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ABSTRACT

Background Cerebral damage after aneurysmal subarach-
noid hemorrhage (SAH) results from various, sometimes
unrelated causes. After the initial hemorrhage trauma with
an increase in intracranial pressure, induced vasoconstriction,
but also microcirculatory disturbances, inflammation and
pathological electrophysiological processes (cortical spread-
ing depolarization) can occur in the course of the disease, re-
sulting in delayed cerebral ischemia (DCI). In the neuroradio-
logical context, cerebral vasospasm (CVS) remains the focus
of diagnostic imaging and endovascular therapy as a frequent
component of the genesis of DCI.

Methods The amount of blood leaked during aneurysm rup-
ture (which can be detected by CT, for example) correlates
with the occurrence and severity of CVS. CT perfusion is then
an important component in determining the indication for

endovascular spasm therapies (EST). These include intra-
arterial drug administration (also as long-term microcatheter
treatment) and mechanical procedures (balloon angioplasty,
vasodilatation using other instruments such as stent retrie-
vers, stenting).

Conclusion This review summarizes the current findings on
the diagnosis and treatment of CVS after aneurysmal SAH
from a neuroradiological perspective, taking into account the
complex and up-to-date international literature.

Key Points

= Vasospasm is a frequent component of the multifactorial
genesis of delayed cerebral ischemia after SAH and remains
the focus of diagnosis and treatment in the neuroradiologi-
cal context.

= The initial extent of SAH on CT is associated with the
occurrence and severity of vasospasm.

= CT perfusion is an important component in determining
the indication for endovascular spasm therapy.

= Endovascular spasm therapies include local administration
of medication (also as long-term therapies with microcath-
eters) and mechanical procedures (balloon angioplasty,
dilatation using other devices such as stent retreivers,
stenting).
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ZUSAMMENFASSUNG

Hintergrund Die zerebrale Schadigung nach einer aneurys-
matischen Subarachnoidalblutung (SAB) entsteht aus ver-
schiedenen, teils unverbundenen Ursachen. Nach dem initia-
len Blutungstrauma mit Anstieg des intrakraniellen Drucks
kann es im Verlauf zu einer induzierten Vasokonstriktion, aber
auch zu Stérungen der Mikrozirkulation, Inflammationen und
pathologischen elektrophysiologischen Vorgangen (kortikale
Streudepolarisation) mit der Folge einer verzogerten zerebra-
len Ischamie (= Delayed cerebral ischemia [DCI]) kommen. Im
neuroradiologischen Kontext bleiben zerebrale Vasospasmen
(2VS) als haufiger Bestandteil der Genese von DCl im Fokus
der bildgebenden Diagnostik und endovaskuldren Therapie.
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Methode Die Menge des bei der Aneurysmaruptur ausgetre-
tenen Blutes (die z. B. durch das CT erfasst werden kann)
korreliert mit Auftreten und Auspragung von ZVS. Die CT-Per-
fusion ist dann ein wichtiger Baustein fiir die Indikationsstel-
lung zu endovaskuldren Spasmustherapien (EST). Diese
beinhalten intraarterielle Medikamentengaben (auch als Mi-
krokatheterdauerbehandlung) und mechanische Verfahren

(Ballonangioplastie, GefdBerweiterungen durch andere
Instrumente wie z. B. Stentretreiver, Stenting).
Schlussfolgerung Die vorliegende Ubersichtsarbeit stellt aus
neuroradiologischer Sicht die gegenwartigen Erkenntnisse zur
Diagnostik und Therapie von ZVS nach aneurysmatischer SAB
unter Beriicksichtigung einer insgesamt komplexen und dabei
auch der aktuellsten internationalen Literatur zusammen.

Introduction

After an aneurysmal subarachnoid hemorrhage (SAH), brain dam-
age can occur for various, partly unrelated reasons. The initial
bleeding trauma (early brain injury [EBI]) can result primarily in
an increase in intracranial pressure with possibly fatal effects on
cerebral perfusion pressure [1-3]. A secondary damage phase be-
gins approximately on the third day after an SAH. Based on the
multifactorial origin, delayed cerebral ischemia (DCI) has become
established as the clinically defined term here. DCl occurs in
approximately 40 % of cases of SAH and includes complex proces-
ses resulting from EBI, arterial constrictions, microcirculatory
dysfunction with loss of autoregulation, inflammatory changes,
microthromboses, and pathological electrophysiological proces-
ses (cortical spreading depolarization) [4-6]. DCI often results in
additional deaths or potentially severe disabilities.

In spite of the multifactorial origin of DCI, cerebral vasospasm
(CVS) is still considered to be a frequent contributing factor. The
spasms result from the effects of blood degradation products in
the subarachnoid space with sustained contraction of the muscle
cells of the vascular walls. They occur in approx. 50-90 % of cases
after SAH up to 10 days after the initial bleeding event [7, 8]. As
an independent factor, CVS is significantly associated with infarc-
tion and a less favorable clinical outcome [9, 10]. However, only
approximately 20-30 % of patients with CVS develop clinical
symptoms [11]. It is important to note that DCI can also occur
independently of CVS [12]. In connection with DCI, CVS remains
the main starting point both in diagnostic imaging and in endo-
vascular treatment.

The guidelines of the American Heart Association (AHA)/Amer-
ican Stroke Association (ASA), which were last updated in 2023,
recommend systemic administration of the calcium channel an-
tagonist nimodipine for the prevention and treatment of CVS/
DCI. Blood pressure and blood volume management is also men-
tioned in the guidelines as a possible method for treating CVS,
with an increase in cardiac ejection fraction and maintenance of
euvolemia being capable of limiting the progression and severity
of DCI. However, prophylactic hemodynamic augmentation and
hypervolemia should not be performed in order to minimize iatro-
genic risks for patients [13]. Comparisons of the effectiveness of
enteral and intravenous DCI prophylaxis with nimodipine cannot
yet be definitively evaluated [14]. Moreover, intrathecal therapies
are described in connection with CVS and have been endorsed
with the focus being placed on nimodipine in the form of slow-re-
lease microparticles in addition to the use of, e.g., magnesium
[13, 15, 16].

However, a clear recommendation is lacking here as for endo-
vascular spasm therapy (EST). This is also due to the fact that to
date there is no evidence of a positive effect on clinical outcome
even though there are indications of an additional benefit of EST
based on numerous at times complicated studies including meta-
analyses [17-21]. Thus, there is also currently a lack of consensus-
based guidelines regarding EST even though they are broadly
implemented and include the intraarterial administration of
medication (also in the form of continuous therapy with micro-
catheters) and mechanical vascular dilation (balloon angioplasty
[BA], dilation by means of other instruments, e. g. stent retrievers,
stenting).

Computed tomographic grading of
aneurysmal SAH and effect of
vasospasm/delayed cerebral ischemia

The Fisher grading system from the year 1980 is based in general
on the assumption of a connection between the distribution of
SAH on the initial CT scan and the development of CVS [22]. In
the late 1980s and 1990s, analyses of the specific connection be-
tween the amount of blood and CVS/DCl and later also analyses of
the exact influence of the site of the SAH were performed [23-
25]. Consequently, a modified classification of the corresponding
CT findings was created. The modified system additionally inclu-
ded the cisternal and intraventrical accumulation of blood and
was promoted by the authors as being better for the prediction
of CVS requiring treatment [26]. In light of the different classifica-
tion systems, a systematic review with meta-analysis of these ra-
diological classifications was recently published with the modified
Fisher grading system proving to be most suitable for predicting
symptomatic CVS [27]. The Vasograde, which was introduced in
2015, combines the modified Fisher grading system with the ini-
tial clinical classification of the World Federation of Neurosurgical
Societies (WFNS), and provides 3 color-coded grades for evaluat-
ing DCl risk, is not taken into consideration [28].

» Table 1 shows the comparison of the classic and modified
computed tomographic grading of subarachnoid hemorrhage for
the purpose of predicting symptomatic CVS.
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» Table 1 Comparison of classic and modified computed tomo-
graphic grading of a subarachnoid hemorrhage for the purpose of
predicting symptomatic cerebral vasospasm. Its probability
increases with higher degrees [22, 26].

SAH in CT IVH Fisher Modified
Grade Fisher-Grade

Diffuse thick e 3 4

- 3 3
Localized thick + 3 4

- 3 3
Diffuse thin & 4 2

- 2 2
Localized thin ¥ 4 2

- 1 1
None + 4 2

- 1 0

SAH =subarachnoid hemorrhage, IVH =intraventricular hematoma.

Indication for endovascular spasm therapy

In general, every decision in favor of an EST must be precisely
weighted because the risk of periprocedural complications as
well as the organizational effort for intensive care units and possi-
ble risks due to the transport of unstable patients must be taken
into consideration [29, 30]. Therefore, the selection criteria must
be carefully reviewed.

Alert patients can typically undergo a neurological examina-
tion. In the case of sudden clinical worsening with a decreased lev-
el of consciousness and/or new deficits or increased flow rates or a
temporary significant increase in flow rates on transcranial
Doppler ultrasound (TCD) of the cerebral arteries, these patients
can be diagnosed with DCI [31]. In the case of intubation or
sedation, multimodal, invasive neuromonitoring including contin-
uous measurement of intracranial and cerebral perfusion pressure
and regional brain tissue oxygenation (oxygen partial pressure
[PBrO,]) is often performed. A refractory decrease in PBrO, and/
or abnormalities on TCD indicate DCI. If these clinical signs persist
in spite of intensified hemodynamic therapy in addition to sys-
temic nimodipine administration, CT perfusion or digital subtrac-
tion angiography (DSA) should be performed. Constrictions of the
cerebral arteries on angiography confirm symptomatic CVS and
are thus a finding requiring endovascular treatment [8].

» Fig. 1 shows a possible procedure for determining the indi-
cation for EST. The indication must be reviewed before every
treatment session in the case of suspicion of symptomatic cere-
bral vasospasm. This also means that, after the individual indica-
tion for EST during the vulnerable spasm phase, additional intraar-
terial treatments do not necessarily need to be performed if
symptomatic CVS is not suspected again.

Role of CT perfusion

CT perfusion plays an important role as a selection criterion for
EST and can be considered a more objective imaging method
than TCD with advantages regarding the accuracy of the diagnosis
of CVS/DCI [32-34]. CT perfusion is typically performed in combi-
nation with CT angiography so that changes in microcirculation
and macroscopically visible vasospasms can be visualized [35,
36]. In relation to CT perfusion, comparative studies have focused
repeatedly on the value of individual parameter maps with the
time to drain (TTD) and especially the mean transit time (MTT)
proving to be particularly sensitive for pathological deviations
[37-40]. In general, a prolonged MTT and reduced cerebral blood
flow (CBF) indicate CVS [41] (> Fig. 2).

The need for initial CT perfusion as a baseline finding seems to
have been disproved [39]. The value of CT perfusion acquired
early, i.e., on day 1, 2, or 3 after SAH, to predict DCI was recently
shown in a comprehensive meta-analysis. However, standardiza-
tion of data acquisition was recommended [42]. This is discussed
in the studies by Sanelli et al. and Westermaier et al., which speci-
fy specific parameter variations in CT perfusion as the selection
criterion for EST but also explicitly state that scanner dependence
must be taken into consideration [31, 43]. That being said,
routine CT perfusion in intubated patients particularly in the
high-risk phase, i.e., between day 6 and day 10 after SAH, un-
doubtedly has significant diagnostic value since hypoperfusion
with an endovascular treatment option can be detected to a large
extent [44]. Newer studies examined subtle changes in parameter
maps between individual follow-up CT perfusion examinations
[45, 46]. It is clear that better selection of EST based on CT perfu-
sion will be the goal in the future. In addition to the need for stan-
dardization, the question of whether subtle dynamics of individ-
ual parameters in CT perfusion could perhaps lead to more
customized treatment should be further investigated.

In light of the already mentioned overlaps between DCI and
CVS, it must be noted that CT perfusion is sufficient for showing
CVS and associated perfusion deficits but other factors resulting
in DCI could have no correlate in this imaging method [5].

Endovascular spasm therapies

Medication

In the case of CVS, the dihydropyridine blocker nimodipine, which
can block the flux of extracellular calcium through L-type, voltage-
gated calcium channels particularly in smooth muscle cells, is a
standout among the group of intraarterially administered medi-
cations [47, 48]. This drug is more effective when administered
intraarterially than intravenously and a temporary improvement
in cerebral perfusion has been described when using nimodipine
for EST [49, 50]. In a comparison of CVS patients in initially poor
clinical condition treated systemically and additionally intraarte-
rially with nimodipine, published study results did not show any
major differences so that the positive effect of such intraarterial
therapy can be assumed [51]. We regularly use nimodipine for
EST. We typically administer the medication via a catheter placed

Neumann A et al. Neuroradiological diagnosis and... Fortschr Rontgenstr | © 2024. Thieme. All rights reserved.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



# Thieme

» Fig. 1 Proposal for the indication of endovascular spasm therapies.

» Fig.2 Example of symptomatic vasospasm of the anterior cere-
bral artery on both sides in CT perfusion with a prolonged time to
drain (TTD), b delayed cerebral blood flow (CBF), and ¢ normal cer-
ebral blood volume (CBV).

in an extracranial artery upstream from the spasms (internal caro-
tid artery and/or vertebral artery) with a dose of 1-5mg diluted
over a period of 30-60 minutes after systemic, weight-adapted
heparinization (3000-5000 IU) [52].

Papaverine with its effect as a phosphodiesterase inhibitor is
used less often, at least in Germany, for intraarterial vasospasm
therapy even though study results have shown advantages com-
pared to nimodipine [53, 54]. Medications that are effective on
an intraarterial basis include the substances amrinone, milrinone,
verapamil, nicardipine, fasudil hydrochloride, and a forskolin deri-
vative [55-57]. In particular, the intraarterial use of milrinone and
verapamil has already been sufficiently examined and has a posi-
tive effect on the course of CVS [58, 59]. Moreover, intraarterial
infusion of prostaglandin E1 (Prostavasin) with its suspected ef-
fect primarily on peripheral CVS has already been systematically
evaluated [60].

In individual institutions continuous treatment involving the in-
traarterial administration of medication via microcatheters is used
to treat vasospasms. This is recommended particularly in severe
otherwise treatment-refractory cases even under consideration
of potentially serious side effects like thromboembolic events
[61-63]. Therefore, such continuous intraarterial treatments in-
volving the application of vasodilators for several days are more
effective than short infusions even though systematic examina-
tions including the specific comparison of these two endovascular
methods are still lacking. In the case of continuous endovascular

infusions, most thromboembolic complications can be reliably
prevented by ensuring technically correct implementation of the
intraarterial infusion. However, this is not the case for the some-
times significant drop in blood pressure caused by the intraarter-
ial administration of the above-mentioned medications.

Mechanical vascular dilation

Balloon angioplasty

Due to its direct effects on the biomechanics and structure of the
arterial wall, BA promises longer-term effects and may thus result
in a lower rate of vasospastic infarctions [64, 65]. We support the
use of BA only in the case of severe spasms (>50 % constriction of
the affected vessel compared to the baseline finding on catheter
angiography) in the large cerebral arteries (including the proximal
part of the second segment of the anterior cerebral artery and the
middle cerebral artery). It should be used either on a primary basis
in recurrent CVS after prior nimodipine instillation or on a second-
ary basis as a supplement to intraarterial nimodipine administra-
tion when the angiographic response is not sufficient (<50 % vas-
cular dilation compared to the baseline angiogram provided that
CVS was not yet present there). In the case of BA, both non-com-
pliant and compliant balloon catheters are used for endovascular
treatment of CVS. Systematic comparisons are not yet available.
[52, 66]. In principle, BA carries the risk of severe periprocedural
complications like thromboembolic infarctions and - especially
in contrast to the purely intraarterial administration of medication
- vascular rupture. However, there are significant differences in
the literature regarding frequency (0-15 %) [52, 66-69]. Accord-
ing to the results of our own studies, a non-negligible rate of re-
currence of CVS can be seen after BA [52].

A comparison of the two types of EST most commonly used
in Germany (intraarterial nimodipine and BA) is provided in
> Table 2.

Other instruments

Stent retrievers to correct vascular constrictions can also be used
for the intraarterial treatment of CVS [70]. In contrast to BA, no
direct intimal damage is to be expected. Instead, a mechanical
radial force is gradually exerted on the spastic vascular wall by
means of self-expansion after release of the stent retriever
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» Table2 Comparison of local nimodipine administration and balloon angioplasty for the treatment of cerebral vasospasm, taking into account our
own study results. Balloon angioplasty is usually performed on a supplementary basis.

Type of endovascular spasm therapy
(EST)

Starting point on the vessel wall

muscles
Target vessels Proximal and distal

Good angiographic response
segments) [69]

Duration of therapeutic effect Short-term

Possible peri-interventional complica-
tions 15 patients, 65 EST) [30]

Local administration of nimodipine

Pharmacological dilatation of the smooth

77 % (89 patients, 356 treated vessel

M3 occlusion (total complication rate 2 %;

Balloon angioplasty

Mechanical intima disruption

Especially proximal

87 % (35 patients, 99 vessel segments [ACI n=16,
ACA n=33, ACM n=39, VAS n=11]) [52]

Longer-term, but recurrences possible in the
spasm phase (16 %) [52]

M1 dissection (total complication rate 2 %;
35 patients, 41 EST) [52]

ICA =internal carotid artery, ACA = anterior cerebral artery, ACM =middle cerebral artery, VAS = vertebrobasilar arterial system.

» Fig. 3 lllustration of the frequencies of intra-arterial medication
administration in endovascular spasm therapies based on the na-
tionwide registry data of the DeGIR and DGNR from 2018-2021
with evaluation of a total of 7628 interventions [54].

without the need for temporary occlusion. In addition, different
novel non-occlusive stents are currently used for treating spasms
[71-73]. In our institution we have had positive experiences with
the Comaneci instrument with an adjustable and easy-to-control
radial force for the endovascular treatment of CVS. Moreover,
there are also descriptions of the use of stent angioplasty as an ul-
tima ratio option for treating CVS. However, this strategy is lim-
ited to individual centers [74].

» Fig. 3, 4 show the frequencies of intraarterial medication ad-
ministration and the types of EST based on an evaluation of
national registry data of the German Society for Interventional
Radiology and Minimally Invasive Therapy (DeGIR) and the Ger-

man Society for Neuroradiology (DGNR) from the years 2018~
2021 [54].

Summary

Given the not yet fully understood and complex origin especially
of DCI, CVS is still to be considered a central component of brain
damage after SAH. For neuroradiologists, CVS after aneurysm
rupture therefore remains the main starting point both in diag-
nostic imaging and in endovascular treatment.

In the initial CT examination, there are different classifications
of SAH with the goal of assessing prognosis. The modified Fisher
grading system has proven to be most suitable for predicting
symptomatic CVS [27].

Further standardization should be targeted in the future for se-
lecting patients with an indication for EST. CT perfusion is useful
primarily in the middle and late vasospasm phases at the latest as
of day 6 after the bleeding event, particularly in intubated pa-
tients [44]. The dynamics of quantitative parameters will become
increasingly important as a selection criterion in CT perfusion.
Therefore, the possibility of more individualized treatment steps
will presumably also be investigated [45, 46]. TCD is still a helpful
additional diagnostic parameter but does not seem to reliable on
its own for detecting CVS: Thus, a meta-analysis including 18 stud-
ies showed evidence supporting this method only in the case of
spasms in the middle cerebral artery [75]. In the angio suite,
greater weighting of standardized classifications of CVS is an in-
teresting starting point for the future also for the optimization of
endovascular treatments for individual vessels [76, 77].

Specifically in relation to EST, treatment with intraarterially
administered medications continues to dominate. A systematic
evaluation of the joint registry data of the DeGIR and DGNR on
the treatment of intraarterial spasm in Germany showed a possi-
ble advantage of papaverine compared to nimodipine [54]. How-
ever, the low level of evidence of these results should be noted.
They merely represent an overview of the current care situation
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» Fig. 4 lllustration of the frequencies of the general types of endovascular spasm therapies based on the nationwide registry data of the DeGIR
and DGNR from 2018-2021 with evaluation of a total of 7628 interventions [54].

with intraarterial spasm treatments and thus provide a general
picture. The action profiles of individual intraarterially adminis-
tered substances in EST as well as investigation of the time effects
of new instruments for the mechanical expansion of CVS should
be the topic of future scientific studies.

With respect to the treatment of posthemorrhagic vasospasm,
there is currently still significant heterogeneity regarding the im-
plementation of EST [47]. Insight from meta-analyses, Cochrane
reviews, and multinational registry databases should still be taken
into consideration for standardization and large randomized stud-
ies should be performed [13, 78]. However, the path to definitive
evidence supporting EST is still long which can be attributed to
the repeatedly sobering results of individual studies on this topic
[79, 80]. However, interdisciplinary guidelines on the standardiza-
tion of diagnostic and treatment procedures would already be
helpful now and, in our opinion, would be able to be implemented
rather quickly. At present, such requirements could unfortunately
only reflect the limited treatment options for CVS/DCI. We cur-
rently do not know how to reliably prevent disability or death
due to the secondary complications of SAH. While microsurgical
and endovascular aneurysm treatment has undoubtedly signifi-
cantly improved the chance of survival after an intracranial
aneurysmal hemorrhage in the last 30 years, these primarily
adequately treated patients are still at significant risk in the spasm
phase.
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