroimaging (either digital
subtraction angiography, computed tomography angiography, or magnetic resonance an-
giography), (ii) they were discussed in our interdisciplinary neurovascular board between
1 January 2023, and 31 December 2023, and (iii) were aged 18 years or above. Patients were
excluded if (i) other vascular pathologies were present (e.g., arteriovenous malformation),
(ii) patients had ruptured aneurysms, and iii) patients without definitive management deci-
sions from the board (3 patients in total). Excluding these cases ensured that all included
patients had clear expert decisions, which was essential for accurate comparison with the
Large Language Models (LLMs).

2.2. Expert Decision

All cases were reviewed in our institutional interdisciplinary neurovascular board,
which is convened on a weekly basis. For each case, at least one senior specialist from each
core discipline was present: a neuroradiologist, a neurointerventionalist, a neurologist, and
a neurosurgeon. The estimated 5-year aneurysm rupture risk, primarily assessed using
the PHASES score, was weighed against the estimated treatment risk, taking into account
patient age, comorbidities (with special consideration of severe comorbidities defined as
ASA ≥ 3), aneurysm morphology (saccular or fusiform), size, location, irregularity, and
documented growth [11]. In cases where rupture risk exceeded expected procedural risk,
interventional treatment was favored. Additional factors included the ELAPSS score to
estimate growth risk, anatomical considerations for surgical versus endovascular feasibility,
and any history of previous subarachnoid hemorrhage. The final decision reflected consen-
sus among all present board members, integrating quantitative risk scores with qualitative
expert judgment in accordance with current international guidelines [4,18].

2.3. Data Collection

We collected key patient characteristics essential for determining the management of
unruptured intracranial aneurysms (Figure 1). These data were subsequently entered into
four Large Language Models (LLMs) to obtain management recommendations: ChatGPT-4
(OpenAI, GPT-4.0), ChatGPT-3.5 (OpenAI, GPT-3.5-turbo), Claude (Anthropic, Claude 2.1),
and Atlas GPT (Atlas Meditech, Atlas GPT v1.3). All models were accessed and queried
in October 2024, ensuring that each was evaluated in the same time frame. Specifying the
exact model versions and access date is essential for reproducibility, as LLM performance
and outputs can change substantially with updates. The collected data included patient
age, presence of severe comorbidities, aneurysm morphology (saccular or fusiform), and
aneurysm irregularity. We also recorded whether the aneurysm was intradural or extradu-
ral, its maximum size in millimeters, anatomical location, presence of multiple aneurysms,
size ratio, aspect ratio, and whether an aneurysmal growth was identified. Additionally,
we calculated key risk assessment scores for each patient, including PHASES, ELAPSS,
UIATS, and American Society of Anesthesiology (ASA) score, to create a comprehensive
profile that guides management decision [11–13].

To ensure consistency, we prompted each Large Language Model (LLM), ChatGPT-4,
ChatGPT-3.5, Claude, and Atlas GPT, with a standardized request (Supplementary data S1).
We instructed the models to analyze each patient’s clinical and radiographic data and to
recommend either conservative management or treatment for unruptured intracranial
aneurysms. When recommending treatment, the models were asked to specify the modal-
ity (surgical or endovascular) and, if endovascular, to further detail the specific technique
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(coiling with or without stenting, flow diverter, or web device). For conservative manage-
ment recommendations, we asked the models to indicate a suggested follow-up time.

Figure 1. Flowchart depicting clinical, radiological, and risk-score data fed into Large Language
Models (GPT-4, GPT-3.5, Claude, Atlas GPT) to generate recommendations for UIA management. The
models propose either conservative follow-up or interventional treatment (surgical or endovascular),
which is then compared against the expert neurovascular board’s decisions.

2.4. Data Input and Prompt Design

To ensure consistency and minimize variability in the AI-generated recommendations,
we developed a standardized input format that was uniformly presented to each Large
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Language Model (LLM). This standardized format included key patient and aneurysm
characteristics, as well as relevant risk scores (e.g., PHASES, ELAPSS), mirroring the
clinical data used in neurovascular board discussions. By providing an identical dataset
and prompt wording to each model, we aimed to obtain responses that could be directly
compared with one another and with the decisions of our neurovascular board.

Because LLMs like ChatGPT-4 and ChatGPT-3.5, as well as other models, are heavily
influenced by the nature and detail of the input provided, adopting a methodical and
structured input design was critical for generating reproducible outputs. Each case was
presented in tabular form, describing patient demographics, aneurysm morphology and
metrics, as well as the scoring systems for rupture risk and growth risk. Each model was
queried with a standardized prompt that explicitly asked for a single preferred management
decision. Outputs were subsequently mapped into five predefined categories: conservative
management, surgical clipping, endovascular coiling, flow diverter, or WEB device. If a
model proposed several options but expressed a preference (for example, “clipping would
be preferred, though coiling could also be considered”), the preferred option was coded.
In cases where hedging language was used, a follow-up clarification was requested, and
the final stated preference was recorded. Free-text terminology was standardized to the
closest category (for example, “microsurgical occlusion” was classified as clipping, and
“endovascular embolization with coils” was classified as coiling). With this structured
approach, each model ultimately provided a clear recommendation that could be assigned
consistently to one of the predefined treatment categories.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS, version 24 (IBM Corp, Armonk, NY,
USA). To assess the accuracy of each LLM, we used a binary outcome (1 = correct,
0 = incorrect) to indicate alignment with the neurovascular board’s decision. We then
used Cochran’s Q test to evaluate the significance of differences in accuracy across the four
models. Subsequently, pairwise comparisons between the LLMs were performed using
the McNemar test. Given the multiple comparisons, we applied a Bonferroni correction to
control for Type I error.

3. Results

3.1. Demographics and Aneurysm Characteristics

A total of 57 patients with unruptured intracranial aneurysms (UIAs) were included in
the study after applying the inclusion and exclusion criteria (Table 1). The mean age of the
patients was 66.2 years. In total, 53 (93.0%) aneurysms were saccular in morphology, with 3
(5.3%) cases classified as fusiform. Forty-eight aneurysms (84.2%) were located intradurally,
while nine cases (15.8%) were extradural [19].

The median maximum aneurysm size was 6.0 mm, ranging from 2.0 to 25.0 mm. In
terms of location, aneurysms were found in the middle cerebral artery (MCA) in 16 cases
(28.1%), anterior communicating artery (ACOM) in 13 cases (22.8%), internal carotid artery
(ICA), including posterior communicating artery, in 15 cases (26.3%), vertebral artery
and posterior cerebral artery in 3 cases (5.3%), basilar artery in 7 cases (12.3%), and other
locations in 3 cases (5.3%). Thirteen patients (22.8%) had multiple aneurysms, and 4 patients
(7.0%) showed documented growth of the aneurysm over time.

The calculated risk scores for each patient provided additional context for management
decisions. The mean PHASES score was 6.9, ranging from 0 to 16, while the mean ELAPSS
score was 12.1, with a range from 2 to 29. The Unruptured Intracranial Aneurysm Treatment
Score (UIATS) favored intervention in 30 patients (52.6%) and conservative management in
27 patients (47.4%).
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Table 1. Descriptive Statistics of Patient Demographics, Aneurysm Characteristics, and Risk Scores.

Demographics Range
Median (IQR)/Mean
± SD/n (%)

Age (years) 31–95 65.40 ± 12.51

Severe Comorbidities 15 (26.3%)

Aneurysm saccular Morphology 53 (93.0%)

Irregular Aneurysm 2 (4%)

Aneurysm location
- Middle cerebral artery 14 (24.6%)
- Anterior cerebral artery 17 (29.8%)
- Internal carotid artery 24 (42.1%)
- Vertebral/posterior cerebral artery 2 (3.5%)

Intradural aneurysm location 48 (84.2%)

Growth under conservative treatment 4 (7.0%)

Aneurysm Size (mm) 2.0–25.0 6 (2.2–9.8)

Size Ratio 1.00–6.60 2.0 (0.5–3.5)

Aspect Ratio 0.66–8.50 3.0 (1.29–4.71)

PHASES Score 0–23 6.0 (1.0–11.0)

ELAPSS Score 2–29 14.63 ± 7.11

UIATS Favors Repair 2–15 8.0 (4.0–12.0)

Conservative treatment 26 (45.6%)

Treatment method
- Operative clipping 14 (24.6%)
- Endovascular coiling 13 (22.8%)
- Endovascular flow diverter 2 (3.5%)
-Endovascular WEB device/coiling 2 (3.5%)

Expert interdisciplinary consensus recommended conservative treatment for 26 (45.6%)
patients, and 31 (54.3%) patients were recommended for treatment of the aneurysm. Among
those advised to undergo treatment, 14 patients (24.6%) were recommended for operative
clipping, and 13 patients (22.8%) were advised to undergo endovascular coiling. Addition-
ally, 2 patients (3.5%) received recommendations for treatment with a flow diverter, and
another 2 patients (3.5%) were advised to use the WEB device/flow diverter.

ChatGPT-3.5 advocated treatment of the aneurysm the most (61.4%), followed by
ChatGPT-4 (57.9%), Claude (52.6%), and Atlas GPT (49.1%). Regarding treatment types,
ChatGPT-3.5 showed a strong preference for clipping (57.9%), whereas ChatGPT-4 demon-
strated a more balanced distribution between clipping (22.8%) and coiling (29.9%). Claude
and Atlas GPT leaned toward coiling (33.3% and 29.9%, respectively) and conservative
management (42.1% and 50.9%, respectively).

For follow-up recommendations in conservative management, the neurovascular
board suggested a mean interval of 13.36 months (SD = 5.84). ChatGPT-3.5 consistently
recommended a 12-month follow-up (SD = 0), while GPT-4 and Atlas GPT proposed shorter
intervals of 10.00 months (SD = 2.89) and 10.76 months (SD = 2.47), respectively. Claude
advised the shortest follow-up period, with a mean of 7.72 months (SD = 3.60) (Table 2).
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Table 2. Comparison of treatment decisions and follow-up recommendations between the neurovas-
cular board and AI models. ChatGPT-3.5 favored clipping, whereas ChatGPT-4 demonstrated a more
balanced approach. Claude and Atlas GPT leaned toward coiling and other endovascular treatments.
AI models generally recommended shorter follow-up intervals for conservative management. All
percentages are calculated using the entire study cohort (n = 57) as the denominator. Both absolute
numbers (N) and percentages (%) are reported.

Model
Conservative
(%)

WEB Device/
Coiling (%)

Clipping
(%)

Coiling
(%)

Flow
Diverter
(%)

Mean
Follow-Up
in Months

Neurovascular Board 26 (45.6) 2 (3.5) 14 (24.6) 13 (41.9) 2 (3.5) 13.36

ChatGPT-4 24 (42.1) 3 (5.3) 13 (22.8) 17 (29.9) 0 (0.0) 10.00

ChatGPT-3.5 22 (38.6) 0 (0.0) 33 (57.9) 2 (3.5) 0 (0.0) 12.00

Claude 27 (42.1) 10 (17.5) 1 (1.8) 19 (33.3) 0 (0.0) 7.72

Atlas GPT 29 (50.9) 9 (15.78) 2 (3.5) 17 (29.9) 0 (0.0) 10.76

3.2. Accuracy of AI Models in Predicting Conservative Treatment

In predicting the possibility for conservative treatment, ChatGPT-4 had the highest
accuracy, correctly aligning with the neurovascular board’s recommendation 89% of the
time, followed by ChatGPT-3.5 at 82%, Atlas at 74%, and Claude at 70% (Table 3A and
Figure 2A). Cochran’s Q test demonstrated a statistically significant difference among
the models (p = 0.003). Pairwise comparisons with the Bonferroni adjustment indicated
that ChatGPT-4 was significantly more accurate than both Claude (p < 0.001) and Atlas
(p = 0.002). At the same time, the differences between GPT-4 and GPT-3.5, as well as
between GPT-3.5 and Claude, were not statistically significant.

(A) 

 
(B) 

Figure 2. (A) Accuracy of each AI model in correctly identifying conservative treatment recommen-
dations for unruptured intracranial aneurysms. ChatGPT-4 achieved the highest accuracy, followed
by ChatGPT-3.5, Atlas GPT, and Claude. (B) Accuracy of each AI model in correctly identifying the
specific treatment type for unruptured intracranial aneurysms.
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Table 3. (A) Left column: Accuracy of each AI model in correctly predicting conservative man-
agement for unruptured intracranial aneurysms. ChatGPT-4 achieved the highest accuracy at 89%,
followed by ChatGPT-3.5, Atlas, and Claude. Right column: Pairwise comparisons of accuracy
between AI models, with Bonferroni-adjusted p-values. ChatGPT -4 demonstrated significantly
higher accuracy than Claude and Atlas, while the other comparisons were not statistically significant.
(B) Left columns: Accuracy of each AI model in correctly predicting treatment type for unruptured
intracranial aneurysms with ChatGPT-4 achieving the highest accuracy at 73%, followed by Atlas,
Claude, and ChatGPT-3.5. Right columns: Pairwise comparisons of accuracy between AI models
with Bonferroni-adjusted p-values. ChatGPT-4 demonstrated significantly higher accuracy than
ChatGPT-3.5, while other comparisons were not statistically significant.

(A)

AI Model
Mean Accuracy
Conservative
Prediction

Std.
Deviation

Pair Comparison p-Value
Significant with
Bonferroni
Adjustment?

ChatGPT-4 0.89 0.310 ChatGPT-4 vs. ChatGPT-3.5 0.160 No

ChatGPT-3.5 0.82 0.384 ChatGPT-4 vs. Claude GPT < 0.001 Yes

Atlas GPT 0.74 0.444 Chatgpt-4 vs. Atlas GPT 0.002 Yes

Claude 0.70 0.462 GPT-3.5 vs. Claude 0.070 No

Cochran’s Q
p-value 0.003 ChatGPT-3.5 vs.

Atlas GPT 0.230 No

Claude vs.
Atlas GPT 0.310 No

(B)

AI Model
Mean Accuracy
(Treatment
Type)

Std.
Deviation

Pair Comparison p-Value
Significant with
Bonferroni
Adjustment?

ChatGPT-4 0.73 0.456 ChatGPT-4 vs. ChatGPT-3.5 0.002 Yes

ChatGPT-3.5 0.27 0.456 ChatGPT-4 vs. Claude 0.157 No

Claude 0.50 0.512 ChatGPT-4 vs.
Atlas GPT 0.317 No

Atlas GPT 0.55 0.510 ChatGPT-3.5 vs. Claude 0.071 No

Cochran’s Q
p-value 0.008 ChatGPT-3.5 vs.

Atlas GPT 0.023 No

Claude vs.
Atlas GPT 0.564 No

The recommendations for follow-up intervals among patients advised to undergo
conservative management varied across the neurovascular board and each AI model. The
neurovascular board recommended a mean follow-up interval of 13.36 months (SD = 5.84).
ChatGPT-4 suggested a slightly shorter follow-up period, with a mean of 10 months
(SD = 2.89), while ChatGPT-3.5 consistently recommended a 12-month interval for all
cases (resulting in a standard deviation of 0). Claude advised a shorter follow-up interval
than the others, with a mean of 7.72 months (SD = 3.60). Atlas GPT’s recommendations
were closer to ChatGPT-4, with a mean follow-up interval of 10.76 months (SD = 2.47).
Compared with the neurovascular board, this represents significant mean reductions of
approximately 3.4 months for ChatGPT-4, 1.4 months for ChatGPT-3.5, 5.6 months for
Claude, and 2.6 months for Atlas GPT (all p < 0.001).
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There was no significant difference in the percentage of conservative treatment recom-
mendations between the neurovascular board and the AI models (ChatGPT-4, ChatGPT-3.5,
Claude, and Atlas GPT). Cochran’s Q test showed a result of 5.214 (df = 4, p = 0.266). The
mean rates of conservative recommendations were 45.6% for the neurovascular board,
42.1% for ChatGPT-4, 38.6% for ChatGPT-3.5, 42.1% for Claude, and 50.9% for Atlas GPT.
These results suggest that the AI models were neither more conservative nor more aggres-
sive compared to the neurovascular board.

3.3. Accuracy of AI Models in Predicting Specific Treatment Type

The accuracy of each AI model in correctly matching the neurovascular board’s
recommendation for the specific treatment modality (Operative clipping, endovascular
coiling, flow diverter, or WEB device) is shown in Table 3B and Figure 2B. ChatGPT-4
again achieved the highest accuracy at 73%, followed by Atlas GPT (55%) and Claude
(50%). ChatGPT-3.5 had the lowest accuracy at 27%. Cochran’s Q test revealed a significant
difference across the models (p = 0.008). Pairwise comparisons with Bonferroni adjustment
showed that ChatGPT-4 performed significantly better than ChatGPT-3.5 (p = 0.002), though
differences between ChatGPT-4 and Claude or Atlas GPT were not statistically significant.
ChatGPT-4 again showed the highest accuracy, with Atlas GPT and Claude performing
moderately well, while ChatGPT-3.5 had the lowest accuracy.

3.4. Factors Influencing AI Model Predictions for Treatment

To determine the factors influencing AI model decisions for the treatment of unrup-
tured intracranial aneurysms, a multivariate logistic regression analysis was performed. In
the multivariable analysis, the dependent variable was whether the AI model’s treatment
recommendation (surgical vs. conservative) matched the neurovascular board’s decision
for each patient. In this analysis, the ELAPSS score emerged as a significant predictor
of AI model accuracy for both ChatGPT-4 (OR = 1.37, 95% CI: 1.11–1.69, p = 0.003) and
ChatGPT-3.5 (OR = 1.40, 95% CI: 1.10–1.78, p = 0.007), indicating that higher ELAPSS
scores, which reflect aneurysm growth risk, were strongly associated with alignment to
neurovascular board decisions. For ChatGPT-3.5, the PHASES score showed a significant
negative association (OR = 0.73, 95% CI: 0.55–0.97, p = 0.029), while severe comorbidi-
ties significantly reduced the likelihood of treatment recommendations in both models
(OR = 0.047, p = 0.014 for ChatGPT-4 and OR = 0.002, p < 0.001 for ChatGPT-3.5). In con-
trast, no significant predictors were identified for Claude, and the analysis for Atlas GPT
revealed unstable results with wide confidence intervals, suggesting lower robustness in
these models.

4. Discussion

This study evaluates the performance of multiple AI models, including ChatGPT-4,
ChatGPT-3.5, Claude, and Atlas GPT, in predicting treatment strategies for UIAs. Expert
consensus and guideline recommendations underline the importance of multidisciplinary
decision-making in the management of unruptured intracranial aneurysms. In daily prac-
tice, this is usually achieved through discussion in a dedicated neurovascular board, where
neurosurgeons, neurointerventionalists, neuroradiologists, and neurologists contribute
their perspectives. These boards combine established risk scores such as PHASES, ELAPSS,
or UIATS with clinical judgement and patient-specific factors, allowing a balanced decision
between rupture risk and treatment risk. On this basis, the neurovascular board is widely
regarded as the reference standard for therapeutic recommendations in patients with
UIA [7,18]. Our findings demonstrate that AI models might align with expert neurovas-
cular board decisions, particularly in terms of overall treatment recommendations. This
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supports the growing evidence that AI, and specifically LLMs, can serve as valuable tools
to assist in complex clinical decision-making processes and provide a first-line assessment
and triage.

ChatGPT-4 achieved the highest overall accuracy, both in predicting conservative
or operative therapy and in identifying the specific type of operative treatment. While
ChatGPT-3.5 showed a stronger preference for clipping, and Claude and Atlas GPT leaned
toward coiling, these variations reflect subtle differences in model outputs rather than
significant deviations from clinical standards. Notably, the AI models demonstrated
neither a conservative nor an aggressive tendency compared to the neurovascular board,
reinforcing their ability to replicate expert-level decision-making.

AI models consistently recommended shorter follow-up intervals than the neurovas-
cular board, which could have significant implications. While earlier imaging could help
detect aneurysm growth or morphological change sooner and potentially lower rupture
risk, it also has clear downsides. More frequent scans increase resource use and costs,
place additional demands on radiology services, and, when CTA is the primary modal-
ity, add cumulative exposure to radiation and iodinated contrast [20,21]. For patients,
this may translate into more outpatient clinic visits, interruptions to daily life, anxiety,
and an increased chance of false positives leading to unnecessary investigations. Current
guidelines emphasize individualized surveillance rather than fixed intervals, considering
aneurysm and patient-specific risk [4,7]. Against this background, our findings indicate
that although AI models generally agree with experts on whether to treat or observe, their
tendency to suggest earlier re-imaging could shift practice toward over-surveillance if
applied without modification. Integrating AI outputs with multidisciplinary board review
and guideline-based protocols remains essential to balance vigilance with patient safety
and efficient resource use.

The role of predictive risk scores, particularly the ELAPSS and PHASES scores, in
guiding AI model outputs was also notable in our analysis. This observation reflects the
importance of structured, evidence-based tools in enhancing AI performance, a finding that
has been similarly reported in other AI-driven studies [15]. By integrating established clini-
cal scoring systems, AI models can provide recommendations that are both interpretable
and aligned with current standards of care.

Radiomics, the extraction of large amounts of quantitative features from medical
imaging, has shown promise in characterizing aneurysm morphology, wall integrity, and
other anatomical features that may correlate with rupture risk [22,23]. However, current
AI-based language models are not yet capable of directly interpreting or analyzing raw
imaging data. They therefore cannot independently generate radiomics-based predictions
of UIA rupture risk. Our findings suggest that when provided with sufficiently detailed
clinical and radiographic information, mirroring a radiomics-driven summary, AI models
can offer recommendations that closely match expert decisions. This underscores the
importance of integrating advanced imaging analytics with AI language models. This
direction holds significant potential for improving the accuracy and reliability of rupture
risk assessment in future clinical applications.

The accuracy observed in this study aligns with findings from other medical disciplines
exploring AI applications. For example, recent studies have shown that GPT models
can assist in neuro-oncology for diagnosing and determining treatment strategies for
gliomas, with ChatGPT achieving a reasonable level of accuracy comparable to clinical
experts [24]. Additionally, the use of AI in radiological interpretation and treatment
planning has demonstrated its capability to support clinicians by reducing workload and
enhancing efficiency [15]. Furthermore, it was shown that ChatGPT-3.5 responses on
general neurosurgical topics were comparable to those of neurosurgeons with low seniority.
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In contrast, the assessment of ChatGPT 4.0 was comparable to that of neurosurgeons
with high seniority [25]. These studies, coupled with our results, highlight the broad
applicability of AI models across various neurosurgical and medical domains.

An important aspect to consider when interpreting AI model performance is inter-user
variability. While AI models like ChatGPT can generate reliable outputs, the results are
often influenced by the phrasing of prompts and the level of detail provided. In this
study, we sought to minimize such variability by employing a rigorous, structured input
design: each of the four LLMs received the same description of the expected response, as
well as the same patient data and standardized prompts. This approach allowed us to
generate more detailed and uniform responses across models. Nonetheless, it is worth
noting that LLMs are continually evolving and adapting as their underlying databases
expand, which introduces variability over time and presents an ongoing challenge to
their reliability as clinical support tools. These considerations underscore the importance
of clearly defined guidelines, consistent data presentation, and standardized prompting
protocols when integrating AI into clinical workflows, particularly for complex cases like
UIA management.

The findings of this study suggest that AI models, particularly ChatGPT-4, have the
potential to serve as a valuable first-line triage tool to support clinical decision-making
in the management of unruptured intracranial aneurysms. This is especially relevant in
settings where healthcare providers may not frequently encounter UIAs or lack access
to experienced neurovascular teams. By rapidly synthesizing clinical and radiographic
data, AI can provide a preliminary recommendation that aligns closely with expert-level
decisions. Such support could be beneficial in resource-limited settings, where access to
specialized care is limited, or in emergencies that require swift preliminary assessments.

Nevertheless, it is crucial to acknowledge that AI models cannot supplant the expert
judgment and collaborative decision-making processes offered by an interdisciplinary
neurovascular board, which remains the cornerstone of UIA management. Neurovas-
cular boards bring together diverse clinical perspectives, patient-specific considerations,
and nuanced real-time discussions, factors that current AI models do not fully replicate.
While AI can streamline preliminary evaluations by rapidly synthesizing large volumes
of data, its role is best viewed as complementary to human expertise. Our results suggest
that AI may serve as a first-line tool to help clinicians navigate complex cases. Still, it
should not replace the in-depth deliberation and collective expertise characteristic of a
multidisciplinary approach.

5. Limitations

Despite the encouraging results, it is essential to recognize several limitations in
this study. First, each AI model analyzed is subject to ongoing updates and refinements,
meaning that both inter-model variability and intra-model evolution are inevitable as their
underlying datasets expand. This can lead to evolving and sometimes inconsistent outputs
over time, even if the clinical scenario remains unchanged. Second, although we used
a standardized format for data input, real-world clinical decision-making encompasses
dynamic, multidisciplinary interactions and patient-specific factors that are not fully cap-
tured by retrospective data alone. Third, the recommendations produced by LLMs can
vary significantly based on how prompts are formulated—slight differences in phrasing or
the level of detail provided can substantially alter the generated responses. Fourth, our
relatively small sample size may limit the generalizability of these findings, particularly
for rarer treatment modalities such as flow diverters and WEB devices, which were each
used in only two cases in our cohort. The low frequency of these modalities reflects their
limited application in real-world practice at our center rather than selection bias; however,
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this small number inevitably restricts the precision of AI performance estimates in these
subgroups, and results should therefore be interpreted with caution. Finally, exploring
the performance of next-generation AI models, which may feature continuous learning
capabilities, along with prospectively evaluating patient outcomes, will be crucial to fully
understanding the actual impact of AI on clinical decision-making. Future studies incorpo-
rating larger, multi-center cohorts, real-time data, and patient-centered outcomes will help
validate and refine the clinical utility of AI-driven decision support for the management of
unruptured intracranial aneurysms.

6. Conclusions

In conclusion, our findings indicate that the evaluated LLMs, particularly ChatGPT-4,
demonstrated high accuracy in determining whether conservative or operative manage-
ment was appropriate for unruptured intracranial aneurysms. However, there was no-
ticeably more variability when recommending specific treatment modalities (e.g., clipping
vs. coiling). These results suggest that AI-based language models can be a valuable tool
for initial screening decisions, especially in settings with limited access to specialized
neurosurgical expertise. Nevertheless, the multidisciplinary neurovascular board, with its
comprehensive and collaborative approach, remains essential for definitive management
of unruptured intracranial aneurysms.
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ACA Anterior cerebral artery
ACOM Anterior communicating artery
AI Artificial intelligence
ASA American Society of Anesthesiologists physical-status score
CI Confidence interval
DDR Distal dural ring
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ELAPSS Aneurysm growth-risk score (Earlier SAH, Location, Age, Population, Size, Shape)
GPT Generative Pre-Trained Transformer (e.g., GPT-4, GPT-3.5)
ICA Internal carotid artery
LLM Large language model
MCA Middle cerebral artery
OR Odds ratio
PHASES Aneurysm rupture-risk score (Population, Hypertension, Age, Size, Earlier SAH, Site)
SAH Subarachnoid haemorrhage
SD Standard deviation
SPSS Statistical Package for the Social Sciences
STROBE Strengthening the Reporting of Observational Studies in Epidemiology
UIA Unruptured intracranial aneurysm
UIATS Unruptured Intracranial Aneurysm Treatment Score
WEB Woven EndoBridge (intrasaccular flow-diversion device)
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Abstract: Background/Objectives: Detailed morphometric analysis of an aneurysm and the related
vascular bifurcation are critical factors when determining rupture risk and planning treatment
for unruptured intracranial aneurysms (UIAs). The standard visualization of digital subtraction
angiography (DSA) and its 3D reconstruction on a 2D monitor provide precise measurements but
are subject to variability based on the rater. Visualization using virtual (VR) and augmented reality
platforms can overcome those limitations. It is, however, unclear whether accurate measurements
of the aneurysm and adjacent arterial branches can be obtained on VR models. This study aimed
to assess interrater reliability and compare measurements between 3D VR, standard 2D DSA, and
3D DSA reconstructions, evaluating the reliability and accuracy of 3D VR as a measurement tool.
Methods: A pool of five neurosurgeons performed three individual analyses on each of the ten
UIA cases, measuring them in completely immersed 3D VR and the standard on-screen format (2D
DSA and 3D reconstruction). This resulted in three independent measurements per modality for
each case. Interrater reliability of measurements and morphology characterization, comparative
differences, measurement duration, and VR user experience were assessed. Results: Interrater
reliability for 3D VR measurements was significantly higher than for 3D DSA measurements (3D VR
mean intraclass correlation coefficient [ICC]: 0.69 ± 0.22 vs. 3D DSA mean ICC: 0.36 ± 0.37, p = 0.042).
No significant difference was observed between 3D VR and 2D DSA (3D VR mean ICC: 0.69 ± 0.22
vs. 2D DSA mean ICC: 0.43 ± 0.31, p = 0.12). A linear mixed-effects model showed no effect of
3D VR and 3D DSA (95% CI = −0.26–0.28, p = 0.96) or 3D VR and 2D DSA (95% CI = −0.02–0.53,
p = 0.066) on absolute measurements of the aneurysm in the anteroposterior, mediolateral, and
craniocaudal dimensions. Conclusions: 3D VR technology allows for reproducible, accurate, and
reliable measurements comparable to measurements performed on a 2D screen. It may also potentially
improve precision for measurements of non-planar aneurysm dimensions.

Keywords: augmented reality; cerebrovascular neurosurgery; intracranial aneurysm; measurement;
morphometry; surgical planning; virtual reality

1. Introduction

Unruptured intracranial aneurysms (UIAs), relatively common vascular abnormalities
found in 2–4% of the population [1], are increasingly detected due to the widespread use
of non-invasive imaging [2]. While most UIAs remain asymptomatic, with a low risk
of rupture, some may eventually rupture and lead to subarachnoid hemorrhage (SAH),
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which is associated with substantial morbidity and mortality [3]. The management of UIAs
includes three primary approaches: conservative (with follow-up imaging), endovascular,
or surgical treatment [4]. Selecting the most suitable strategy is a complex, patient-specific,
and multidisciplinary decision. This decision is grounded in a comprehensive assessment
comparing potential interventional and rupture risks.

Rupture risk is based on aneurysm dimensions, morphological features, and clinical
patient characteristics [1,5–7]. In clinical practice, aneurysm dimensions and morphological
features are necessary to calculate validated risk assessment scores such as PHASES and
UIATS [7–9] and morphological parameters such as size ratio, aspect ratio, and dome-
to-neck ratio, objectively quantifying rupture risk [10–12]. These scores have limits; for
instance, they tend to inadequately assess small aneurysms (<7 mm), highlighting the need
for a detailed evaluation of aneurysm dynamics and morphological characteristics [13–16].

Developed through different methodologies, these morphological parameters each
provide a unique perspective: The aspect ratio is based on 2D digital subtraction angiogra-
phy (DSA) measurements [10,17], while the size ratio and dome-to-neck ratio are derived
from 3D DSA reconstruction measurements [11,12]. Ultimately, a precise assessment of
the aneurysm is invaluable for planning the treatment (i.e., clip placement or fitting of an
endosaccular device).

In a typical clinical routine, these measurements and characterizations are performed
on 2D screens based on the primary imaging dataset, such as digital subtraction angiogra-
phy (DSA), computed tomography angiography (CTA), or magnetic resonance angiography
(MRA) of the UIA by neurosurgeons or neuroradiologists [18–20]. Among these methods,
DSA remains the gold standard for analyzing aneurysms in clinical practice, with 3D DSA
reconstruction (hereafter referred to as 3D DSA) preferred over 2D source imaging due to
its ability to provide more detailed and 3D visualization of the aneurysm [10,21–23].

Virtual reality (VR) has quickly emerged as a transformative tool in the medical field,
offering substantial benefits across applications, including medical education, patient educa-
tion, rehabilitation, and surgical planning [24–28]. One of VR’s key advantages is its ability
to generate detailed 3D models of complex anatomy, which can be viewed and manipulated
from multiple angles. This capability allows clinicians and students to overcome the inher-
ent limitations of traditional 2D imaging, offering a more comprehensive understanding
of anatomy and pathology. Newer VR technologies also offer intraluminal perspectives,
further underscoring that VR could provide reliable measurements and characterization of
UIAs compared to the 2D DSA source images and 3D reconstructions. However, despite
the increasing use and availability of VR for neurosurgical planning, the validity of VR’s
measurement capability has yet to be confirmed, and its reliability in measurements and
morphological characterization remains an area that requires further investigation.

To address this gap, we compared the interrater reliability of aneurysm measurements
and morphological characterization of UIAs using 3D VR, 3D DSA, and 2D DSA. Further-
more, we aimed to investigate the comparative difference in size measurements and the
duration of the measurements.

2. Materials and Methods

2.1. Study Design and Participants

Patients who underwent open surgical or endovascular treatment for UIAs at “our
hospital” from 2021 to 2022 were retrospectively screened for inclusion. All of these had
complete imaging and were judged to have been treated by an interdisciplinary neurovas-
cular board consisting of neurosurgeons and interventional neuroradiologists. Ten cases
were randomly selected and assigned unique identifiers. The latest 2D DSA (Siemens
Healthineers, Erlangen, Germany) source images were used as baseline images for 2D DSA
measurements. The vessel-injected flat-detector CTA (FD-CTA) from the same imaging ses-
sion was used as a source image to reconstruct the 3D DSA and 3D VR models. Raters were
randomly assigned to the UIA cases using an online randomization tool (randomlists.com,
FL, USA). Each rater followed a measuring protocol (see Supplemental Digital Content S1
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and S2) in the 3D VR and 2D modalities (Figure 1). The raters included five microsurgically
trained neurosurgeons from the Department of Neurosurgery at the University Hospital
of Basel, with various degrees of experience in vascular neurosurgery (one chief resident,
three attending vascular neurosurgeons, and one chairman of vascular neurosurgery).

Figure 1. Comparison of 2D DSA, 3D DSA, and 3D VR measurements. (A) Measurement of neck
diameter and maximum perpendicular aneurysm height using 3D VR. (B) Measurement of neck
diameter and maximum perpendicular height using 2D DSA. (C) Measurement of neck diameter and
maximum perpendicular aneurysm height using 3D DSA reconstructions.

2.2. VR Software

Each FD-CTA DICOM dataset was converted into a 3D VR model within the VR soft-
ware SpectoVR (Version 5.0.0, Specto Medical AG, Basel, Switzerland). Initially, the DICOM
dataset was imported into the software, followed by Hounsfield unit-based segmentation
to visualize the blood vessels and the skull. Subsequently, an investigator manually re-
moved any unnecessary noise or vessels to refine the model for accurate visualization. The
geometrical and anatomical precision of SpectoVR has been established through previous
validation studies [29,30]. The software was deployed on a Windows PC (Razer Blade
17 2022, Irvine, CA, USA, Intel CPU i7-12800H, 16GB DDR5 RAM, NVidia GeForce RTX
3080 Ti GPU, Santa Clara, CA, USA). Each model was subsequently saved and stored as a
custom Specto file type on a password-encrypted external hard drive.

2.3. Measurements

The aneurysm dimensions measured in millimeters (mm) included the anteroposterior,
mediolateral, craniocaudal, dome, neck (only if the presence of a neck was established),
parent vessel diameter, maximum perpendicular height, and maximum aneurysm height.
In addition to the measurements, raters were asked to assess aneurysm features, including
morphological classification, the presence of a neck, spatial aneurysm orientation, and
parent vessel (see Supplemental Digital Content S1). Raters first performed measurements
in 3D VR, followed by measurements in 2D DSA and 3D DSA on-screen, with substantial
temporal intervals between each modality.

Before the 3D VR measurements, each rater completed a questionnaire (see Supple-
mental Digital Content S2) containing questions about their neurosurgical experience and
prior VR exposure. Raters were additionally granted the opportunity to review an overview
of the aneurysm dimensions and morphological features planned to be assessed and pose
any questions regarding definitions assuring standardized measurement. Subsequently,
they entered a fully immersive 3D VR space using an HP Reverb G2 headset and HP motion
controllers (HP Inc., Palo Alto, CA, USA). The investigator asked all raters to measure
each aneurysm dimension and assess each morphological feature individually (Figure 2).
Measurements in 3D VR were performed using two custom-definable points in the 3D
space (Video S3, Figure 3).
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Figure 2. Investigator guiding rater through 3D VR measurements.

 

Figure 3. Various VR images from the study. (A) Interactive cutting plane feature for precise
3D slicing of anatomical models. (B) Measurement of neck diameter, maximum perpendicular
height, and parent artery diameters in a 3D VR environment. (C) Intraluminal perspective for dome
diameter measurement.

After all 3D VR measurements were completed, a questionnaire was administered to
examine each rater’s 3D VR measurement experience (see Supplemental Digital Content S2).
Following the 3D VR measurements, all 2D and 3D DSA measurements were performed
in the Sectra PACS image viewing software (Sectra AB, Linkoping, Sweden), following
the same methodology outlined for the 3D VR measurements. Across all three modalities,
measurements were performed with an accuracy of 0.1 mm.
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2.4. Outcome Variables

The study’s primary outcome was the interrater reliability in size measurement and de-
scription of aneurysm features (morphological classification, presence of neck, orientation,
and parent vessel) between the three modalities (3D VR, 3D DSA, and 2D DSA).

The secondary outcomes included the comparative difference in size measurements
in millimeters of the patient-specific UIA conducted in the modalities, the measurements’
duration, and the VR’s usability.

2.5. Statistical Analysis

All generated data were recorded in case report forms (Supplemental Digital Con-
tent S1 and S2). The data were subsequently imported as a CSV file into RStudio (Ver-
sion 1.4.1106, Posit, PBC, Boston, MA, USA) for statistical analysis.

Comparative statistics were determined using the Wilcoxon signed-rank test, ANOVA,
paired t-test, z-test, and linear mixed-effects model. Interrater reliability was assessed
using the intraclass correlation coefficient (ICC) and Fleiss’ κ. The threshold for statistical
significance was set at a p value < 0.05.

3. Results

3.1. Patient Population and Rater Cohort

The study included ten patient-based cases with UIAs mostly arising from the anterior
circulation, particularly the middle cerebral artery (50%, n = 5) and anterior communicating
artery (30%, n = 3) (Table 1). Every case was assessed by three different raters out of a
pool of five neurosurgeons. Consequently, a total of 90 measurements were acquired, 30 of
which were performed using 3D VR, 30 using 3D DSA, and 30 using 2D DSA.

Table 1. Overview of unruptured intracranial aneurysm cases.

Patient ID Parent Vessel Side

1 MCA Left
2 ACOM Left
3 MCA Right
4 MCA Right
5 ACOM Right
6 PCOM Right
7 PCOM Right
8 MCA Right
9 ACOM Left

10 MCA Right

3.2. Primary Outcome
3.2.1. Interrater Reliability of Aneurysm Measurements Comparing 3D VR with 3D DSA
and 2D DSA

Measurements of the anteroposterior diameter, mediolateral diameter, dome diameter,
neck diameter, parent vessel diameter, and maximum perpendicular height all showed
higher interrater reliability in 3D VR than in 3D DSA and 2D DSA. Craniocaudal diameter
was the only dimension to demonstrate lower interrater reliability in 3D VR than both 3D
DSA and 2D DSA. Maximum aneurysm height showed lower interrater reliability in 3D
VR than 3D DSA alone (Table 2, Figures 4 and 5).

Overall, 3D VR exhibited higher interrater reliability than both 3D DSA and 2D DSA
in aneurysm dimension measurements. The comparison between 3D VR and 3D DSA was
significantly different (3D VR mean ICC: 0.69 ± 0.22 vs. 3D DSA mean ICC: 0.36 ± 0.37,
p = 0.042). However, this difference did not reach significance when 3D VR was compared
to 2D DSA (3D VR mean ICC: 0.69 ± 0.22 vs. 2D DSA mean ICC: 0.43 ± 0.31, p = 0.12).
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Table 2. Interrater reliability of aneurysm dimensions and morphological parameters.

3D VR (n = 30) 3D DSA (n = 30) 2D DSA (n = 30)

Aneurysm
Dimension

ICC (95% CI) p Value ICC (95% CI) p Value ICC (95% CI) p Value

Anteroposterior
Diameter 0.9 (0.74–0.97) 0.000000003 0.65 (0.30–0.88) 0.00025 0.79 (0.51–0.94) 0.000007

Mediolateral
Diameter 0.8 (0.55–0.94) 0.0000014 0.54 (0.16–0.84) 0.0026 0.59 (0.22–0.86) 0.00097

Cephalocaudal
Diameter 0.56 (0.19–0.85) 0.0016 0.6 (0.24–0.87) 0.00075 0.73 (0.43–0.92) 0.00002

Smallest Axial
Diameter 0.88 (0.71–0.97) 0.00000001 0.77 (0.49–0.93) 0.000005 0.8 (0.55–0.94) 0.0000013

Neck Diameter 0.8 (0.50–0.95) 0.000016 −0.49 (−0.50–−0.08) 0.98 0.26 (−0.26–0.91) 0.18

Parent Vessel
Diameter 0.93 (0.82–0.98) 0.00000000004 0.5 (0.12–0.82) 0.0047 0.03 (−0.26–0.50) 0.41

Maximum Aneurysm
Height 0.35 (−0.03–0.74) 0.037 0.57 (0.20–0.85) 0.0014 0.27 (−0.09–0.69) 0.079

Maximum
Perpendicular Height 0.78 (0.50–0.93) 0.000004 0.52 (0.14–0.83) 0.0033 0.25 (−0.11–0.68) 0.099

Morphological
Parameter

Aspect Ratio 0.33 (−0.09–0.77) 0.066 0.23 (−0.33–0.96) 0.23 0.34 (−0.21–0.92) 0.13

Dome-to-Neck Ratio 0.55 (0.13–0.87) 0.0051 0.14 (−0.36–0.95) 0.30 0.72 (0.17–0.98) 0.0067

Size Ratio 0.76 (0.47–0.93) 0.0000086 −0.04 (−0.3–0.43) 0.55 −0.04 (0.3–0.43) 0.55

VR = virtual reality, DSA = digital subtraction angiography, ICC = intraclass correlation coefficient,
CI = confidence interval.

Figure 4. Bar charts showing ICC scores for 2D DSA, 3D DSA, and 3D VR measurements of various
aneurysm dimensions.
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Figure 5. Heat map of ICC scores for 2D DSA, 3D DSA, and 3D VR measurements of various aneurysm
dimensions. ICC values indicate reliability: below 0.5 = poor, 0.5–0.75 = moderate, 0.75–0.9 = good,
and above 0.9 = excellent.

3.2.2. Interrater Reliability of Morphological Aneurysm Features Comparing 3D VR with
3D DSA and 2D DSA

Morphological classification displayed non-significantly higher interrater reliability in
3D VR (3D VR [Fleiss’ κ (95% CI)]: 0.35 (0.13–0.57)) than 3D DSA (3D DSA [κ (95% CI)]:
0.16 (−0.06–0.37), p = 0.23) and significantly higher interrater reliability than 2D DSA
(2D DSA [κ (95% CI)]: −0.045 (−0.29–0.2), p = 0.019). 3D VR (3D VR [κ (95% CI)]: 0.26
(−0.1–0.62) exhibited non-significant higher interrater reliability when determining the
presence of an aneurysm neck than 3D DSA (3D DSA [κ (95% CI)]: −0.05 (−0.41–0.31),
p = 0.23) and 2D DSA (2D DSA [κ (95% CI)]: −0.071 (−0.45–0.31), p = 0.22). Regarding
aneurysm orientation, 3D VR (3D VR [κ (95% CI)]: 0.3 (0.17–0.43)) exhibited significantly
lower interrater reliability than 2D DSA (2D DSA [κ (95% CI)]: 0.51 (0.38–0.63), p = 0.02)
and non-significantly higher interrater reliability than 3D DSA (3D DSA [κ (95% CI)]: 0.17
(0.027–0.31), p = 0.18). Accurate identification of the parent vessel was achieved in 90%
(n = 27) of cases using 3D VR assessment, in 70% (n = 21) using 3D DSA assessment, and in
93% (n = 28) using 2D DSA assessment.

3.3. Secondary Outcomes
3.3.1. Comparative Differences between the 3D VR Measurements and the 3D and
2D DSA Measurements

All dimensions and morphological parameters except for dome diameter, maximum height,
maximum perpendicular height, and dome-to-neck ratio showed non-significant differences
between 3D VR and 3D DSA (Table 3, Figure 6). Compared to 2D DSA, all dimensions and
morphological parameters, except for neck diameter, parent vessel diameter, maximum height,
and perpendicular height, showed non-significant differences in 3D VR (Table 3, Figure 6).
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Table 3. Aneurysm dimension measurement difference comparison by modality.

3D VR (n = 30)
3D DSA
(n = 30)

2D DSA
(n = 30)

3D VR vs.
3D DSA

3D VR vs.
2D DSA

3D DSA vs.
2D DSA

Aneurysm Dimension
Mean ± Range

(mm)
Mean ± Range

(mm)
Mean ± Range

(mm)
p Value p Value p Value

Anteroposterior Diameter 5.7 ± 5 5.8 ± 5.1 5.7 ± 5 0.84 0.84 0.68

Mediolateral Diameter 5.7 ± 5.1 5.8 ± 5.1 5.4 ± 3.7 0.62 0.69 0.46

Craniocaudal Diameter 6.3 ± 4.6 6.1 ± 5.7 5.8 ± 5 0.42 0.23 0.63

Dome Diameter 5.8 ± 4.6 6.1 ± 6.5 5.3 ± 5.8 0.004 0.14 0.85

Neck Diameter 4.4 ± 3.8 3.3 ± 4.1 3.4 ± 3.6 0.68 0.005 0.10

Parent Vessel Diameter 2.3 ± 1.8 2.3 ± 2.55 1.9 ± 2.8 0.48 0.017 0.047

Maximum Height 6.5 ± 8.5 5.8 ± 4.4 5.7 ± 3.9 0.016 0.009 0.80

Maximum Perpendicular
Height 6.3 ± 4.3 5.3 ± 4.5 5.3 ± 5.3 0.016 0.004 0.95

Morphological Parameter

Aspect Ratio 1.6 ± 2.1 1.6 ± 1.8 1.7 ± 3.3 0.63 0.38 0.93

Dome-to-Neck Ratio 1.4 ± 2.4 1.9 ± 3.2 1.7 ± 2.6 0.0044 0.14 0.60

Size Ratio 3 ± 5.2 2.5 ± 2.4 3.3 ± 10.3 0.057 0.75 0.088

VR = virtual reality, DSA = digital subtraction angiography.

Figure 6. Box plots showing mean and range using 2D DSA, 3D DSA, and 3D VR for measure-
ments of various aneurysm dimensions. (A) Anteroposterior diameter. (B) Mediolateral diameter.
(C) Craniocaudal diameter. (D) Dome diameter. (E) Neck diameter. (F) Parent artery diameter.
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A linear mixed-effects model comparing the effect of 3D VR and 3D DSA for antero-
posterior, mediolateral, and craniocaudal diameter measurements found no significant
difference (95% CI = −0.26–0.28, p = 0.96). Also, the model indicated no significant dif-
ference in diameter measurements between 3D VR and 2D DSA (95% CI = −0.02–0.53,
p = 0.066).

3.3.2. Measurement Duration

When comparing 3D VR and 2D DSA, the 3D VR measurements were found to have a
non-significantly higher mean duration (3D VR mean duration: 8.2 ± 15 min vs. 2D DSA
mean duration: 7.1 ± 11 min, p = 0.15). The mean measurement duration was significantly
higher for 3D VR measurements than for 3D DSA measurements (3D VR mean duration:
8.2 ± 15 min vs. 3D DSA mean duration: 4.7 ± 5 min, p = 0.000006).

The mean slope for measurement duration was higher for 3D VR than for 3D DSA and
2D DSA (3D VR: −1.14 ± 9 vs. 3D DSA: −0.66 ± 1.6 vs. 2D DSA: −0.41 ± 1.7), indicating a
positive learning curve with increased usage (Figure 7). However, no statistically significant
differences were noted between 3D VR and 3D DSA (p = 0.76) or between 3D VR and 2D
DSA (p = 0.65).

Figure 7. Line chart showing mean duration of measurement in relation to number of measure-
ments performed.

3.3.3. Subjective Rater Experience

All raters described the 3D VR models as more intuitive to assess than the standard
on-screen measurements. Furthermore, each rater expressed a desire to utilize 3D VR
technology more frequently. Each rater observed phases of flow and immersion during
their 3D VR measurements, with no motion sickness reported (Table 4).

Table 4. Subjective virtual reality experience.

Rater Assessment

Which modality do you find easier to detect and describe aneurysms? 5/5 (100%) virtual reality model

Overall agreement (1 = strongly agree, 2 = agree,
3 = neutral, 4 = disagree, 5 = strongly disagree)

Mean (SD)

Everyday thoughts and concerns faded out during the measurement. 2.1 (0.75)

I experienced fatigue, eyestrain, difficulty focusing, headache, blurred
vision, dizziness (eyes closed), or vertigo. 4.5 (0.54)
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4. Discussion

Our results have shown that 3D VR measurements and the morphological charac-
terization of aneurysms tend to exhibit higher interrater reliability than 2D DSA source
images and their derived 3D reconstructions. These findings promote the potential utility
of 3D VR technology as a modern tool for reproducible, precise, and reliable measurement
of UIAs. Furthermore, no significant differences were found in the basic anteroposterior,
mediolateral, and craniocaudal diameter measurements when comparing 3D VR to 3D
DSA and 2D DSA, verifying its precision and applicability in clinical practice. Morpho-
logical parameters, including size and aspect ratio, also showed no significant difference
between 3D VR, 3D DSA, and 2D DSA. To the best of our knowledge, this study is the
first to compare and validate aneurysm measurements performed in a fully immersed 3D
VR environment with measurements conducted on traditional 2D DSA images and 3D
reconstructions. 3D DSA is widely regarded as the gold standard for assessing intracranial
aneurysms, offering high-resolution 3D reconstructions that allow for precise assessment of
aneurysm morphology and dimensions [31,32]. However, a comparison to 3D VR suggests
that 3D VR may provide more reliable measurements than the current gold standard.

The interrater reliability of 3D VR was significantly higher than that of 3D DSA and
comparable to that of 2D DSA. 3D VR measurements demonstrated higher interrater relia-
bility in seven of eight aneurysm dimensions assessed compared to 2D DSA measurements.
This may be attributed to the improved 3D visualization, which eliminates spatial superim-
position, making measurements more accessible and reproducible with less investigator
dependency. The comparison between 3D DSA and 2D DSA revealed no significant differ-
ence in interrater reliability. This pattern aligns with the findings of Timmins et al. [32], who
also observed comparable interrater reliability when comparing 2D MRAs and their 3D
reconstruction on-screen. The non-significant difference in anteroposterior, mediolateral,
and craniocaudal diameters (i.e., planar dimensions of an aneurysm) between 3D VR mod-
els, 2D source images, and 3D reconstructions shows that 3D VR technology can perform
planar aneurysm measurements with the same precision as on-screen measurements. This
finding aligns with previous studies investigating the comparability of measurements
between reconstructed 3D imaging and source imagery [33].

Regarding interrater reliability for morphological aneurysm features, we found that
morphological classification exhibited non-significantly higher interrater reliability in 3D
VR than in 3D DSA and significantly higher interrater reliability than in 2D DSA. The
accuracy of identifying parent arteries was comparable between 3D VR and 2D DSA,
whereas 3D DSA was substantially less accurate. This inaccuracy may stem from the fact
that only the region of interest (ROI) surrounding the aneurysm is reconstructed in 3D,
which makes it challenging to understand the full anatomy and orientation in the 3D space.
Additionally, comparably low interrater reliability was observed when determining the
presence of a neck in all three modalities. However, it must be noted that the ICC for 3D
VR was substantially higher than that observed for 3D DSA and 2D DSA. This previously
reported discrepancy in determining neck presence [34] may be explained by certain raters’
tendency to infer the presence of a neck even when it may not be clearly visible. This
discrepancy seemed to emerge in cases where branching vessels arise from the neck.

Interestingly, some significant differences were observed in the arguably more com-
plex (non-planar) measurements of dome diameter, neck diameter, parent vessel diameter,
maximum height, and maximum perpendicular height between 3D VR and 3D DSA and
between 3D VR and 2D DSA. Upon initial assessment, this finding might lead to the
conclusion that 3D VR has a diminished capability to perform such complex measure-
ments. However, we hypothesize that the inability of 2D visualized DSAs to clearly depict
aneurysm neck and parent vessel delineation substantially decreased the rater’s precision
in performing neck and parent vessel diameter measurements, as observed by Hochmuth
et al. [21]. In contrast, the ability of 3D VR to view and measure aneurysms independently
from any angle or plane and provide intraluminal visualization suggests that 3D VR can
provide more precise and realistic measurements of the diameter of the neck and parent
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vessel. These findings indicate that 3D VR is a tool that offers comparable planar mea-
surements while improving precision for nonplanar aneurysm dimensions with higher
interrater reliability. Thus, its measurements might be closer to the ground truth.

Higher measurement durations were found for 3D VR and 2D DSA than for 3D DSA.
However, it must be noted that 3D DSA measurements are performed routinely in clinical
practice; therefore, raters had more experience measuring the specific dimensions in this
particular sequence than for the other two modalities. More interestingly, a higher mean
rate of change in measurement duration per additional measurement performed was
observed in 3D VR than for both 3D DSA and 2D DSA, suggesting a positive learning curve.
The observed trend of decreased duration in VR measurements aligns with the findings of
the study conducted by Greuter et al. [34] that assessed the time to detect aneurysms in 3D
VR. Therefore, it can be inferred that with increased training and experience, VR can likely
achieve measurement durations comparable to those of 3D DSA and 2D DSA.

Raters unanimously described the 3D VR system as more intuitive than the 3D DSA
and 2D DSA on-screen environments. Additionally, VR induced states of psychological
flow and immersion. Notably, the raters in this study did not report any motion sickness
components, possibly due to the advanced functionality of SpectoVR, which has been
previously validated [29,30].

Although still emerging in cerebrovascular surgery, the ability of VR to generate
accurate and interactive 3D models has proven to be a powerful tool to enhance spatial
awareness and surgical precision. Studies have shown that VR significantly improves
the detection of arterial anatomy in UIAs, leading to better anatomical understanding,
optimized head positioning, and a more precise selection of surgical approaches [35].
Additionally, VR has been shown to reduce operating times for aneurysm clipping through
more effective preoperative planning [36]. These examples are just a few of many studies
highlighting the value of VR in aneurysm surgery, where it plays a crucial role in the
surgical planning, execution, and teaching of complex anatomy [37–41].

However, as VR is increasingly implemented in clinical practice, verifying its validity
compared to the current gold standard is fundamental. While 3D VR has demonstrated
precise measurement values with higher interrater reliability in our study, there is cur-
rently a lack of data on its impact on clinical decision-making and patient outcomes. Since
decision-making about treating UIAs remains strongly dependent on size and morpho-
logical characteristics, the precision and objective understanding of morphology gain
importance, especially in small aneurysms, for instance [15]. Additionally, with the es-
tablished practice of interdisciplinary decision-making for the treatment strategy of UIAs,
increased interrater reliability supports objective discussion. Dedicated studies evaluating
the particular impact of 3D VR in those situations are warranted to further validate the
utility and applicability of 3D VR measurement and characterization in clinical practice.

Limitations

Several limitations should be considered when interpreting this study’s findings. First,
considerable variation in the number of aneurysms measured by each rater (three to ten)
may have influenced correlation and reliability results. Also, no UIAs that were managed
conservatively were included. Furthermore, this study had a relatively small sample size of
only ten aneurysm cases, which likely does not encompass the breadth of different locations,
sizes, and features of aneurysms, thus providing low power for generalizing the findings.
It is essential to note that all raters were neurosurgeons rather than neuroradiologists,
who more commonly perform aneurysm size measurements. Additionally, the cost of a
VR system has to be considered, as it potentially limits the availability of VR in routine
neurosurgical practice globally.

5. Conclusions

3D VR technology offers measurements comparable to those of 2D DSA and its 3D
reconstruction while likely increasing interrater reliability. It can potentially improve the
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precision of measurements for non-planar aneurysm dimensions such as parent vessel, neck
diameter, and height. More data regarding its utility in judging morphological changes in
aneurysms are required.
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