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Abstract

Aneurysmal subarachnoid hemorrhage is a critical condition with high case-fatality and lasting impacts on
survivors. Acute events that are the direct result of aneurysm rupture, such as acute ischemia, elevated intracranial
pressure, cerebral edema, seizures, and hydrocephalus, lead to early brain injury. A delayed cascade of processes,
including a prominent systemic inflammatory response, may lead to secondary brain injury and delayed cerebral
ischemia, which often further impairs recovery. Systemic complications, including cardiac and pulmonary
dysfunction, fever, and electrolyte imbalances, arise in the interplay between early and secondary brain injury and
challenge the clinical course. Early management focuses on the prevention of rebleeding mainly through aneurysm
securement, amelioration of early brain injury through cerebrospinal fluid drainage, control of intracranial pressure,
and organ support to avoid or attenuate secondary brain injury. Nimodipine remains the only pharmacological
agent shown to reduce delayed cerebral ischemia, and lumbar drainage of cerebrospinal fluid to reduce
subarachnoid blood may improve outcome. Management strategies for hemodynamic interventions, seizures,
intracranial pressure control, large artery vasospasm, and electrolytes remain consensus-based and with large
variation in practice. Several advances in understanding inflammation and delayed cerebral ischemia, as well as in
monitoring and interventions hold promise, but robust trials are needed to refine protocols and improve patient
recovery. Understanding and mitigating the cascade of damage from rupture to recovery is essential to reduce the
burden of this devastating condition. In this review, we appraise the current understanding of the pathophysiology
of post-rupture complications as well as scientific and management data, with a focus on recent advances.
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Introduction

Subarachnoid hemorrhage from the rupture of an intra-
cranial aneurysm (aSAH) carries a 30-day mortality
of ~40% [1-3]. Many survivors suffer from long-term
deficits [4]. During an aneurysm rupture, blood pours
into the subarachnoid space at arterial pressure, with
subsequent potential for acute cerebral ischemia, ele-
vated intracranial pressure, cerebral edema, seizures, and
hydrocephalus, often severely impairing cerebral perfu-
sion. This cerebral hypoperfusion—constituting the early
attack on the brain, as well as the toxic effects of blood in
the cerebrospinal fluid (CSF), further lead to an array of
disturbances, including the metabolic crisis in neurons,
blood-brain barrier breakdown, cytotoxic and vasogenic
edema, electrochemical discharges (cortical spreading
depolarizations, CSD oxidative stress, which exacerbate
[5]), impaired drainage of solutes through the glymphatic
and lymphatic system, and activation of inflammatory
pathways [6, 7]. Events occurring within 72 h of an aneu-
rysm rupture that lead to brain damage are often referred
to as “early brain injury” (EBI) [8]. EBI further initiates a
cascade of events, which may be associated with delayed
cerebral ischemia (DCI) [9-11]. EBI also impacts sys-
temic function, mediated by a stress response. Under-
standing the early reaction of the body to aneurysm
rupture may be key to preventing progression to the cas-
cade of injury downstream from the ictus.

In this review, we provide an updated appraisal on the
pathophysiology of early and late complications as well
as a critical review of the current and future approaches
to their management, including ongoing scientific efforts
and new findings since the iteration of the most recent
management guidelines [12, 13] on the topic in 2023.

Role of early pathophysiological events and inflammation
in the pathogenesis of post-rupture complications

After aSAH, global ischemia and accumulation of toxic
blood breakdown products promote the development of
EBI, characterized by a series of secondary pathophysi-
ological downstream events, including alteration of ionic
homeostasis, microvascular dysfunction, blood brain bar-
rier (BBB) breakdown, cerebral edema, neuroinflamma-
tion, and oxidative stress, which exacerbate brain damage
[8]. Microvascular dysfunction after aSAH involves
endothelial cell swelling, loss of tight junction integrity,
pericyte degeneration, and microthrombi formation, all
contributing to impaired autoregulation and heteroge-
neous perfusion at the capillary level [14]. Experimental
studies show that endothelial nitric oxide synthase plays a
protective role in maintaining microvascular integrity in
EBI, while early BBB breakdown has been linked to poor
clinical outcomes [15-17]. Metabolic dysregulation dur-
ing EBI, including mitochondrial dysfunction and energy
failure, represents another potential therapeutic target
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[18, 19]. It has been demonstrated in animal models that
real-time metabolic monitoring revealed early energetic
collapse within the first hours following hemorrhage
[18], and that preserving mitochondrial homeostasis
reduces neuronal apoptosis and improves neurological
outcomes after aSAH [19]. There is substantial evidence
that inflammation is a driver of many of the complica-
tions associated with aSAH [7]. First, inflammation of
the aneurysm wall with a collection of macrophages
accumulating on the aneurysm dome probably predis-
poses to rupture, with a likely role of matrix metallo-
proteinase-9 in the rupture event. Innate inflammatory
cells—monocytes and neutrophils—in the periphery, and
microglia and astrocytes in the central nervous system,
are activated early after rupture [20-22]. A lymphocytic
response of adaptive T-lymphocytes, B-lymphocytes,
natural killer cells (NK), and NK-T-cells in aneurysm
rupture increases neuroinflammatory signaling, reinforc-
ing the recruitment and activation of additional immune
cells, resulting in a maladaptive and self-propagating
process [23, 24]. Observational studies have shown that
subsets of CD4+T-cells display dynamic changes in
peripheral blood and CSF of aSAH patients, suggesting
a role in disease progression [25—27]. Moreover, promot-
ing lymphatic clearance of pro-inflammatory Th17 cells
has shown therapeutic promise in experimental models
[28, 29]. However, a substantial knowledge gap persists
in understanding the specific contribution of lympho-
cytic responses following aSAH. The current understand-
ing of separate innate and adaptive immune responses
described in infection appears to be less applicable to
‘sterile’ injuries such as aSAH [30]. Bone-marrow-derived
inflammatory cells, as well as brain resident immune
cells, and inflammatory system elements all play a role in
the development of DCI and the evolution of brain dam-
age[30]. A critical question that underlies the treatment
or prevention of DCI is what part of the inflammatory
system initiates the cascade. Finding early initiators may
hold the best chance for effective treatments.

Delayed Cerebral Ischemia (DCI)

DCI, defined as lasting focal neurological impairment or
decrease of>2 points on the Glasgow Coma Scale that
was not apparent immediately after aneurysm occlu-
sion and is not attributable to other causes [11], affects
20-30% of patients, mostly between days 4—14, and is a
main risk factor for poor outcomes [31]. The pathogen-
esis of DCI is complex. While initially assumed to be
caused by large artery vasospasm, this concept has been
replaced by a multifactorial model involving both macro-
and microenvironmental derangements where DCI is
the result of various processes resulting in a mismatch
between perfusion and metabolism, including microvas-
cular and macrovascular vasospasm, inflammation and
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activation of the innate immune system [7, 32], CSD,
impaired autoregulation with reduced regional blood
flow, intravascular volume contraction, and microthrom-
bosis. CSD, waves of near-complete neuronal and glial
depolarization that propagate slowly through the cortex,
have been identified for nearly two decades as a factor in
the progression to secondary brain injury. Occurring in
the setting of disturbed autoregulation [33], CSD can lead
to a mismatch between metabolic demand and cerebral
blood flow, triggering vasoconstriction, neuroinflamma-
tion, and microthrombotic cascades. Notably, repetitive
or clustered CSDs can worsen ischemic injury by extend-
ing zones of hypoperfusion and perpetuating a harmful
cycle of excitotoxicity and inflammation [34, 35].

Microthrombosis is another increasingly recognized
contributor to DCI, with activation of platelet and
coagulation cascade leading to diffuse microvascular
obstruction, especially in the setting of neuroinflamma-
tion sustained by persistent activation of microglia and
astrocytes [36, 37]. These microthrombi typically remain
undetected on conventional angiography but are respon-
sible for diffusion hypoxia, thus contributing to a signifi-
cant reduction in tissue perfusion, further compounding
ischemic risk. Microcirculatory impairment, which may
arise from endothelial injury, pericyte dysfunction, capil-
lary constriction, and leukocyte plugging, plays a pivotal
role in perfusion—metabolism mismatch. Some studies
have indicated that cerebral circulation time can reflect
the status of microcirculatory impairment, with its
increase correlating with the occurrence of DCI and poor
outcome, independent of macrovascular vasospasm. This
suggests that greater microcirculatory dysfunction from
the ultra-early phase to the subacute phase can be a caus-
ative factor for DCI development and poor outcome [38]
Non-modifiable factors predicting DCI include poor ini-
tial clinical grade and more subarachnoid blood [39], as
well as—less consistently—female sex, smoking, hydro-
cephalus, hyperglycemia, and diabetes [40].

The goal of treating DCI is to halt the process(es)
impairing brain perfusion and minimize progression
to infarction. At present, the only data-proven strategy
to reduce the occurrence of DCI is enteral nimodipine.
Additionally, accepted means to reduce DCI include
avoidance of hypovolemia and hypotension [12]. Removal
of CSF has emerged as a preventive measure to lessen
DCI and decrease the rate of unfavorable outcomes,
although trial results have not been consistent [41-43].

A major challenge in interpreting currently available
data is that, despite the attempt to unify the definition
of DCI and adopt it as a common data element in aSAH
research [44], there is no accurate diagnostic tool, ren-
dering detection and monitoring difficult, especially in
comatose or sedated patients (see Table 1). While treat-
ment based on advanced multimodal monitoring, for
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example, through brain oxygenation protocols [45-47]
has shown promising results to mitigate secondary brain
injury in select settings, clear evidence on its efficacy on
outcomes is lacking, and RCT data are warranted. Wide
variations in the definition and diagnosis of DCI prevail
even in specialized centers [48]. Furthermore, the current
definition may be too narrow for studies investigating the
efficacy of strategies to reverse DCI upon occurrence, in
which DCI reflects an entry event rather than an out-
come [11].

Enteral nimodipine remains the only medication for
which a reduction of DCI and poor functional outcome
is supported by cumulative data from randomized con-
trolled trials [67]. As nimodipine does not directly treat
large vessel vasospasm, a dilatory effect on smaller arter-
ies with the restoration of cerebral blood flow [68] may
mediate the beneficial effect. Administration of enteral
nimodipine is endorsed by guidelines [12, 13], but in
practice often limited by the occurrence of systemic
hypotension necessitating dose reduction or discontinu-
ation [69]. Nimodipine is also available as an intrave-
nous formulation, and while no dedicated efficacy data
are available for this route, preliminary data indicate
safety [70] and potentially equal efficacy for intravenous
administration [71]. Intraarterial nimodipine may por-
tend success in ameliorating refractory vasospasm, but
continuous administration comes with significant side
effects (e.g., hypotension, heparin-induced thrombocy-
topenia) [72], and data are skewed towards refractory
vasospasm without robust data on the reduction of DCL
Incentivized by the issue of systemic hypotension, local
administration of calcium channel blockers has been
a focus of study. While intrathecal administration of
nimodipine-particle did not substantiate, a recent phase
2b RCT examining the safety and preliminary efficacy of
nicardipine-release-implants, inserted during aneurysm
clipping to the Circle of Willis, found a near threefold
reduction in the occurrence of moderate-to-severe vaso-
spasm without safety concerns, rendering a phase 3 trial
powered to assess outcomes indicated [73].

Intracranial complications

Rebleeding

The rebleeding risk for ruptured, unsecured aneurysms is
around 12%; most rebleeding occurs within 24 h [74]—
acknowledging heterogeneity in the timing of aneurysm
securement and definition of rebleeding. Elevated sys-
tolic blood pressure (SBP), particularly above 160 mmHg
[74], poorer clinical (i.e., higher World Federation of
Neurosurgical Societies (WFNS) and Hunt-Hess grades)
and radiological grades, and aneurysm characteristics
are associated with a higher risk [75, 76]. Aneurysm
securement within 24 h is the best strategy to mitigate
rebleeding risk; however, ultra-early securement—within
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Table 1 Modalities of detection and monitoring of delayed cerebral ischemia (DCI)

Advantages

Disadvantages

Clinical exam Universally available

Digital Subtraction Gold standard to diagnose large-vessel

Angiography vasospasm
Ability to treat endovascularly
Computed 82% and 97% sensitivity and specificity for

tomography-angiography
Perfusion computed
tomography

Transcranial Doppler
Ultrasonography

vasospasm detection [50-52]

sence or independent of vasospasm [53]
non-invasive
can be done repeatedly at the bedside

Continuous quantitative elec-

troencephalography (cEEG) function include loss of background fast

activity and increased slow activity with ap-

pearance of epileptiform abnormalities

can indicate development of vasospasm and

DCl earlier than TCD [57]

May detect impaired perfusion even in ab-

EEG changes correlative to decreased cerebral

DCl-related neurologic changes are missed in one-fifth, especially
poor-grade, comatose patients [49]

Sleep disruption (may contribute to secondary brain injury) [50]
Invasive

Focuses on large vessel spasm and not DCI

Radiation & Contrast

Focuses on large vessel spasm and not DCI

no standardized methods for measuring perfusion with CTP after
aSAH [54]

Variable sensitivity for vasospasm detection, reaching only 38% in a
recent review [55]

operator-dependent

subject to confounders

may trigger interventions aimed at vasospasm for DCI of different
etiology [56]

Broad implementation challenging & and resource-intensive

EEG carries poor signal-to-noise ratio

predictive accuracy for DCl better when combined with TCD [62]

metrics (alpha power, relative alpha variability,

and alpha/delta ratio) have demonstrated
value in identifying DCI [58-61]
Invasive multimodal monitor-  Includes various modalities: cerebral
ing modalities
electrocorticography
May be useful for select patients

Vital sign trends Advanced analytics may portend a future,
broadly available, and low-cost way to dis-

cover DCI [65, 66]

oxygenation [63], brain-tissue biochemistry,

Available data are limited in quality and preclude generalizability [64]
Protocols aimed at optimizing brain oxygenation and cerebral
metabolism suggest implementation of different strategies includ-
ing increasing FiO2, temperature management, optimization of
hemoglobin, optimization of flow through manipulation of cerebral
perfusion pressure and carbon dioxide, as well as titration of analge-
sia and sedation

Further studies necessary

Not broadly available

DCl, Delayed Cerebral Ischemia; CTP, Computed-Tomography-Perfusion; EEG, Electroencephalography; TCD, Transcranial Doppler; FiO2, Inspired fraction of oxygen;

6 h—does not seem to add additional benefits and comes
at the cost of a considerably higher burden on resources
[77, 78]. Of note, no high-quality data are available for
the use of newer embolization devices, which are increas-
ingly used for ruptured aneurysms not readily amenable
to traditional securement through coiling or clipping
[79].

Rapidly and broadly modifiable factors to reduce
rebleeding risk before aneurysm securement include
blood pressure control and reversal of coagulopathy; for,
neither exists strong data to support the impact of spe-
cific strategies. For blood pressure control, retrospec-
tive observations suggest that the risk of rebleeding is
higher for cohorts with SBP>160 mmHg [75]; retro-
spective data also indicate that lowering blood pressure
decreases rebleeding risk, but may increase the risk of
cerebral hypoperfusion and cerebral ischemia leading
to EBI [80]. Greater blood pressure variability is associ-
ated with worse outcomes [81]. Existing data are flawed
by methodological concerns and a high risk of bias [74].

In the absence of high-quality data which effectively miti-
gates the risk of bias, guidelines abandoned the provision
of specific blood pressure targets and rather stated that
treating severe hypertension on admission is reasonable,
while sudden profound blood pressure reduction should
be avoided [12, 13]. In practice, wide variability in man-
agement reflects the absence of known specific targets;
SBP limits of 140 or 160 mmHg are frequently chosen
[82].

Emergent reversal of coagulopathy in patients taking
anticoagulants is strongly recommended [13], even if
this recommendation is based on extrapolation of data
for intracerebral hemorrhage without dedicated data on
aSAH [83]. Antifibrinolytic drugs, such as tranexamic
acid or aminocaproic acid, might decrease rebleeding risk
by stabilizing the blood clot that seals the ruptured aneu-
rysm. However, in the recent ULtra-early TRanexamic
Acid after subarachnoid Hemorrhage (ULTRA [84])
trial, short-term (<24 h) treatment with tranexamic acid
did not reduce the risk of poor functional outcome [85].
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Post-hoc analyses also found no benefit of tranexamic
acid in subgroups of patients based on sex or clinical con-
dition on admission [85]. In addition, the time interval
between ictus and the start of tranexamic acid treatment
had no impact on functional outcomes [86]. Therefore,
the most recent guidelines [12, 13] recommend against
the routine use of tranexamic acid.

High intracranial pressure

Elevated intracranial pressure (ICP) significantly influ-
ences outcomes [87-89]. Prolonged elevation of ICP
and higher cumulative ICP burden, i.e. the sum of dura-
tion and intensity of ICP elevations rather than isolated
thresholds, impairs cerebral oxygenation not only by
reducing cerebral perfusion pressure but also by com-
pressing microvasculature, disrupting venous outflow,
and impairing oxygen diffusion and utilization at the
tissue level and increases the risk of cerebral infarction,
in-hospital mortality, and unfavorable long-term out-
comes [90, 91]. Even moderate ICP burden at thresholds
of 20- and 30-mm Hg increases mortality and correlates
with worse outcomes [92]. ICP monitoring and related
management, including escalation of therapeutic inten-
sity, were associated with improved outcomes in the
SYNAPSE-ICU study [88], and highlight the need for a
more nuanced understanding of the cumulative ICP bur-
den. While these findings may imply that early and tar-
geted intervention to control ICP may affect recovery, an
approach distinguishing whether ICP is a consequence of
evolving underlying brain injury that may largely be irre-
versible, versus reflecting a secondary complication that
is amenable to treatment, is yet to be investigated.

Disturbance of CSF circulation

Subarachnoid hemorrhage can disrupt cerebrospinal
fluid dynamics by provoking inflammatory cascades and
fibrin deposition that impair arachnoid granulation func-
tion—leading to a deficit in CSF reabsorption (communi-
cating hydrocephalus)—and by inducing intraventricular
adhesions that obstruct CSF pathways (non-communi-
cating hydrocephalus). CSF drainage is a logical approach
for controlling hydrocephalus and removing blood from
the subarachnoid space. CSF can be drained through an
external ventricular drain (EVD) placed into the lateral
ventricle, an external lumbar drain (LD), or one or more
lumbar punctures. Institutional practices to manage
EVDs, both in relation to the adjustment of drainage in
relation to ICP or other symptoms, as well as for weaning,
vary widely and have not been systematically compared
or investigated [93, 94]. A higher amount of CSF drained
by EVDs may be associated with a worse outcome, even
after adjusting for baseline hemorrhage severity [95].
Available, largely observational data indicate a potential
advantage in rapid weaning strategies [96].
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In the absence of obstructive hydrocephalus, CSF
drainage via lumbar drain (LD) has also been proposed
to remove blood from basal cisterns and subarachnoid
space. The hypothesis that LD could be advantageous was
first tested in the LUMAS trial [42], a monocentric RCT
involving good-grade patients. While the primary find-
ings showed a decrease in delayed ischemic neurological
deficits at discharge, this did not translate to improved
6-month functional outcomes. One possible explanation
is that the good-grade aSAH patients studied in LUMAS
were at a lower risk for secondary complications, render-
ing the trial underpowered to detect significant differ-
ences. The EARLYDRAIN trial compared the addition of
an LD placed within 48 h of rupture to standard-of-care
alone, which included management with/without EVD,
in 287 patients across all aSAH severity grades [41] (see
Fig. 1). Controlled lumbar drainage of 5 ml/hour was
performed for at least four days, starting the day after
aneurysm treatment, regardless of the presence of hydro-
cephalus. The primary endpoint was the rate of poor out-
come, defined as mRS scores of 3—6. In the LD group,
poor outcomes were significantly lower, observed in
33% (47/144) patients compared to 45% (64/143) with a
number-needed-to-treat of 8.3 to prevent an unfavorable
outcome. Outcome improvement was paralleled by fewer
secondary infarctions (29% in the LD group vs 40%); mor-
tality was similar between groups. The treatment effect
was consistent across subgroups. An updated system-
atic review and meta-analysis, including EARLYDRAIN
data, support the effectiveness of lumbar CSF drainage in
improving 6-month mortality following aSAH [97] with
a key emphasis on the reduction of infarctions. Of note,
none of the included studies reported a higher rate of
fatal or non-fatal complications associated with LD use.
The investigation of CSF filtration through lumbar cath-
eters [98] is based on similar assumptions of the benefits
of blood removal from CSE.

Further research should integrate ICP management
when indicated and focus on drainage rate and duration
of CSF diversion.

Seizures
Seizures occur at the time of aneurysm rupture in about
10% [99], more frequently in young, poor-grade aSAH
patients with anterior circulation aneurysms, and have
been associated with aneurysm rebleeding [100].
Following aneurysm treatment, clinical seizures are
overall rare, with higher seizure risk after clipping [101,
102]; they are associated with unfavorable functional out-
comes and development of epilepsy [103]. Electrographic
seizures, detected through EEG monitoring, occur dur-
ing the acute in-hospital course in about 17% of aSAH
patients [101, 104]. Abnormal epileptiform activity can
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Fig. 1 Schematic of cerebrospinal fluid drainage systems in aSAH This figure illustrates the simultaneous use of EVD and LD systems for monitoring and
draining CSF in patients with aSAH. The zeroing point for EVD and LD systems is marked near the level of the external auditory meatus [arrow], ensuring
accurate pressure readings. A minimal pressure gradient (< 5 mmHg) between the two systems suggests patent CSF flow pathways. This approach is par-
ticularly relevant in cases of hydrocephalus or raised ICP, as it enables tailored interventions to prevent further complications. The figure also underscores
the importance of precision in ICP monitoring, as it directly relates to optimizing CSF drainage strategies

be detected in up to two-thirds of patients, with a higher
epileptiform burden in patients who develop DCI [105].
Despite the absence of clinical trials to guide treat-
ment decisions, antiseizure medications (ASM) such as
levetiracetam are frequently given until aneurysms are
secured and the risk of rebleeding is minimized. Prophy-
laxis with ASM and treatment of these seizures, how-
ever, vary widely [106], and are highly controversial. The
benefits of prolonged prophylaxis extending beyond the
time of aneurysm treatment have not been established
[107]. In these preliminary clinical trials, older medi-
cations such as phenytoin were associated with worse
outcomes, and the benefits of newer agents such as leve-
tiracetam may be limited to aSAH patients with evidence
of EBI [107]. Practice in ASM prescription is variable,
with higher rates of ASM for patients with higher grade
SAH [106]. Guidelines support the treatment of seizures
and status epilepticus for the first week after bleeding
[13], but aggressive ASM treatment of other epileptiform
discharges may not be beneficial [108]. Epilepsy may
develop months or years after the bleeding, particularly
in patients with premorbid disability, seizures within the

first week after aSAH, surgical aneurysm treatment, poor
admission neurological status, and larger volumes of sub-
arachnoid and intraventricular blood [103].

No conclusive data is guiding the current manage-
ment approach. One published trial protocol compares
valproate versus placebo in good-grade patients without
seizures at presentation [109]. Future steps should focus
on clarifying optimal indication, duration, and type of
ASM and assessing the long-term impact of early epi-
leptiform activity and seizure management on functional
outcomes.

Large vessel vasospasm

Vasospasm, in a clinical context commonly defined as
the narrowing of large and medium-sized intracranial
arteries, although also occurring in microcirculation,
results from a combination of endothelial dysfunction,
smooth muscle cell hypercontractility, and, as emerging
evidence suggests, profound extracellular matrix remod-
eling [110-112]. Typically manifesting 3—14 days after
aSAH, vasospasm is angiographically evident in approxi-
mately 70% of patients, although less than half develop
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A Electrocardiographic changes
« Most frequent cardiac complication; seen in up to 80%"

* Most common: ST depression, QT prolongation, and T-wave inversions

12 Lead; Standard Placement

Not confirmed d | ||

Chest % 10. m‘/mv.

ECG with diffuse T-wave inversions that do not reflect an anatomic coronary territory (“cerebral T waves”), with tachyarrhythmia

B Neurogenic left ventricular dysfunction
« “Neurogenic cardiomyopathy”, “Takotsubo” or “stress” cardiomyopathy
« Any degree of left ventricular dysfunction reported in up to 50%; severe heart failure in up to 4%
« Apical ballooning = classic manifestation; midventricular, basal, focal hypokinesia, or global hypokinesia can be seen
« Left ventricular dysfunction generally reversible with recovery over days to weeks
- Associated with poor outcomes after aneurysmal subarachnoid hemorrhage?

C Differentiation between neurogenic and acute ischemic cardiac injury®

Neurocardiogenic injury

Acute myocardial ischemia

Troponin | elevated in 20-40%; elevation range often low

Troponin elevation higher

Early peak of troponin elevation

Later peak of troponin elevation

ST elevations in precordial leads without reciprocal ST
depression in inferior leads

ST-segment elevations in 2 contiguous leads with reciprocal ST-
depression in inferior leads

QTc prolongation in absence of marked Q waves

Marked Q waves

References: 1. Longhitano Y, Bottinelli M, Pappalardo F, et al. J Clin Monit Comput. Apr 2024;38(2):407-414. doi:10.1007/s10877-023-01075-5
2.ZhangL, Zhang B, Qi S. Neurosurg Rev. Feb 2020;43(1):59-68. doi:10.1007/s10143-018-0985-6
3. Scafa-Udriste A, Horodinschi RN, Babos M, Dinu B. IntJ Emerg Med. Feb 15 2024;17(1):22. doi:10.1186/s12245-024-00595-4

Fig. 2 (See legend on next page.)
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Transthoracic echocardiography (apical view)
showing neurocardiogenic left ventricular (LV)
dysfunction with apical ballooning (arrows) and
markedly reduced ejection fraction of 30%
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Fig. 2 Cardiac complications after aneurysmal subarachnoid hemorrhage Cardiac complications include neurocardiogenic myocardial injury, distur-
bance of left ventricular failure, arrhythmias and electrocardiographic changes. Figure 2 provides an overview of characteristics, observed rate and ex-
amples of a neurocardiogenic electrocardiographic (A) and echocardiographic finding with apical ballooning [arrows] (B), and a comparison between

neurogenic and acute ischemic cardiac injury (C)

clinical deterioration due to DCI. Transcranial Doppler
ultrasonography (TCD) monitoring is commonly uti-
lized to detect large vessel vasospasm, albeit important
caveats exist [113] Even though angiographic vasospasm
increases the odds of cerebral infarction nearly ninefold,
it is not a prerequisite for DCI, reflecting the complex
and overlapping mechanisms underlying adverse out-
comes [114].

An endogenous rise in blood pressure is frequently
observed after aSAH and may serve as an early indicator
of developing vasospasm [115] or cerebral hypoperfusion.
In clinical practice, post-securement BP management
varies widely [82]. Induced hypertension is commonly
employed as the primary intervention for DCI—provided
the patient’s cardiac status is favorable [116]. However,
optimal trigger thresholds and target blood pressure lev-
els remain unclear [117]. Notably, the only randomized
controlled trial evaluating induced hypertension was
terminated early, and its limited sample size precluded
drawing definitive conclusions regarding its benefit [118].
Despite these uncertainties, hemodynamic augmentation
using agents such as norepinephrine and phenylephrine
is widely practiced, while vasopressin is generally avoided
given its association with significant hyponatremia [119,
120]. Current guidelines endorse a strategy of permis-
sive autoregulation and blood pressure augmentation
in patients with DCI, while cautioning against routine
prophylactic hemodynamic manipulation due to iatro-
genic risks [13]. Milrinone has been proposed as a vaso-
dilator to counter vasospasm [121], and is increasingly
adopted into practice, with a reduction of endovascular
rescue therapies. Although inotropes have the potential
to improve cerebral blood flow when autoregulation is
impaired [119], their heterogeneous effects warrant fur-
ther investigation, and existing data lack robust compari-
son in clinical trials.

Endovascular rescue therapy—comprising intra-arte-
rial vasodilator infusion (with agents such as nimodip-
ine, verapamil, nicardipine, or milrinone) and balloon
angioplasty—remains an option when hemodynamic
augmentation is either ineffective or contraindicated. A
small phase 2 trial, however, reported worse outcomes
with endovascular rescue compared to blood pressure
augmentation [122]. While observational studies indi-
cate frequent clinical use of endovascular strategies [116],
their impact on long-term functional outcomes remains
unproven [123]. Clazosentan, an endothelin-receptor
antagonist with anti-vasospastic properties, showed
promise in the prevention, reversal, and amelioration of

vasospasm in phase 2 trials [124, 125], and was investi-
gated in a phase 3 RCT [126] in which it did not lead to
reduced DCI or improved outcomes. Intrathecal admin-
istration of nicardipine has shown promising results in
the prevention of moderate-severe vasospasm [73], set-
ting the basis for a phase 3 trial.

Finally, it is important to note that current data do not
address hemodynamic management in patients undergo-
ing treatment with newer devices, which may not achieve
immediate aneurysm securement comparable to surgical
clipping or endovascular coiling and thus may result in
different cerebral hemodynamic changes [127].

Systemic complications

Cardiac complications

Cardiac injury after aSAH (see Fig. 2) is mediated
through increased ICP, central autonomic dysfunction,
catecholamine release, and inflammation with activation
of cell-death pathways [128]. Neurocardiogenic dysfunc-
tion in the post-aSAH course has been well described and
spans a wide range of arrhythmias, electrocardiographic
changes, troponin elevation, wall motion abnormalities,
and serious cardiac events, especially for patients with
severe grades and high blood burden around the brain-
stem [129]. While myocardial injury is associated with
mortality and poor neurological outcome [130], and
hemodynamic manipulation for the treatment of DCI
may increase the risk of further cardiac complications, a
targeted approach to, or stratification according to car-
diac abnormalities, has not been a focus of interventional
trials thus far.

Pulmonary complications
Pulmonary complications after aSAH include typical
ICU-pulmonary complications such as atelectasis, pneu-
monitis, and pneumonia, which result from impaired
neurologic function and aspiration as well as inflamma-
tion over the course of the disease, (Table 2) and neu-
rogenic pulmonary edema (NPE), which occurs in the
setting of catecholamine toxicity [131]. Not only do these
problems complicate management; they are associated
with worse outcomes [132]. Recent advances, albeit only
for intermediate outcomes, include bundle approaches
and prevention of ventilator-associated pneumonia (see
Table 2).

Despite the impact of pulmonary function on cerebral
performance through modulation of cerebrovascular
reactivity and vessel caliber, trials targeting the reduction
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Table 2 Pulmonary complications after aneurysmal
subarachnoid hemorrhage

Type of
complication

Considerations

Hypoxemia Important cause of secondary brain damage [133]

Target 80-120 mmHg for arterial oxygen concen-
tration [134]

Consideration of additional neuromonitoring
(cerebral oxygenation) to individualize optimal
targets [134]

May lead to exacerbation of cerebral vasoconstric-
tion — should be carefully titrated [135]

Hypocarbia

Target 35-45 mmHg for arterial carbon dioxide
concentration [134]

Bundle approach (including protective ventilation,
early enteral nutrition, standardization of antibio-
sis) »ventilator-free days in patients with acute
brain injury; no impact on mortality [136, 137]

Hospital-acquired
pneumonia

Ventilator-associat-
ed pneumonia

Occurs in up to 22% of aSAH cases

PROPHY-VAP (single early dose of ceftriaxone in
ventilated brain-injured patients, including 40%
with SAH) —decrease in pneumonia and mortal-
ity [138]

Acute respiratory  Occurs in up to 4% of patients with aSAH
distress syndrome
(ARDS)

Observed frequency of ARDS has declined over
time [139]

Management with lung-protective ventilation,
balancing with need for cerebral perfusion
Occurs in~13% [140]

Likely related to systemic catecholamine release
similar to neurocardiac disturbances [141]

Risk factors: female sex, poor neurologic status, el-
evated troponin, elevated white blood cell count,
presence of ECG abnormalities

Management: general supportive maneuvers,
including use of positive end-expiratory pressure
and avoidance of hypervolemia

aSAH, aneurysmal ssubarachnoid hemorrhage; ARDS, acute respiratory distress
syndrome; SAH, subarachnoid hemorrhage

Neurogenic pul-
monary edema

of DCI have not systematically incorporated these
aspects.

Fever

Fever occurs in up to 70% of aSAH patients, with the
highest burden between post-bleed days 5-10. Regard-
less of the etiology—i.e., neurogenic, infectious, or drug-
related—, fever is associated with an increased risk of
DCI, longer hospital stay, poor short- and long-term
outcomes, and mortality [142, 143]. The pathophysiol-
ogy for the impact of fever on outcomes is only par-
tially understood and includes a link between elevated
body temperature and secondary brain injury through
increased cerebral metabolic demand, oxygen consump-
tion, ICP, mitochondrial dysfunction, disruption of
the blood—brain barrier, and CSD [5, 144]. While small
observational studies reported attenuation of secondary
brain injury by lowering the core temperature, the recent
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INTREPID RCT [145], investigating early fever prophy-
laxis after acute strokes, including aSAH, did not show
an outcome benefit compared to standard-of-care which
entailed fever management upon occurrence, despite a
significant reduction of fever burden, and effectiveness
of therapeutic temperature management during the acute
phase of aSAH remains uncertain [13]. Further, achieving
normothermia is challenging: Pharmacologic strategies,
including acetaminophen or nonsteroidal anti-inflamma-
tory drugs, are frequently ineffective [146], and cooling
devices may trigger shivering and require more seda-
tion. Importantly, although fever is consistently linked to
poorer outcomes, treatment of fever has not been shown
to improve outcomes. Despite this, a recommended
consensus suggests continuously monitoring core tem-
perature and treating temperatures>37.5 °C, targeting
normothermia [147]. Brain temperature is rarely mea-
sured in practice, and the body of data on brain tem-
perature remains limited; as such, brain temperature
monitoring cannot generally be recommended, although
core temperature is an imperfect proxy, differing from
brain temperature by up to 2 °C.

Future research should include standardized definitions
and reporting of fever episodes and focus on identifying
optimal target temperature and effective management
strategies, distinguishing preventive versus reactive fever
control, and considering the etiology of fever.

Anemia

At least two of five patients with aSAH have or develop
anemia, and anemia can be associated with worse out-
comes, particularly if occurring during the course of dis-
ease [148]. Reduced oxygen delivery due to anemia may
amplify secondary brain injury [149]. Current guidelines
were published before the publication of two randomized
trials, Subarachnoid Hemorrhage Red Cell Transfusion
Strategies and Outcome (SAHARA) [150] and TRansfu-
sion strategies in Acute brain INjured patients (TRAIN)
[151], investigating transfusion strategies. SAHARA
found no differences in neurologic outcomes between
liberal (=10 g/dL) and restrictive (<8 g/dL) groups, while
TRAIN, comparing transfusion thresholds of 7 g/dL ver-
sus 9 g/dL in a mix of acute brain injury including 23%
SAH, found better 6-months outcomes for the higher
hemoglobin group [151] including lower risk of cerebral
ischemia (relative risk 0.63; 95% CI 0.41-0.97) in a sec-
ondary analysis focused on SAH patients [152]. While
methodologically more robust, the a-priori-defined out-
come difference detection of 25% in SAHARA, as well as
the higher transfusion thresholds, may have prevented
the detection of a favorable transfusion threshold as
found in TRAIN. Meta-analyses weighing these differ-
ences are underway.
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Electrolyte disturbances

Sodium disturbances after aSAH, including cerebral
salt-wasting and hyponatremic natriuretic syndrome,
and related available data on practice guidance are well
described [153]. The assessment of risk factors for dysna-
tremia and its impact on outcomes has yielded conflict-
ing results [153]. The relationship of sodium variability
with DCI has also been inconsistent; the most recent
data on the topic did not demonstrate sodium levels or
fluctuations predictive of DCI, yet found higher sodium
levels and fluctuations associated with poor 6-month
outcomes independent of DCI [154]. Hypertonic saline
or enteral sodium supplementation is often used to treat
hyponatremia—especially severe hyponatremia (i.e.,
serum sodium level < 120 mmol/L) as this raises the risk
of cerebral edema and seizures[155], while an optimal
target or range for mild to moderate hyponatremia is
much less clear. Fluid restriction should be avoided, as
hypovolemia increases the risk of DCI. Both mineralo-
and glucocorticoids may prevent hyponatremia but can
trigger hyperglycemia and hypokalemia. Treating estab-
lished hyponatremia with mineralocorticoids is not ade-
quately studied. Guidelines summarize current evidence
as insufficient to recommend on use of mineralocorti-
coids or other interventions to prevent or correct hypo-
natremia [12, 13]. A survey of current practice in the U.S.
showed that while generally considered for use in 70%
of sites, fludrocortisone is used in less than 25% of real-
world practice[156].

Hypomagnesemia, detected in up to 50%, is associ-
ated with a higher risk of DCI. Although avoidance of
hypomagnesemia is thus generally recommended, aug-
mentation with intravenous magnesium sulfate has not
improved outcomes in RCTs [157, 158]. A criticism of
those trials is that treatment may have commenced too
late; smaller subsequent studies continue to report better
outcomes with variable protocols for magnesium sulfate
infusions, supporting the utility of another look at this
topic [159].

Long-term outcomes after aSAH

While most data to date indicate that fewer than one-
third of survivors recover fully, there is a striking lack of
long-term observational outcome data. At one follow-
up, cognitive impairment is found in 71% [4], and even
among patients with what is generally dichotomized as a
“good functional outcome” (i.e., mRS of 0-2), nearly half
show cognitive deficits [160]. A third develops a post-
SAH syndrome with fatigue, and cognitive and emotional
problems [161]. However, improvement can occur up to
4 years after onset, with good outcomes even in survivors
with initially poor function [162]. Despite this recogni-
tion, structured inclusion of functional measurements of
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neuropsychological function [163] in aSAH trials is lack-
ing [164].

Evidence gaps and clinical trials in aSAH

Major evidence gaps exist for the management of most
post-securement complications encountered after aSAH.
There are numerous ongoing and completed clinical tri-
als for aSAH. The Clinical Trials.gov repository lists
25 completed trials over the past 20 years, and similar
numbers of active phase 2—4 trials investigating phar-
macologic or interventional innovations (see Table 3).
However, despite numerous preclinical and pilot inves-
tigations, many subsequent trials in aSAH research are
terminated, most commonly due to a lack of sufficient
enrolment. Further, important aspects that have been
identified and investigated for many years, for example,
the impact of CSD on the development of DCI [165] and
inflammation, have not moved forward to impactful clin-
ical investigations. Additionally, the lack of a concerted
approach to outcomes selection and measurements [166]
limits data comparison and generalizability. While some
of the evidence gaps will be addressed (Table 3), oth-
ers are unlikely to be efficiently explored in the current
landscape and may require an approach utilizing well-
designed prospective cohorts, target trial emulation,
clinical trials with bundles of care [167], comparative
effectiveness or advanced causal inference methods with
robust statistical adjustment and transparent reporting,
and a trial platform allowing for overcoming challenges
in SAH research [168].

Conclusions
aSAH remains a complex condition with multifaceted
complications that significantly influence outcomes.
While advancements in understanding pathophysiologi-
cal mechanisms have refined early management strate-
gies, many aspects lack high-quality evidence.

Future research should focus on targeted, individual-
ized interventions and robust clinical trials to optimize
treatment protocols for improved functional outcomes.

Methodology

Supporting the content of this review, a non-systematic
search was performed on PubMed using the follow-
ing search string (((((((((((((subarachnoid haemorrhage/
hemorrhage) AND ((complications)) or (Rebleeding)) OR
(lumbar drainage)) OR (intracranial pressure)) OR (Vaso-
spasm)) OR (delayed cerebral ischemia)) OR (seizures))
OR (cardiac)) OR (pulmonary)) OR (Electrolytes)) OR
(hormones)) OR (fever))) AND (("2019/01/01"[Date—
Publication]:"3000"[Date—Publication])) Sort by: Most
Recent.
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Table 3. Current Pharmacotherapeutic and Interventional Clinical Trials in Aneurysmal Subarachnoid Hemorrhage®

Pharmacotherapeutic Trials

Name/Topic

Design

Expected National

participants Clinical Trial
Identifying
Number

Phase 2

Phase 2-3

Phase 3

Phase 4

Interventional Trials

LEVOSAH: Levosimendan (vs placebo)
ISCHEMIA: Nadroparine (vs standard LMWH)
Effect on intraoperative dexmedetomidine
on incidence of vasospasm

OPTIMIL: milrinone to prevent DCI

DISH: Deferoxamine vs placebo

DASH: Deferoxamine vs placebo

FLASH: fludrocortisone vs placebo
CIAO@SAH: C1 Inhibitor Cinryze vs placebo
Xe-SAH: Xenon as neuroprotective agent
HASH: albumin for optimal fluid
management

SXN-CVS: Shuxuening Injection for the
Prevention of vasospasm

STRIVE-ON: intravenous formulation of
nimodipine

FINISHER: Dexamethasone vs placebo
Ue-STAR: Ultra-early statin (vs standard care)

SCIL: Interleukin-1 Receptor Antagonist vs
placebo

LD-ITUK: Lumbar drainage plus intrathecal
urokinase

iVAST: Intra-arterial Vasospasm Trial to deter-
mine the optimal intra-arterial drug treat-
ment regimen for arterial lumen restoration
post cerebral vasospasm

Single-center RCT 30
Single-center RCT 100
Single-center RCT 90

Multicenter RCT 234
Dual center RCT 120
Dual center RCT 40

Multicenter RCT 524
Dual center RCT 128
Multicenter RCT 160
Single-center RCT 84

Single-center RCT 50
Multicenter RCT 100
Multicenter RCT 334
Multicenter ran- 522
domized trial
Multicenter RCT 612

Multicenter RCT 424

Multicenter ran- 330
domized trial

BLOCK-SAH: Pterygopalatine Fossa Block for Post-SAH Headache [169]. NCT06008795; multicenter RCT; n 195
BLOCK-CVS: Stellate Ganglion Block to prevent vasospasm [170]. NCT04691271; single center RCT; n 202
FAST-IT: Intrathecal nicardipine for vasospasm via EVD vs LD vs sham. NCT06329635; multicenter RCT; n 396
ASTIM-MT: Treatment Based on Intraventricular ICP Monitoring; NCT06288659; multicenter RCT; n 368
Impact of Early Mobilization on Outcome. NCT06436508; single center RCT; n 50

GES-aSAH: Gamma Entrainment Stimulation for Cognitive Dysfunction After aSAH. NCT06346015; single center randomized trial; n 60

NCT05664191
NCT04507178
NCT06352593

NCT04282629
NCT04566991
NCT02875262
NCT06409364
NCT06359782
NCT04696523
NCT06548477

NCT06138353

NCT05995405

NCT05132920
NCT06559072

NCT03249207

NCT06284642

NCT01996436

Trials evaluating Remote Ischemic Conditioning in Aneurysmal SAH; three trials in China: NCT06032533, NCT06819657 & NCT06711302; two single
center RCT (n 40 & 100, respectively), one multicenter (n=500)

Early Versus Ultra Early Surgical Treatment of Ruptured Intracranial Aneurysms; NCT06457347; randomized trial; n 100

“as listed on Clinical Trials.Gov [accessed on 4/11/2025 for active, recruiting or not yet recruiting trials with study start between 1/1/2004 and 4/11/2025]. RCT,
Randomized Controlled Trial; DCI, Delayed Cerebral Ischemia; n, number of (anticipated) participants; ICP, intracranial pressure

Glossary of terms/dictionary

aSAH: Aneurys-
mal Subarachnoid
Hemorrhage
ASM: Antiseizure
Medications

BBB:

A type of haemorrhagic stroke
caused by the rupture of an aneu-
rysm in the subarachnoid space.
Medications used to prevent or
control seizures by stabilizing
neuronal activity.

Blood brain barrier

CSD: Corti-
cal Spreading
Depolarizations

CSE: Cerebrospinal
Fluid

Waves of neuronal and glial depo-
larization followed by prolonged
depression of brain activity, as-
sociated with ischemia and brain
injury.

The fluid that surrounds the brain
and spinal cord, providing protec-
tion, nutrient delivery, and waste
removal.
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CTA: Computed
Tomography-Angi-
ography

CT-Perfusion
(CTP):

cEEG: Continuous
Electroencephalog-
raphy

DCI: Delayed Cere-
bral Ischemia

EBI: Early Brain
Injury

ECG:
EVD: External Ven-
tricular Drainage

ICP: Intracranial
Pressure

LD: Lumbar Drain

mRS: Modified
Rankin Scale Score

NPE: Neuro-
genic Pulmonary
Oedema

(2025) 29:414

An imaging technique that com-
bines computed tomography with
a contrast agent to visualize blood
vessels in the brain and other
areas.

A CT imaging technique that
evaluates cerebral blood flow,
volume, and transit time to
detect ischemia or perfusion
abnormalities.

Continuous monitoring of brain
electrical activity to detect abnor-
malities such as seizures or isch-
aemic patterns. The quantitative
aspect involves the transforma-
tion of raw EEG waveforms into
numerical data and visual trends,
such as power spectra, alpha-delta
ratios, and heatmaps, enabling
easier detection of patterns like
seizures, ischemia, or cortical
slowing.

A clinical syndrome occurring
4-14 days after subarachnoid
hemorrhage, characterized by
reduced blood flow leading to
neurological deficits.

Damage occurring within 72
hours after a subarachnoid hem-
orrhage, encompassing cellular
and vascular mechanisms leading
to brain dysfunction.
electrocardiography.

A medical procedure to drain
excess CSF from the brain's ven-
tricles to relieve pressure.

The pressure within the skull,
influenced by brain tissue, cere-
brospinal fluid, and blood volume,
critical for maintaining normal
cerebral function.

A device used to drain cerebrospi-
nal fluid from the lumbar spine.
A clinical scale used to measure
the degree of disability or depen-
dence in daily activities after a
stroke.

A form of acute pulmonary edema
resulting from sympathetic over-
activation following neurologi-
cal injury, such as subarachnoid
hemorrhage.

PaCO,: Partial
Pressure of Arterial
Carbon Dioxide

PEEP: Positive End-
Expiratory Pressure

RCTs: Randomized
Controlled Trials

SAH:
SBP: Systolic Blood
Pressure

TCD: Transcra-
nial Doppler
Ultrasonography
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The amount of carbon dioxide dis-
solved in arterial blood, reflecting
respiratory function and meta-
bolic balance.

A ventilatory setting used to
maintain airway pressure above
atmospheric levels to improve
oxygenation and prevent alveolar
collapse.

A type of scientific experiment
that randomly assigns participants
to intervention or control groups
to evaluate the efficacy of medical
treatments.

Subarachnoid Hemorrhage

The pressure exerted in arter-

ies during the contraction of the
heart, a vital parameter in moni-
toring cardiovascular health.

A non-invasive ultrasound meth-
od to measure cerebral blood flow
velocity in major brain arteries.

The authors would like to acknowledge and thank Dr. Lucius Fekonja,
Research Associate, Charité Berlin, for creation of Figure 1.

Author contributions

Conceptualization and manuscript definition: Giuseppe Citerio and Katharina
Busl Writing—original draft: Giuseppe Citerio and Katharina Busl; all authors
Writing—review and editing: all authors Approval of final manuscript: all
authors The final responsibility for the decision to submit for publication:
Katharina Busl & Giuseppe Citerio.

Funding

No dedicated funding source was used for this manuscript.

Data availability

All supporting data are referenced in the References section. No independent
database, as this is a review article.

Declarations

Ethics approval and consent to participate/for publication
As this is a review, ethical approval & consent are not required/not applicable.

Competing interests

KB reports funding by the National Institutes of Health (NIH) for BLOCK-aSAH,
a trial investigating headache management after aSAH (UOTNS124613).

She has received honoraria for course directorship and as faculty from the
American Academy of Neurology and for medicolegal consulting; she serves
as Associate Editor for Neurocritical Care. JC is a minority shareholder at

iCE Neurosystems. JC is supported by grant funding from the US National
Institutes of Health (NIH; NS106014, NS112760) and the McDonnell
Foundation. JJP reports funding from the National Institutes of Health and
the Society of Critical Care Medicine. CR received fees for lectures from BD
and Integra. SW received fees for lectures from Integra and Raumedic. RH
received fees for lectures from BD, Zoll, Integra and Neuroptics and reports
funding from the Austrian Science Fund (FWF) and Fresenius Kabi, all outside
the submitted work. GC reports institutional research grants from Integra and
NeurOptics and received personal fees as a speakers bureau member and



Busl et al. Critical Care (2025) 29:414

advisory board member from Integra, NeurOptics, and Natus, all outside the
submitted work. He participated in the manuscript preparation during his
personal involvement in the Italian Minister of University MUR Dipartimenti
di Eccellenza 2023-2027 (1. 232/2016, art. 1, commi 314—337) and in PRIN
2022SYXEH. MDIV is supported by a Clinical Established Investigator grant by
the Dutch Heart Foundation (2018T076), and received research support from
Bayer BV (investigator-initiated research, lIR-NL-00014, paid to the institution).
The other authors declare no competing interests.

Author details

'Department of Neurology, College of Medicine, University of Florida,
McKnight Brain Institute, 1149 Newell Drive, Gainesville, FL 32608, USA
’Department of Intensive Care, Route de Lennik, Erasme Hospital,
Université Libre de Bruxelles, 808, 1070 Brussels, Belgium

*Department of Neurology, Neurological Institute, Columbia University
Medical Center, NewYork-Presbyterian Hospital, New York, NY 10032, USA
“Department of Neurology, Kepler University Hospital, Johannes Kepler
University Linz, Linz, Austria

*Clinical Research Institute of Neuroscience, Johannes Kepler University
Linz, Kepler University Hospital, Linz, Austria

Department of Neurology, University of Virginia, PO Box 800394,
Charlottesville, VA 22908, USA

’JRCCS Ospedale Policlinico San Martino, Genoa, Italy

8Dipartimento Di Scienze Chirurgiche Diagnostiche Ed Integrate,
University of Genoa, Genoa, Italy

“Department of Neurology and Neurosurgery, UMC Utrecht Brain Center,
University Medical Center Utrecht, Utrecht University, Utrecht, The
Netherlands

1%Department of Neurosurgery, Charité Universitatsmedizin Berlin,
Corporate Member of Freie Universitét Berlin, Humboldt-Universitat Zu
Berlin and Berlin Institute of Health, Berlin, Germany

"'Department of Acute Brain and Cardiovascular Injury, Istituto Di
Ricerche Farmacologiche Mario Negri IRCCS, Milan, Italy

12School of Medicine and Surgery, University of Milano-Bicocca, Milan,
Italy

‘3Departmem Neuroscience, Neurolntensive Care Unit, IRCCS Fondazione
San Gerardo Dei Tintori, Monza, Italy

Received: 3 June 2025 / Accepted: 26 August 2025
Published online: 30 September 2025

References

1. Global, regional, and national burden of stroke and its risk factors, 1990-2019:

a systematic analysis for the Global Burden of Disease Study 2019. Lancet
Neurol. 2021;20(10):795-820.

2. Global, regional, and national burden of stroke and its risk factors, 1990-2021:

a systematic analysis for the Global Burden of Disease Study 2021. Lancet
Neurol. 2024,23(10):973-1003.

3. Asikainen A, Korja M, Kaprio J, Rautalin I. Case fatality in patients with aneu-
rysmal subarachnoid hemorrhage in Finland: a nationwide register-based
study. Neurology. 2023;100(3):e348-56.

4. RassV, Altmann K, Zamarian L, Lindner A, Kofler M, Gaasch M, et al. Cognitive,
mental health, functional, and quality of life outcomes 1 year after spontane-
ous subarachnoid hemorrhage: a prospective observational study. Neurocrit
Care. 2024;41(1):70-9.

5. Mehra A, Gomez F, Bischof H, Diedrich D, Laudanski K. Cortical spreading
depolarization and delayed cerebral ischemia; rethinking secondary neuro-
logical injury in subarachnoid hemorrhage. Int J Mol Sci. 2023. https://doi.org
/10.3390/ijms24129883.

6. MotwaniK, Dodd WS, Laurent D, Lucke-Wold B, Chalouhi N. Delayed cerebral
ischemia: a look at the role of endothelial dysfunction, emerging endo-
vascular management, and glymphatic clearance. Clin Neurol Neurosurg.
2022;218:107273.

7. Provencio JJ, Inkelas S, Vergouwen MDI. Delayed cerebral ischemia after
aneurysmal subarachnoid hemorrhage: the role of the complement and
innate immune system. Transl Stroke Res. 2024. https://doi.org/10.1007/5129
75-024-01290-5.

8. Lauzier DC, Jayaraman K, Yuan JY, Diwan D, Vellimana AK, Osbun JW, et al.
Early brain injury after subarachnoid hemorrhage: incidence and mecha-
nisms. Stroke. 2023;54(5):1426-40.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 13 of 17

Sanicola HW, Stewart CE, Luther P, Yabut K, Guthikonda B, Jordan JD, et

al. Pathophysiology, management, and therapeutics in subarachnoid
hemorrhage and delayed cerebral ischemia: an overview. Pathophysiology.
2023;30(3):420-42.

Suzuki H, Kanamaru H, Kawakita F, Asada R, Fujimoto M, Shiba M. Cerebro-
vascular pathophysiology of delayed cerebral ischemia after aneurysmal
subarachnoid hemorrhage. Histol Histopathol. 2021;36(2):143-58.
Vergouwen MD, Vermeulen M, van Gijn J, Rinkel GJ, Wijdicks EF, Muizelaar JP,
et al. Definition of delayed cerebral ischemia after aneurysmal subarachnoid
hemorrhage as an outcome event in clinical trials and observational studies:
proposal of a multidisciplinary research group. Stroke. 2010;41(10):2391-5.
Treggiari MM, Rabinstein AA, Busl KM, Caylor MM, Citerio G, Deem S, et al.
Guid elines for the neurocritical care management of aneurysmal subarach-
noid hemorrhage. Neurocrit Care. 2023. https://doi.org/10.1007/512028-02
3-01713-5.

Hoh BL, Ko NU, Amin-Hanjani S, Hsiang-Yi Chou S, Cruz-Flores S, Dangayach
NS, et al. 2023 Guideline for the Management of Patients With Aneurysmal
Subarachnoid Hemorrhage: A Guideline From the American Heart Associa-
tion/American Stroke Association. Stroke. 2023.

Geraghty JR, Davis JL, Testai FD. Neuroinflammation and microvascular
dysfunction after experimental subarachnoid hemorrhage: emerging
components of early brain injury related to outcome. Neurocrit Care.
2019;31(2):373-89.

Lublinsky S, Major S, Kola V, Horst V, Santos E, Platz J, et al. Early blood-brain
barrier dysfunction predicts neurological outcome following aneurysmal
subarachnoid hemorrhage. EBioMedicine. 2019;43:460-72.

Solér P, Zamani A, Lakatosové K, Joukal M. The blood-brain barrier and the
neurovascular unit in subarachnoid hemorrhage: molecular events and
potential treatments. Fluids Barriers CNS. 2022;19(1):29.

Wei B, LiuW, Jin L, Huang Y, Cheng W, Fan H, et al. Hepcidin depending on
astrocytic NEOT ameliorates blood-brain barrier dysfunction after subarach-
noid hemorrhage. Cell Death Dis. 2024;15(8):569.

Chen P, Liu XY, Lin MH, Li YX, Kang DZ, Ye ZC, et al. NeuroD1 administration
ameliorated neuroinflammation and boosted neurogenesis in a mouse
model of subarachnoid hemorrhage. J Neuroinflammation. 2023,20(1):261.
XuW,Yan J, Ocak U, Lenahan C, Shao A, Tang J, et al. Melanocortin 1 receptor
attenuates early brain injury following subarachnoid hemorrhage by control-
ling mitochondrial metabolism via AMPK/SIRT1/PGC-1a pathway in rats.
Theranostics. 2021;11(2):522-39.

Provencio JJ, Fu X, Siu A, Rasmussen PA, Hazen SL, Ransohoff RM. Csf neu-
trophils are implicated in the development of vasospasm in subarachnoid
hemorrhage. Neurocrit Care. 2010;12(2):244-51.

Wang XY, Wu F, Zhan RY, Zhou HJ. Inflammatory role of microglia in

brain injury caused by subarachnoid hemorrhage. Front Cell Neurosci.
2022;16:956185.

van Dijk BJ, Vergouwen MD, Kelfkens MM, Rinkel GJ, Hol EM. Glial

cell response after aneurysmal subarachnoid hemorrhage - Func-

tional consequences and clinical implications. Biochim Biophys Acta.
2016;1862(3):492-505.

Roa JA, Sarkar D, Zanaty M, Ishii D, Lu Y, Karandikar NJ, et al. Preliminary results
in the analysis of the immune response after aneurysmal subarachnoid
hemorrhage. Sci Rep. 2020;10(1):11809.

Zhang A, LiuY,Wang X, Xu H, Fang C, Yuan L, et al. Clinical potential of immu-
notherapies in subarachnoid hemorrhage treatment: mechanistic dissection
of innate and adaptive immune responses. Aging Dis. 2023;14(5):1533-54.
Chaudhry SR, Kahlert UD, Kinfe TM, Endl E, Dolf A, Niemeld M, et al. Differen-
tial polarization and activation dynamics of systemic T helper cell subsets
after aneurysmal subarachnoid hemorrhage (SAH) and during post-SAH
complications. Sci Rep. 2021;11(1):14226.

Moraes L, Trias N, Brugnini A, Grille P, Lens D, Biestro A, et al. TH17/Treg imbal-
ance and IL-17A increase after severe aneurysmal subarachnoid hemorrhage.
J Neuroimmunol. 2020;346:577310.

Song M, Jin Z, Wang P, Zhang X. Th17/Treg imbalance in peripheral blood
from patients with intracranial aneurysm. J Neurosurg Sci. 2023,67(6):733-9.
Dodd WS, Noda |, Martinez M, Hosaka K, Hoh BL. NIrp3 inhibition attenuates
early brain injury and delayed cerebral vasospasm after subarachnoid hemor-
rhage. J Neuroinflammation. 2021;18(1):163.

Gao D, Zou B, Zhu K, Bi S, Zhang W, Yang X, et al. Enhancing Th17 cells drain-
age through meningeal lymphatic vessels alleviate neuroinflammation after
subarachnoid hemorrhage. J Neuroinflammation. 2024;21(1):269.


https://doi.org/10.3390/ijms24129883
https://doi.org/10.3390/ijms24129883
https://doi.org/10.1007/s12975-024-01290-5
https://doi.org/10.1007/s12975-024-01290-5
https://doi.org/10.1007/s12028-023-01713-5
https://doi.org/10.1007/s12028-023-01713-5

Busl et al. Critical Care

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2025) 29:414

Coulibaly AP, Provencio JJ. Aneurysmal subarachnoid hemorrhage: an
overview of inflammation-induced cellular changes. Neurotherapeutics.
2020;17(2):436-45.

Chalet FX, Briasoulis O, Manalastas EJ, Talbot DA, Thompson JC, Macdonald
RL. Clinical burden of angiographic vasospasm and its complications after
aneurysmal subarachnoid hemorrhage: a systematic review. Neurol Ther.
2023;12(2):371-90.

Lauzier DC, Athiraman U. Role of microglia after subarachnoid hemorrhage. J
Cereb Blood Flow Metab. 2024;44(6):841-56.

Carlson AP, Jones T, Zhu Y, Desai M, Alsarah A, Shuttleworth CW. Oxygen-
based autoregulation indices associated with clinical outcomes and spread-
ing depolarization in aneurysmal subarachnoid hemorrhage. Neurocrit Care.
2025/42(2):521-31.

Dreier JP, Woitzik J, Fabricius M, Bhatia R, Major S, Drenckhahn C, et al.
Delayed ischaemic neurological deficits after subarachnoid haemorrhage
are associated with clusters of spreading depolarizations. Brain. 2006;129(Pt
12):3224-37.

Mehra A, Gomez F, Bischof H, Diedrich D, Laudanski K. Cortical spreading
depolarization and delayed cerebral ischemia; rethinking secondary neuro-
logical injury in subarachnoid hemorrhage. Int J Mol Sci. 2023,24(12):9883.
Koopman 1, van Dijk BJ, Zuithoff NPA, Sluijs JA, van der Kamp MJ, Baldew ZAV,
et al. Glial cell response and microthrombosis in aneurysmal subarach-

noid hemorrhage patients: an autopsy study. J Neuropathol Exp Neurol.
2023,82(9):798-805.

Li R, Zhao M, Yao D, Zhou X, Lenahan C, Wang L, et al. The role of the astro-
cyte in subarachnoid hemorrhage and its therapeutic implications. Front
Immunol. 2022. https://doi.org/10.3389/fimmu.2022.1008795.

Naraoka M, Matsuda N, Shimamura N, Ohkuma H. Role of microcirculatory
impairment in delayed cerebral ischemia and outcome after aneurysmal
subarachnoid hemorrhage. J Cereb Blood Flow Metab. 2022;42(1):186-96.
van der Steen WE, Leemans EL, van den Berg R, Roos Y, Marquering HA,
Verbaan D, et al. Radiological scales predicting delayed cerebral ischemia in
subarachnoid hemorrhage: systematic review and meta-analysis. Neuroradi-
ology. 2019;61(3):247-56.

de Rooij NK, Rinkel GJ, Dankbaar JW, Frijns CJ. Delayed cerebral ischemia after
subarachnoid hemorrhage: a systematic review of clinical, laboratory, and
radiological predictors. Stroke. 2013;44(1):43-54.

Wolf S, Mielke D, Barner C, Malinova V, Kerz T, Wostrack M, et al. Effective-
ness of lumbar cerebrospinal fluid drain among patients with aneurysmal
subarachnoid hemorrhage: a randomized clinical trial. JAMA Neurol.
2023;80(8):833-42.

Al-Tamimi YZ, Bhargava D, Feltbower RG, Hall G, Goddard AJ, Quinn AC, et

al. Lumbar drainage of cerebrospinal fluid after aneurysmal subarachnoid
hemorrhage: a prospective, randomized, controlled trial (LUMAYS). Stroke.
2012/43(3):677-82.

Borkar SA, Singh M, Kale SS, Suri A, Chandra PS, Kumar R, et al. Spinal
Cerebrospinal Fluid Drainage for prevention of Vasospasm in Aneurysmal
Subarachnoid Hemorrhage: A Prospective. Randomized controlled study
Asian J Neurosurg. 2018;13(2):238-46.

Suarez JI, Sheikh MK, Macdonald RL, Amin-Hanjani S, Brown RD Jr, de Oliveira
Manoel AL, et al. Common data elements for unruptured intracranial aneu-
rysms and subarachnoid hemorrhage clinical research: a national institute for
neurological disorders and stroke and national library of medicine project.
Neurocrit Care. 2019;30(Suppl 1):4-19.

Narotam PK, Garton A, Morrison J, Nathoo N, Narotam N. Brain oxygen-
directed management of aneurysmal subarachnoid hemorrhage. Temporal
patterns of cerebral ischemia during acute brain attack, early brain injury, and
territorial sonographic vasospasm. World Neurosurg. 2022;166:€215-36.
Gouvea Bogossian E, Diaferia D, Ndieugnou Djangang N, Menozzi M, Vincent
JL, Talamonti M, et al. Brain tissue oxygenation guided therapy and outcome
in non-traumatic subarachnoid hemorrhage. Sci Rep. 2021;11(1):16235.

Rass V, Solari D, lanosi B, Gaasch M, Kofler M, Schiefecker AJ, et al. Protocolized
brain oxygen optimization in subarachnoid hemorrhage. Neurocrit Care.
2019;31(2):263-72.

Tjerkstra MA, Verbaan D, Coert BA, Post R, van den Berg R, Coutinho JM, et al.
Large practice variations in diagnosis and treatment of delayed cerebral isch-
emia after subarachnoid hemorrhage. World Neurosurg. 2022;160:e412-20.
Schmidt JM, Wartenberg KE, Fernandez A, et al. Frequency and clinical impact
of asymptomatic cerebral infarction due to vasospasm after subarachnoid
hemorrhage. J Neurosurg. 2008;109(6):1052-9. https://doi.org/10.3171/jns.20
08.109.12.1052.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 14 of 17

Bergin B, Ragulojan M, Trivedi A, Kesserwan M, Farrokhyar F, Sharma S. Com-
puted tomography angiography compared with computed tomography
perfusion in the diagnosis of cerebral vasospasm: a systematic review and
meta-analysis. World Neurosurg. 2022. https://doi.org/10.1016/j.wneu.2022.1
1.016.

Allen JW, Prater A, Kallas O, et al. Diagnostic performance of computed
tomography angiography and computed tomography perfusion tissue time-
to-maximum in vasospasm following aneurysmal subarachnoid hemorrhage.
J Am Heart Assoc. 2022;11(1):¢023828. https://doi.org/10.1161/jaha.121.0238
28.

Moser MM, Gramss L, Marik W, et al. Agreement between CT-angiography
and digital subtraction angiography in predicting angiographic vasospasm in
patients with subarachnoid hemorrhage. J Clin Med. 2024. https://doi.org/10.
3390/jcm13133743.

Panicker S, Wilseck ZM, Lin LY, Gemmete JJ. CT imaging computed tomogra-
phy/computed tomography angiography/perfusion in acute ischemic stroke
and vasospasm. Neuroimaging Clin N Am. 2024;34(2):175-89. https://doi.org/
10.1016/j.nic.2024.01.004.

Lolli VE, Guenego A, Sadeghi N, et al. CT perfusion imaging in aneurysmal
subarachnoid hemorrhage. State of the art. Review. Frontiers in Radiology.
2024-October-07 2024;4https://doi.org/10.3389/fradi.2024.1445676

Khawaja AM, McNulty J, Thakur UV, et al. Transcranial doppler and computed
tomography angiography for detecting cerebral vasospasm post-aneurysmal
subarachnoid hemorrhage. Neurosurg Rev. 2022;46(1):3. https://doi.org/10.10
07/510143-022-01913-1.

Wabl R. On using the wrong tool: transcranial Doppler to screen for large
vessel vasospasm after aneurysmal subarachnoid hemorrhage. Crit Care Med.
2024. https://doi.org/10.1097/ccm.0000000000006262.

Chen HY, Elmer J, Zafar SF, et al. Combining transcranial doppler and EEG data
to predict delayed cerebral ischemia after subarachnoid hemorrhage. Neurol-
0gy. 2022;98(5):e459-69. https://doi.org/10.1212/wnl.0000000000013126.
Gollwitzer S, Groemer T, Rampp S, et al. Early prediction of delayed cerebral
ischemia in subarachnoid hemorrhage based on quantitative EEG: a prospec-
tive study in adults. Clin Neurophysiol. 2015;126(8):1514-23. https://doi.org/1
0.1016/j.clinph.2014.10.215.

GuoY, Fang S, Wang J, Wang C, Zhao J, Gai Y. Continuous EEG detection

of DCl and seizures following aSAH: a systematic review. Br J Neurosurg.
2020;34(5):543-8. https://doi.org/10.1080/02688697.2019.1630547.

Zheng WL, Kim JA, Elmer J, et al. Automated EEG-based prediction of delayed
cerebral ischemia after subarachnoid hemorrhage. Clin Neurophysiol.
2022;143:97-106. https://doi.org/10.1016/j.clinph.2022.08.023.

Baang HY, Chen HY, Herman AL, et al. The utility of quantitative EEG in detect-
ing delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage. J
Clin Neurophysiol. 2022;39(3):207-15. https://doi.org/10.1097/wnp.00000000
00000754.

Dai Z, Zhang L, Liu X, et al. Predictive value of quantitative electroencepha-
logram combined with transcranial Doppler ultrasound in delayed cerebral
ischemia after subarachnoid hemorrhage. World Neurosurg. 2024;186:e48-
53. https://doi.org/10.1016/j.wneu.2024.01.150.

Gouvea Bogossian E, Battaglini D, Fratino S, et al. The role of brain tissue
oxygenation monitoring in the management of subarachnoid hemorrhage: a
scoping review. Neurocrit Care. 2023;39(Aug):229-40. https://doi.org/10.1007
/512028-023-01680-x.

Veldeman M, Albanna W, Weiss M, et al. Invasive multimodal neuromonitor-
ing in aneurysmal subarachnoid hemorrhage: a systematic review. Stroke.
2021;52(11):3624-32. https://doi.org/10.1161/strokeaha.121.034633.
Anetsberger A, Gempt J, Blobner M, et al. Impact of goal-directed therapy on
delayed ischemia after aneurysmal subarachnoid hemorrhage: randomized
controlled trial. Stroke. 2020;51(8):2287-96. https://doi.org/10.1161/strokeaha
.120.029279.

Megjhani M, Terilli K, Weiss M, et al. Dynamic detection of delayed cerebral
ischemia: a study in 3 centers. Stroke. 2021;52(4):1370-9. https://doi.org/10.1
161/strokeaha.120.032546.

Hao G, Chu G, Pan P Han Y, AiY, Shi Z, et al. Clinical effectiveness of
nimodipine for the prevention of poor outcome after aneurysmal subarach-
noid hemorrhage: a systematic review and meta-analysis. Front Neurol.
2022;13:982498.

Menyhart A, Balint AR, Kozék P, Bari F, Farkas E. Nimodipine accelerates the
restoration of functional hyperemia during spreading oligemia. J Neurochem.
2023. https://doi.org/10.1111/jnc.15792.


https://doi.org/10.3389/fimmu.2022.1008795
https://doi.org/10.3171/jns.2008.109.12.1052
https://doi.org/10.3171/jns.2008.109.12.1052
https://doi.org/10.1016/j.wneu.2022.11.016
https://doi.org/10.1016/j.wneu.2022.11.016
https://doi.org/10.1161/jaha.121.023828
https://doi.org/10.1161/jaha.121.023828
https://doi.org/10.3390/jcm13133743
https://doi.org/10.3390/jcm13133743
https://doi.org/10.1016/j.nic.2024.01.004
https://doi.org/10.1016/j.nic.2024.01.004
https://doi.org/10.3389/fradi.2024.1445676
https://doi.org/10.1007/s10143-022-01913-1
https://doi.org/10.1007/s10143-022-01913-1
https://doi.org/10.1097/ccm.0000000000006262
https://doi.org/10.1212/wnl.0000000000013126
https://doi.org/10.1016/j.clinph.2014.10.215
https://doi.org/10.1016/j.clinph.2014.10.215
https://doi.org/10.1080/02688697.2019.1630547
https://doi.org/10.1016/j.clinph.2022.08.023
https://doi.org/10.1097/wnp.0000000000000754
https://doi.org/10.1097/wnp.0000000000000754
https://doi.org/10.1016/j.wneu.2024.01.150
https://doi.org/10.1007/s12028-023-01680-x
https://doi.org/10.1007/s12028-023-01680-x
https://doi.org/10.1161/strokeaha.121.034633
https://doi.org/10.1161/strokeaha.120.029279
https://doi.org/10.1161/strokeaha.120.029279
https://doi.org/10.1161/strokeaha.120.032546
https://doi.org/10.1161/strokeaha.120.032546
https://doi.org/10.1111/jnc.15792

Busl et al. Critical Care

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

(2025) 29:414

Rass V, Kindl P, Lindner A, Kofler M, Altmann K, Putnina L, et al. Blood pressure
changes in association with nimodipine therapy in patients with spontane-
ous subarachnoid hemorrhage. Neurocrit Care. 2023;39(1):104-15.

Gottsche J, Schweingruber N, Groth JC, Gerloff C, Westphal M, Czorlich P.
Safety and clinical effects of switching from intravenous to oral nimodipine
administration in aneurysmal subarachnoid hemorrhage. Front Neurol. 2021.
https://doi.org/10.3389/fneur.2021.748413.

Lei G, Rao Z, Hu Y. The efficacy of different nimodipine administration route
for treating subarachnoid hemorrhage: a network meta-analysis. Medicine
(Baltimore). 2023;102(39):34789.

Viderman D, Sarria-Santamera A, Bilotta F. Side effects of continuous
intra-arterial infusion of nimodipine for management of resistant cerebral
vasospasm in subarachnoid hemorrhage patients: a systematic review.
Neurochirurgie. 2021;67(5):461-9.

Wessels L, Wolf S, Adage T, Breitenbach J, Thomé C, Kerschbaumer J, et al.
Localized nicardipine release implants for prevention of vasospasm after
aneurysmal subarachnoid hemorrhage: a randomized clinical trial. JAMA
Neurol. 2024;81(10):1060-5.

Aladawi M, EIfil M, Ghozy S, Najdawi ZR, Ghaith H, Alzayadneh M, et al. The
impact of systolic blood pressure reduction on aneurysm re-bleeding in
subarachnoid hemorrhage: a systematic review and meta-analysis. J Stroke
Cerebrovasc Dis. 2024;33(12):108084.

Doherty RJ, Henry J, Brennan D, Javadpour M. Predictive factors for pre-inter-
vention rebleeding in aneurysmal subarachnoid haemorrhage: a systematic
review and meta-analysis. Neurosurg Rev. 2022;46(1):24.

Koopman |, Greving JP, van der Schaaf IC, van der Zwan A, Rinkel GJ, Vergou-
wen MD. Aneurysm characteristics and risk of rebleeding after subarachnoid
haemorrhage. Eur Stroke J. 2019;4(2):153-9.

Tack RW, Vergouwen MD, van der Schaaf |, van der Zwan A, Rinkel GJ, Lind-
gren AE. Preventable poor outcome from rebleeding by emergency aneu-
rysm occlusion in patients with aneurysmal subarachnoid haemorrhage. Eur
Stroke J. 2019;4(3):240-6.

Vergouwen MD, Germans MR, Post R, Tjerkstra MA, Coert BA, Rinkel GJ, et al.
Aneurysm treatment within 6 h versus 6-24 h after rupture in patients with
subarachnoid hemorrhage. Eur Stroke J. 2023;8(3):802-7.

Foreman PM, llyas A, Cress MC, Vachhani JA, Hirschl RA, Agee B, et al. Rup-
tured intracranial aneurysms treated with the Pipeline Embolization Device:
a systematic review and pooled analysis of individual patient data. Am J
Neuroradiol. 2021;42(4):720-5.

Wijdicks EF, Vermeulen M, Murray GD, Hijdra A, van Gijn J. The effects of
treating hypertension following aneurysmal subarachnoid hemorrhage. Clin
Neurol Neurosurg. 1990,92(2):111-7.

Yang M, Pan X, Liang Z, Huang X, Duan M, Cai H, et al. Association between
blood pressure variability and the short-term outcome in patients with acute
spontaneous subarachnoid hemorrhage. Hypertens Res. 2019;42(11):1701-7.
Terrett LA, McIntyre L, O'Kelly C, Ramsay T, Turgeon AF, English SW. Blood
pressure management in early aneurysmal subarachnoid hemorrhage: a
national cross-sectional survey of Canadian intensivists and cerebrovascular
neurosurgeons. Neurocrit Care. 2024;41(3):893-902.

Sheth KN, Solomon N, Alhanti B, Messe SR, Xian Y, Bhatt DL, et al. Time to
anticoagulation reversal and outcomes after intracerebral hemorrhage. JAMA
Neurol. 2024;81(4):363-72.

Post R, Germans MR, Tjerkstra MA, Vergouwen MDI, Jellema K, Koot RW, et

al. Ultra-early tranexamic acid after subarachnoid haemorrhage (ULTRA): a
randomised controlled trial. Lancet. 2021;397(10269):112-8.

Tjerkstra MA, Post R, Germans MR, Vergouwen MDI, Jellema K, Koot RW, et

al. Ultra-early and short-term tranexamic acid treatment in patients with
good- and poor-grade aneurysmal subarachnoid hemorrhage. Neurology.
2024;102(12):€209169.

Germans MR, Tjerkstra MA, Post R, Brenner A, Vergouwen MD, Rinkel GJ,

et al. Impact of time to start of tranexamic acid treatment on rebleed

risk and outcome in aneurysmal subarachnoid hemorrhage. Eur Stroke J.
2024,9(3):658-66.

Addis A, Baggiani M, Citerio G. Intracranial pressure monitoring and
management in aneurysmal subarachnoid hemorrhage. Neurocrit Care.
2023,39(1):59-69.

Baggiani M, Graziano F, Rebora P, Robba C, Guglielmi A, Galimberti S, et al.
Intracranial pressure monitoring practice, treatment, and effect on outcome
in aneurysmal subarachnoid hemorrhage. Neurocrit Care. 2023;38(3):741-51.
Robba C, Graziano F, Rebora P, Elli F, Giussani C, Oddo M, et al. Intracranial
pressure monitoring in patients with acute brain injury in the intensive care

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

104.

105.

108.

109.

Page 15 of 17

unit (SYNAPSE-ICU): an international, prospective observational cohort study.
Lancet Neurol. 2021;20(7):548-58.

Ketelauri P, Gimus M, Gull HH, Said M, Rauschenbach L, Dinger TF, et al. Dura-
tion of intracranial pressure increase after aneurysmal subarachnoid hemor-
rhage: prognostic factors and association with the outcome. Curr Neurovasc
Res. 2024;21(3):253-62.

Carra G, Elli F, lanosi B, Flechet M, Huber L, Rass V, et al. Association of dose

of intracranial hypertension with outcome in subarachnoid hemorrhage.
Neurocrit Care. 2021;34(3):722-30.

Magni F, Pozzi M, Rota M, Vargiolu A, Citerio G. High-resolution intracra-

nial pressure burden and outcome in subarachnoid hemorrhage. Stroke.
2015;46(9):2464-9.

Chung DY, Leslie-Mazwi TM, Patel AB, Rordorf GA. Management of external
ventricular drains after subarachnoid hemorrhage: a multi-institutional
survey. Neurocrit Care. 2017;26(3):356-61.

Bibu S, lliceto A, Chukwuneke F, Munier S, Stecy M, Green B, et al. Predicting
ventriculoperitoneal shunt dependence in high grade aneurysmal subarach-
noid hemorrhage. J Intensive Care Med. 2022;37(11):1460-6.

Frih A, Truckenmdiller P, Wasilewski D, Vajkoczy P, Wolf S. Analysis of cerebral
spinal fluid drainage and intracranial pressure peaks in patients with sub-
arachnoid hemorrhage. Neurocrit Care. 2024;41(2):619-31.

Palasz J, D’Antona L, Farrell S, Elborady MA, Watkins LD, Toma AK. External
ventricular drain management in subarachnoid haemorrhage: a systematic
review and meta-analysis. Neurosurg Rev. 2022;45(1):365-73.

Lee KS, Chari A, Motiwala M, Khan NR, Arthur AS, Lawton MT. Effectiveness
of cerebrospinal fluid lumbar drainage among patients with aneurysmal
subarachnoid hemorrhage: an updated systematic review and meta-analysis.
World Neurosurg. 2024;183:246-53.e12.

Blackburn SL, Grande AW, Swisher CB, Hauck EF, Jagadeesan B, Provencio JJ.
Prospective trial of cerebrospinal fluid filtration after aneurysmal subarach-
noid hemorrhage via lumbar catheter (PILLAR). Stroke. 2019;50(9):2558-61.
Darkwah Oppong M, Bastias MJ, Pierscianek D, Droste L, Dinger TF, Ahmadi-
pour, et al. Seizures at the onset of aneurysmal SAH: epiphenomenon or
valuable predictor? J Neurol. 2021;268(2):493-501.

. Jaja BNR, Schweizer TA, Claassen J, Le Roux P, Mayer SA, Macdonald RL. The

safari score to assess the risk of convulsive seizure during admission for
aneurysmal subarachnoid hemorrhage. Neurosurgery. 2018;82(6):887-93.

Le V-T, Nguyen AM, Nguyen PL. Risk factors for in-hospital seizure and new-
onset epilepsy in coiling and clipping treatment of aneurysmal subarachnoid
hemorrhage. World Neurosurg. 2024;184:e460-7.

. Molyneux AJ, Kerr RS, Yu LM, Clarke M, Sneade M, Yarnold JA, et al. Inter-

national subarachnoid aneurysm trial (ISAT) of neurosurgical clipping
versus endovascular coiling in 2143 patients with ruptured intracranial
aneurysms: a randomised comparison of effects on survival, depen-
dency, seizures, rebleeding, subgroups, and aneurysm occlusion. Lancet.
2005;366(9488):809-17.

. Campos-Fernandez D, Rodrigo-Gisbert M, Abraira L, Quintana Luque M,

Santafé M, Lallana S, et al. Predictive model for estimating the risk of epilepsy
after aneurysmal subarachnoid hemorrhage: the RISE score. Neurology.
2024;102(8):209221.

O'Connor KL, Westover MB, Phillips MT, Iftimia NA, Buckley DA, Ogilvy CS, et
al. High risk for seizures following subarachnoid hemorrhage regardless of
referral bias. Neurocrit Care. 2014;21(3):476-82.

Kim JA, Zheng WL, Elmer J, Jing J, Zafar SF, Ghanta M, et al. High epileptiform
discharge burden predicts delayed cerebral ischemia after subarachnoid
hemorrhage. Clin Neurophysiol. 2022;141:139-46.

. Carnegie V, Schweikert S, Anstey M, Wibrow B, Delaney A, Flower O, et al.

A multicentre observational study of the use of antiseizure medication in
patients with aneurysmal subarachnoid haemorrhage in the PROMOTE-SAH
study. J Clin Neurosci. 2022;103:20-5.

. Human T, Diringer MN, Allen M, Zipfel GJ, Chicoine M, Dacey R, et al. A ran-

domized trial of brief versus extended seizure prophylaxis after aneurysmal
subarachnoid hemorrhage. Neurocrit Care. 2018;28(2):169-74.

Zafar SF, Rosenthal ES, Postma EN, Sanches P, Ayub MA, Rajan S, et al. Anti-
seizure medication treatment and outcomes in patients with subarachnoid
hemorrhage undergoing continuous EEG monitoring. Neurocrit Care.
2022;36(3):857-67.

Chen'Y, Fang M, Wu P, Xie Z, Wu H, Wu Q, et al. Seizure prophylaxis following
aneurysmal subarachnoid haemorrhage (SPSAH): study protocol for a multi-
centre randomised placebo-controlled trial of short-term sodium valproate
prophylaxis in patients with acute subarachnoid haemorrhage. BMJ Open.
2022;12(5):€057917.


https://doi.org/10.3389/fneur.2021.748413
https://doi.org/10.3389/fneur.2021.748413

Busl et al. Critical Care

111

112

114.

115.

117.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

(2025) 29:414

. Edvinsson L, Larsen SS, Maddahi A, Nielsen J. Plasticity of cerebrovascular

smooth muscle cells after subarachnoid hemorrhage. Transl Stroke Res.
2014,5(3):365-76.

Johansson SE, Abdolalizadeh B, Sheykhzade M, Edvinsson L, Sams A. Vascular
pathology of large cerebral arteries in experimental subarachnoid hemor-
rhage: vasoconstriction, functional CGRP depletion and maintained CGRP
sensitivity. Eur J Pharmacol. 2019,846:109-18.

Hu Z,Deng X, Zhou S, Zhou C, Shen M, Gao X, et al. Pathogenic mechanisms
and therapeutic implications of extracellular matrix remodelling in cerebral
vasospasm. Fluids Barriers CNS. 2023;20(1):81.

. Wabl R. On using the wrong tool: transcranial Doppler to screen for large

vessel vasospasm after aneurysmal subarachnoid hemorrhage. Crit Care Med.
2024. https://doi.org/10.1097/CCM.0000000000006262.

Chalet F-X, Briasoulis O, Manalastas EJ, Talbot DA, Thompson JC, Macdonald
RL. Clinical burden of angiographic vasospasm and its complications after
aneurysmal subarachnoid hemorrhage: a systematic review. Neurol Ther.
2023;12(2):371-90.

Hosmann A, Klenk S, Wang W-t, Koren J, Sljivic S, Reinprecht A. Endogenous
arterial blood pressure increase after aneurysmal subarachnoid hemorrhage.
Clin Neurol Neurosurg. 2020;190:105639.

. de Winkel J, van der Jagt M, Lingsma HF, Roozenbeek B, Calvillo E, Chou SH, et

al. International Practice Variability in Treatment of Aneurysmal Subarachnoid
Hemorrhage. J Clin Med. 2021;10:4.

Azari Jafari A, Mirmoeeni S, Johnson WC, Shah M, Hassani MS, Nazari S, et al.
The effect of induced hypertension in aneurysmal subarachnoid hemor-
rhage: A narrative review. Curr J Neurol. 2023;22(3):188-96.

. Gathier CS, van den Bergh WM, van der Jagt M, Verweij BH, Dankbaar JW,

Muller MC, et al. Induced hypertension for delayed cerebral ischemia after
aneurysmal subarachnoid hemorrhage: a randomized clinical trial. Stroke.
2018;49(1):76-83.

. Salvagno M, Geraldini F, Coppalini G, Robba C, Gouvea Bogossian E, Annoni

F et al. The impact of inotropes and vasopressors on cerebral oxygenation in
patients with traumatic brain injury and subarachnoid hemorrhage: a narra-
tive review. Brain Sci. 2024. https://doi.org/10.3390/brainsci14020117.

Subba H, Riker RR, Dunn S. Gagnon DJ. A Case Series and Literature Review. J
Pharm Pract: Vasopressin-Induced Hyponatremia in Patients With Aneurysmal
Subarachnoid Hemorrhage; 2021. p. 8971900211053497.

Lakhal K, Hivert A, Alexandre PL, Fresco M, Robert-Edan V, Rodie-Talbere

PA, et al. Intravenous milrinone for cerebral vasospasm in subarachnoid
hemorrhage: the MILRISPASM controlled before-after study. Neurocrit Care.
2021;35(3):669-79.

Vatter H, Guresir E, Konig R, Durner G, Kalff R, Schuss P, et al. Invasive diagnos-
tic and therapeutic management of cerebral vasoSpasm after aneurysmal
subarachnoid hemorrhage (IMCVS)-a phase 2 randomized controlled trial. J
Clin Med. 2022. https://doi.org/10.3390/jcm11206197.

MaY-H, Shang R, Li S-H,Wang T, Lin S, Zhang C-W. Efficacy of endovascular
therapy for cerebral vasospasm following aneurysmal subarachnoid hemor-
rhage: a systematic review and meta-analysis. Front Neurol. 2024. https://dol.
0rg/10.3389/fneur.2024.1360511.

Bruder N, Higashida R, Santin-Janin H, Dubois C, Aldrich EF, Marr A, et al. The
REACT study: design of a randomized phase 3 trial to assess the efficacy

and safety of clazosentan for preventing deterioration due to delayed
cerebral ischemia after aneurysmal subarachnoid hemorrhage. BMC Neurol.
2022,22(1):492.

Endo H, Hagihara Y, Kimura N, Takizawa K, Niizuma K, Togo O, et al. Effects of
clazosentan on cerebral vasospasm-related morbidity and all-cause mortality
after aneurysmal subarachnoid hemorrhage: two randomized phase 3 trials
in Japanese patients. J Neurosurg. 2022;137(6):1707-17.

Mayer SA, Bruder N, Citerio G, Defreyne L, Dubois C, Gupta R, et al. REACT: a
randomized trial to assess the efficacy and safety of clazosentan for prevent-
ing clinical deterioration due to delayed cerebral ischemia after aneurysmal
subarachnoid hemorrhage. J Neurosurgery. 2024;1:12.

Brunozzi D, Shakur SF, Charbel FT, Alaraj A. Middle cerebral artery pres-

sure changes following pipeline flow diversion. Interv Neuroradiol.
2018,24(3):297-302.

Sposato LA, Hilz MJ, Aspberg S, Murthy SB, Bahit MC, Hsieh CY, et al. Post-
Stroke Cardiovascular Complications and Neurogenic Cardiac Injury: JACC
State-of-the-Art Review. J Am Coll Cardiol. 2020;76(23):2768-85.

Skrifvars MB, Parr MJ. Incidence, predisposing factors, management and
survival following cardiac arrest due to subarachnoid haemorrhage: a review
of the literature. Scand J Trauma Resusc Emerg Med. 2012;20(1):75.

136.

139.

140.

141.

142.

144.

145.

146.

147.

148.

149.

Page 16 of 17

. Zahid T, Eskander N, Emamy M, Ryad R, Jahan N. Cardiac troponin elevation

and outcome in subarachnoid hemorrhage. Cureus. 2020;12(8):¢9792.

. Busl KM, Bleck TP. Neurogenic pulmonary edema. Crit Care Med.

2015;43(8):1710-5.

. FanTH, Huang M, Price C, Premraj L, Kannapadi NV, Suarez JI, et al. Prevalence

and outcomes of acute respiratory distress syndrome in patients with aneu-
rysmal subarachnoid hemorrhage: a systematic review and meta-analysis. J
Neurocrit Care. 2022;15(1):12-20.

. Robba C, Battaglini D, Cinotti R, Asehnoune K, Stevens R, Taccone FS, et al.

Individualized thresholds of hypoxemia and hyperoxemia and their effect
on outcome in acute brain injured patients: a secondary analysis of the ENIO
study. Neurocrit Care. 2024,40(2):515-28.

. Robba C, Poole D, McNett M, Asehnoune K, Bésel J, Bruder N, et al. Mechani-

cal ventilation in patients with acute brain injury: recommendations of the
European Society of Intensive Care Medicine consensus. Intensive Care Med.
2020;46(12):2397-410.

. Robba C, Battaglini D, Abbas A, Sarrié E, Cinotti R, Asehnoune K, et al. Clinical

practice and effect of carbon dioxide on outcomes in mechanically venti-
lated acute brain-injured patients: a secondary analysis of the ENIO study.
Intensive Care Med. 2024;50(2):234-46.

Roquilly A, Cinotti R, Jaber S, Vourc’h M, Pengam F, Mahe PJ, et al. Implemen-
tation of an evidence-based extubation readiness bundle in 499 brain-
injured patients. A before-after evaluation of a quality improvement project.
Am J Respir Crit Care Med. 2013;188(8):958-66.

. Asehnoune K, Mrozek S, Perrigault PF, Seguin P, Dahyot-Fizelier C, Lasocki S,

et al. A multi-faceted strategy to reduce ventilation-associated mortality in
brain-injured patients. The BI-VILI project: a nationwide quality improvement
project. Intensive Care Med. 2017;43(7):957-70.

. Dahyot-Fizelier C, Lasocki S, Kerforne T, Perrigault PF, Geeraerts T, Asehnoune

K, et al. Ceftriaxone to prevent early ventilator-associated pneumonia in
patients with acute brain injury: a multicentre, randomised, double-blind,
placebo-controlled, assessor-masked superiority trial. Lancet Respir Med.
2024;12(5):375-85.

Mazeraud A, Robba C, Rebora P, laquaniello C, Vargiolu A, Rass V, et al. Acute
distress respiratory syndrome after subarachnoid hemorrhage: incidence
and impact on the outcome in a large multicenter, retrospective cohort.
Neurocrit Care. 2021;34(3):1000-8.

Guo L, Yang X, Yang B, Tang G, Li C. Prevalence, in-hospital mortality, and fac-
tors related to neurogenic pulmonary edema after spontaneous subarach-
noid hemorrhage: a systematic review and meta-analysis. Neurosurg Rev.
2023;46(1):169.

Busl KM, Bleck TP. Neurogenic pulmonary edema. Crit Care Med.
2015;43(8):1710-5.

Rass V, lanosi BA, Lindner A, Kindl P, Schiefecker AJ, Helbok R, et al. Beyond
control: temperature burden in patients with spontaneous subarachnoid
hemorrhage-an observational study. Neurocrit Care. 2024;41(3):974-84.

. Gouvéa Bogossian E, Salvagno M, Fiore M, Talamonti M, Prezioso C, Mon-

tanaro F, et al. Impact of fever on the outcome non-anoxic acute brain injury
patients: a systematic review and meta-analysis. Crit Care. 2024,28(1):367.
Addis A, Gaasch M, Schiefecker AJ, Kofler M, lanosi B, Rass V, et al. Brain
temperature regulation in poor-grade subarachnoid hemorrhage patients

- a multimodal neuromonitoring study. J Cereb Blood Flow Metab.
2021;41(2):359-68.

Greer DM, Helbok R, Badjatia N, Ko SB, Guanci MM, Sheth KN. Fever preven-
tion in patients with acute vascular brain injury: the INTREPID randomized
clinical trial. JAMA. 2024;332(18):1525-34.

lanosi B, Rass V, Gaasch M, Huber L, Lindner A, Hackl WO, et al. An observa-
tional study on the use of intravenous non-opioid analgesics and antipyretics
in poor-grade subarachnoid hemorrhage: effects on hemodynamics

and systemic and brain temperature. Ther Hypothermia Temp Manage.
2020;10(1):27-36.

Lavinio A, Andrzejowski J, Antonopoulou |, Coles J, Geoghegan P, Gibson K, et
al. Targeted temperature management in patients with intracerebral haemor-
rhage, subarachnoid haemorrhage, or acute ischaemic stroke: updated
consensus guideline recommendations by the Neuroprotective Therapy
Consensus Review (NTCR) group. Br J Anaesth. 2023;131(2):294-301.

Said M, GUims M, Rodemerk J, Rauschenbach L, Chihi M, Dinger TF, et al.
Systematic review and meta-analysis of outcome-relevant anemia in patients
with subarachnoid hemorrhage. Sci Rep. 2022;12(1):20738.

Terrett LA, McIntyre L, Turgeon AF, English SW. Anemia and red blood cell
transfusion in aneurysmal subarachnoid hemorrhage. Neurocrit Care.
2023;39(1):91-103.


https://doi.org/10.1097/CCM.0000000000006262
https://doi.org/10.3390/brainsci14020117
https://doi.org/10.3390/jcm11206197
https://doi.org/10.3389/fneur.2024.1360511
https://doi.org/10.3389/fneur.2024.1360511

Busl et al. Critical Care

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

(2025) 29:414

English SW, Delaney A, Fergusson DA, Chassé M, Turgeon AF, Lauzier F, et

al. Liberal or Restrictive Transfusion Strategy in Aneurysmal Subarachnoid
Hemorrhage. N Engl J Med. 2024.

Taccone FS, Rynkowski Bittencourt C, Maller K, Lormans P, Quintana-Diaz

M, Caricato A, et al. Restrictive vs liberal transfusion strategy in patients

with acute brain injury: the TRAIN randomized clinical trial. JAMA.
2024,332(19):1623-33.

Taleb C, Gouvea Bogossian E, Bittencour Rynkowski C, Mgller K, Lormans

P, Quintana Diaz M, et al. Liberal versus restrictive transfusion strategies in
subarachnoid hemorrhage: a secondary analysis of the TRAIN study. Crit Care.
2025;29(1):67.

Busl KM, Rabinstein AA. Prevention and correction of dysnatremia after
aneurysmal subarachnoid hemorrhage. Neurocrit Care. 2023. https://doi.org/
10.1007/512028-023-01735-z.

Labib H, Tjerkstra MA, Coert BA, Post R, Vandertop WP, Verbaan D, et al.
Sodium and its impact on outcome after aneurysmal subarachnoid hemor-
rhage in patients with and without delayed cerebral ischemia. Crit Care Med.
2024,52(5):752-63.

Verbalis JG, Goldsmith SR, Greenberg A, Korzelius C, Schrier RW, Sterns RH,

et al. Diagnosis, evaluation, and treatment of hyponatremia: expert panel
recommendations. Am J Med. 2013;126(10 Suppl 1):51-42.

Mistry AM, Naidugari J, Craven J, Williams L, Beall J, Khatri P, et al. Usage of
Mineralocorticoids and Isotonic Crystalloids in Subarachnoid Hemorrhage
Patients in the United States. medRxiv. 2023.

Dorhout Mees SM, Algra A, Vandertop WP, van Kooten F, Kuijsten HA, Boiten
J, et al. Magnesium for aneurysmal subarachnoid haemorrhage (MASH-2): a
randomised placebo-controlled trial. Lancet. 2012;380(9836):44-9.

Wong GK, Poon WS, Chan MT, Boet R, Gin T, Ng SC, et al. Intravenous
magnesium sulphate for aneurysmal subarachnoid hemorrhage (IMASH): a
randomized, double-blinded, placebo-controlled, multicenter phase Il trial.
Stroke. 2010;41(5):921-6.

Zheng H, Guo X, Huang X, Xiong Y, Gao W, Ke C, et al. Effect of magnesium
sulfate on cerebral vasospasm in the treatment of aneurysmal subarachnoid
hemorrhage: a systematic review and meta-analysis. Front Neurol. 2023. https
;//doi.org/10.3389/fneur.2023.1249369.

Geraghty JR, Lara-Angulo MN, Spegar M, Reeh J, Testai FD. Severe cognitive
impairment in aneurysmal subarachnoid hemorrhage: predictors and rela-
tionship to functional outcome. J Stroke Cerebrovasc Dis. 2020;29(9):105027.
Haug Nordenmark T, Karic T, Ree C, Sorteberg W, Sorteberg A. The post-aSAH
syndrome: a self-reported cluster of symptoms in patients with aneurysmal
subarachnoid hemorrhage. J Neurosurg. 2019;132(5):1556-65.

Lee HS, Sohn MK, Lee J, Kim DY, Shin Y-I, Oh G-J, et al. Five-year functional
outcomes among patients surviving aneurysmal subarachnoid hemorrhage.
JAMA Netw Open. 2025;8(3).251678-e.

165.

167.

168.

Page 17 of 17

. Walter J, Grutza M, Vogt L, Unterberg A, Zweckberger K. The neuropsycholog-

ical assessment battery (NAB) is a valuable tool for evaluating neuropsycho-
logical outcome after aneurysmatic subarachnoid hemorrhage. BMC Neurol.
2020;20(1):429.

. Andersen CR, Fitzgerald E, Delaney A, Finfer S. A systematic review of out-

come measures employed in aneurysmal subarachnoid hemorrhage (aSAH)
clinical research. Neurocrit Care. 2019;30(3):534-41.

Dreier JP, Winkler MKL, Major S, Horst V, Lublinsky S, Kola V, et al. Spreading
depolarizations in ischaemia after subarachnoid haemorrhage, a diagnostic
phase lll study. Brain. 2022;145(4):1264-84.

. Andersen CR, English SW, Delaney A. Made to measure-selecting out-

comes in aneurysmal subarachnoid hemorrhage research. Front Neurol.
2022;13:1000454.

Park J, Woo H, Kang DH, Kim YS, Kim MY, Shin IH, et al. Formal protocol

for emergency treatment of ruptured intracranial aneurysms to reduce
in-hospital rebleeding and improve clinical outcomes. J Neurosurg.
2015;122(2):383-91.

Kamel H, Suarez JI, Connolly ES, Amin-Hanjani S, Mack WT, Chou SH, et al.
Addressing the evidence gap in aneurysmal subarachnoid hemorrhage: the
need for a pragmatic randomized trial platform. Stroke. 2024;55(9):2397-400.

. Busl KM, Smith CR, Troxel AB, et al. Rationale and design for the BLOCK-SAH

study (pterygopalatine fossa block as an opioid-sparing treatment for acute
headache in aneurysmal subarachnoid hemorrhage): a phase I, multicenter,
randomized, double-blinded, placebo-controlled clinical trial with a sequen-
tial parallel comparison design. Neurocrit Care. 2024. https://doi.org/10.1007/
$12028-024-02078-z.

. Jing L, Wu, Liang F, et al. Effect of early stellate ganglion block in cerebral

vasospasm after aneurysmal subarachnoid hemorrhage (BLOCK-CVS): study
protocol for a randomized controlled trial. Trials. 2022,23(1):922. https://doi.or
9/10.1186/513063-022-06867-9.

. Sawyer DM, Pace LA, Pascale CL, Kutchin AC, O'Neill BE, Starke RM, et al.

Lymphocytes influence intracranial aneurysm formation and rupture: role
of extracellular matrix remodeling and phenotypic modulation of vascular
smooth muscle cells. J Neuroinflammation. 2016;13(1):185.

. Romoli M, Giammello F, Mosconi MG, De Mase A, De Marco G, Digiovanni A,

et al. Immunological profile of vasospasm after subarachnoid hemorrhage.
Int J Mol Sci. 2023. https://doi.org/10.3390/ijms24108856.

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1007/s12028-023-01735-z
https://doi.org/10.1007/s12028-023-01735-z
https://doi.org/10.3389/fneur.2023.1249369
https://doi.org/10.3389/fneur.2023.1249369
https://doi.org/10.1007/s12028-024-02078-z
https://doi.org/10.1007/s12028-024-02078-z
https://doi.org/10.1186/s13063-022-06867-9
https://doi.org/10.1186/s13063-022-06867-9
https://doi.org/10.3390/ijms24108856

	﻿Beyond the bleed: complications after aneurysmal subarachnoid hemorrhage. Pathophysiology, clinical implications, and management strategies: a review
	﻿Abstract
	﻿Introduction
	﻿Role of early pathophysiological events and inflammation in the pathogenesis of post-rupture complications
	﻿Delayed Cerebral Ischemia (DCI)

	﻿Intracranial complications
	﻿Rebleeding
	﻿High intracranial pressure
	﻿Disturbance of CSF circulation
	﻿Seizures
	﻿Large vessel vasospasm

	﻿Systemic complications
	﻿Cardiac complications
	﻿Pulmonary complications
	﻿Fever
	﻿Anemia
	﻿Electrolyte disturbances
	﻿Long-term outcomes after aSAH
	﻿Evidence gaps and clinical trials in aSAH

	﻿Conclusions
	﻿Methodology
	﻿References


