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Abstract

Background Aneurysmal subarachnoid hemorrhage (@aSAH) is a neurological emergency, affecting a younger
population than individuals experiencing an ischemic stroke; aSAH is associated with a high risk of mortality and
permanent disability. The noble gas xenon has been shown to possess neuroprotective properties as demonstrated
in numerous preclinical animal studies. In addition, a recent study demonstrated that xenon could attenuate a white
matter injury after out-of-hospital cardiac arrest.

Methods The study is a prospective, multicenter phase Il clinical drug trial. The study design is a single-blind, pro-
spective superiority randomized two-armed parallel follow-up study. The primary objective of the study is to explore
the potential neuroprotective effects of inhaled xenon, when administered within 6 h after the onset of symptoms of
aSAH. The primary endpoint is the extent of the global white matter injury assessed with magnetic resonance diffu-
sion tensor imaging of the brain.

Discussion Despite improvements in medical technology and advancements in medical science, aSAH mortality and
disability rates have remained nearly unchanged for the past 10 years. Therefore, new neuroprotective strategies to
attenuate the early and delayed brain injuries after aSAH are needed to reduce morbidity and mortality.

Trial registration ClinicalTrials.gov NCT04696523. Registered on 6 January 2021.
EudraCT, EudraCT Number: 2019-001542-17. Registered on 8 July 2020.
Keywords Xenon, Neuroprotection, Aneurysmal subarachnoid hemorrhage, aSAH, Randomized controlled trial
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Introduction

Background and rationale {6a}

Aneurysmal subarachnoid hemorrhage (aSAH) is a neu-
rological emergency which is associated with a high
risk of mortality and permanent disability. Subarach-
noid hemorrhages account for approximately 5-10% of
all strokes; however, the case mortality rate of aSAH at
1 year is considerably higher (50%) when compared to
ischemic stroke. Up to 10-15% of patients with aSAH die
before reaching the hospital [1-7]. In addition to mortal-
ity, aSAH is associated with a substantial impairment in
the quality of life, with significant neurological deficits
and psychological sequelae. About one in five survivors
of aSAH will not regain functional independence and
only every fourth regains the same level of functionality
as before the aSAH [1-6]. In worldwide estimates, when
compared with ischemic strokes, aSAH patients are dis-
proportionately younger, i.e., of working age with the age
at insult mostly below 66 years. In Finland, the mean age
of the event is as young as 55 years [8]. Subsequently,
aSAH is associated with a considerable loss of independ-
ent functionality and responsible for the development of
dependency early in life. Novel treatments are needed to
mitigate the effects of aSAH both in the immediate after-
math (early brain injury, EBI) and thereafter to improve
the current dismal outcomes.

EBI is a major cause of mortality in aSAH patients
[9-11]; it is defined as the period within the first 72 h
after the ictus and describes the immediate overall brain
injury after the aSAH. The initial clinical severity of the
aSAH is the most important factor determining the over-
all outcome; this is assessed by a preliminary assessment
of radiographic findings and neurological conscious-
ness using the Glasgow Coma Scale (GCS), together
with Hunt-Hess or WENS grading. Initial radiographic
markers of EBI (e.g., cytotoxic edema) are significant
predictors of secondary complications and outcomes
[9-11]. The pathophysiological disturbances underlying
the radiographic findings during the EBI period are not
completely understood; however, acute global ischemia,
ischemia/reperfusion injury from the transient circu-
latory arrest at ictus, increased intracranial pressure
(ICP), decrease in cerebral blood flow (CBF), and perfu-
sion pressure (CPP) are clinically relevant pathological
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processes which can result in neuronal death. In addi-
tion, other pathophysiological mechanisms during the
EBI period include disruptions of the blood-brain bar-
rier, brain swelling, vasogenic and cytotoxic edema, acute
vasospasm, dysfunction of autoregulation, altered ionic
homeostasis, disruption of vascular integrity, excitotox-
icity (e.g., via glutamate-activated receptors), thrombin
activation, oxidative stress, inflammation (via activation
of microglial cells), increased levels of matrix metallopro-
teinase (MMP) 9, and activation of the nitric oxide syn-
thase (NOS) pathway. It has been suggested that there
may be a causal relationship between delayed cerebral
ischemia (DCI) and the severity of EBIL. Therefore, an
implementation of new treatment modalities targeting
EBI seems to represent a promising avenue to attenuate
its secondary injuries such as DCI and cerebral infarction
[9-11].

Even after successful microsurgical or endovascular
treatment of the ruptured aneurysm, DCI is still a poten-
tially devastating clinical syndrome related to aSAH and
it is the most significant cause for morbidity and mor-
tality in patients who survive the initial aSAH [1-3, 12].
DCl is a clinical syndrome of focal neurological and cog-
nitive deficits presenting in about 30% of aSAH patients
at 3—14 days after the initial insult, which might progress
to infarction [1-5, 12]. While an angiographically evi-
dent vasospasm in the cerebral arteries can be detected
in 70% of patients, less than half of them develop any
symptoms or ischemia in the territory supplied by the
narrowed artery [1]. In addition, treatment with the cal-
cium-channel blocker, nimodipine, which is currently the
standard of care and the only pharmacological interven-
tion that has been shown to reduce the risk of DCI and
improve neurologic outcome by one-third after aSAH,
does not alter the incidence or severity of delayed cer-
ebral artery vasospasm [13]. Furthermore, other clinical
trials involving drugs that exert a significant impact on
vasospasm did not have any impact on the risk of DCI or
outcomes [1, 12, 14]. Consequently, recent research has
questioned whether there is truly a direct causal rela-
tionship between cerebral vasospasm and DCI and it
has been suggested that DCI following an aSAH is actu-
ally the result of a variety of different pathophysiological
mechanisms, which are currently incompletely under-
stood [1, 12, 15, 16]. From preclinical and clinical studies,
a number of possible mechanisms other than vasospasm
to explain the link between DCI and infarction have been
proposed including microthromboembolism, cortical
spreading depolarization and ischemia, microcircula-
tory dysfunction, inflammation, and impaired cerebral
autoregulation [12]. It has been recommended that the
main outcomes of clinical trials investigating strategies
to prevent DCI should measure the extent of cerebral
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infarction by either radiologic imaging or autopsy biopsy
as well as the patient’s functional outcome [17].

The anesthetic properties of the noble gas xenon
have been recognized since the late 1940s. Xenon is a
near-perfect anesthetic gas as it is not metabolized, it
is remarkably safe and efficient, has a minimal effect on
hemodynamics, rapidly crossing the blood-brain barrier,
as well as possessing very rapid induction and recovery
characteristics due to its extremely low solubility (blood/
gas partition coefficient of 0.115) [18, 19]. After the piv-
otal discovery that xenon is a non-competitive antago-
nist of the N-methyl-D-aspartate (NMDA) subtype of
the glutamate receptor, numerous preclinical studies in
three different species of animals and in various models
of acute neuronal injury have confirmed that xenon con-
fers neuroprotection [20]. There are many experimen-
tal models in which the beneficial effects of xenon have
been evident, e.g., administration of excitotoxins or oxy-
gen deprivation in rats [21-23], cardiopulmonary bypass
(CBP) in rats [24], middle cerebral artery occlusion in
mice [25, 26], cardiac arrest in pigs [27, 28], hypoxic-
ischemic insult in rats [29, 30], TBI in mice [31-33], and
SAH in rats. Neuroprotection has been demonstrated
by a reduction in the infarct volume after focal ischemia
[25, 26], attenuated short- and long-term neurologic and
neurocognitive dysfunction [27, 28, 34-37], and a reduc-
tion in the extent of the neurohistopathological damage
[20, 29, 31-37]. The neuroprotective properties of xenon
were most clearly evident when the gas was administered
either immediately or 2—6 h after injury [20, 30-37]. In
addition to animal studies, the effect of xenon has been
studied in humans mostly due to its cardioprotective
properties. The potential cardioprotective properties
of xenon anesthesia have been at least partly attributed
to xenon’s ability to preserve cardiovascular stability by
maintaining (i) systolic blood pressure, (ii) myocardial
contractility, (iii) stroke volume, and (iv) preload, accom-
panied by an inotrope-sparing effect [38—40]. In addi-
tion, multiple molecular targets have been identified as
being implicated in xenon’s cardioprotective condition-
ing effect. Phosphorylation of protein kinase c€, protein
kinase B, and glycogen synthase kinase 3 [ by xenon has
been reported to inhibit the Ca2+-induced opening of
transition pores in mitochondria, a process known to
preserve mitochondrial function and prevent ischemic
reperfusion injury and cell death [41]. Xenon’s potential
cardioprotective properties were supported by the out-
comes of Xe-Hypotheca trial; inhaled xenon reduced
myocardial injury, as demonstrated by the significantly
lower release of troponin-T from baseline to 72 h after
cardiac arrest in the xenon-treated group as compared
with the control group [40]. In a multicenter study on
coronary artery bypass patients, the troponin I levels in
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the group who received xenon were significantly lower
than the corresponding values in the sevoflurane group
[42].

In 2016, we reported (Xe-HYPOTHECA trial; Clini-
caltrials.gov. NCT00879892) that xenon was able to
attenuate the white matter injury after global ischemia
after cardiac arrest [43]. The effect was mainly due to
less extensive myelin damage in the xenon-treated group
than in the control group. This was demonstrated by a
significantly higher global fractional anisotropy of dif-
fusion tensor imaging of white matter tracts in the
xenon-treated patients than in the control patients [43].
The proper function of white matter is fundamental for
good neurocognitive performance. Nonetheless, the Xe-
HypotheCA trial was not powered to assess the clinical
outcome. For example, the 6-month mortality was 15/55
(27.7 %) in the xenon-treated group and 19/55 (34.5 %) in
the control group (adjusted HR 0.49 [95% CI 0.23-1.01],
P=0.053). The interpretation of the authors was that this
result was due to a combination of xenon’s neuro-and
cardioprotective properties, which may also be clinically
beneficial after aSAH.

Despite improvements in medical technology and
advances in medical science, aSAH mortality and dis-
ability rates have remained virtually the same during the
past 10 years [7]. The age and illness severity adjusted in-
hospital mortality of 25-30% has also not changed over
a span of 12 years, from 2003 to 2015 [5, 6]. Therefore,
it is clear that new neuroprotective strategies are needed
to attenuate the early and delayed brain injury occurring
after an aSAH in order to improve the current dismal
situation.

Objectives {7}

Hypothesis 'The primary hypothesis of the study is
that the global white matter injury would be less severe
as demonstrated with higher fractional anisotropy of
DTI (diffusor tensor imaging) on the 1st MRI in patients
treated with xenon, as compared to the patients who did
not receive xenon.

Objectives
The primary objective is:

To explore whether xenon is neuroprotective in aSAH
patients.

The secondary objectives are to explore the neuropro-
tective effects of xenon on:

1. The white matter injury in the cerebellum and corpus
callosum. Recent studies have revealed that fractional
anisotropy of white matter at 72 h post-SAH meas-

Page 4 of 17

ured globally, in the cerebellum and in the corpus cal-
losum, had an independent predictive value for both
DCI and for a poor neurological outcome (i.e., mRS
3-6) [44].

2. The incidence and severity of EBI within 72 h after
the appearance of SAH symptoms, DCI, and cer-
ebral infarction (according to a consensus statement
[17] and consensus guidelines [5]: (1) DCI is defined
as a new focal neurological deficit (such as hemipa-
resis, aphasia, apraxia, hemianopia, or neglect) or a
decrease of at least 2 points in the Glasgow Coma
Scale (either in the total score or in one of its indi-
vidual components). This should last for at least 1 h
and not be due to other causes (e.g., hydrocephalus,
seizures, metabolic derangement, infection, sedation).
DCI is not apparent immediately after aneurysm
occlusion and cannot be attributed to other causes by
means of clinical assessment, CT or MRI scanning of
the brain, and appropriate laboratory studies; (2) cer-
ebral infarction is defined as a new infarct on follow-
up imaging (i.e., in any of the following: 2nd MRI, CT,
CTA, DSA, and perfusion CT) between day 4 and 6
weeks after the initial appearance of SAH symptoms.

3. The incidence of adverse events, serious adverse
events, suspected unexpected serious adverse reac-
tions

4. The inflammatory process, i.e., assessed by the extent
of microglial activation and the levels of cytokine in
cerebral spinal fluid (CSF)

5. The need and duration of intracerebral pressure
(ICP) treatments

6. Plasma catecholamine levels

The release of troponin T

8. The release of neuron-specific enolase (NSE), neu-
rofilament light (NF-L), glial fibrillary acidic protein
(GFAP), calcium-binding protein S100B (S100B),
ubiquitin carboxyterminal hydrolase L1 (UCH-L1),
total tau, and cytokines (tumor necrosis factor alpha,
interleukins 6 and 10)

N

The exploratory objectives are:

1. To explore the predictive value of the different MRI
techniques (see details under the section of “Data
collection and management”) alone and combined
for clinical outcome at 3 months, and also at 1 and 2
years after SAH.

2. To examine the pathophysiological pathways of the
post-SAH period between the two treatment groups
and to assess the predictive value of selected pro-
teomics and metabolomics on severity of EBI and
DCI and neurological outcome (i.e., good outcome:
mRS 0-2 vs poor outcome: 3—6)



Laaksonen et al. Trials (2023) 24:417

3. To evaluate the role of microglial activation (see
details under the section of “Data collection and
management”) on the development of DCL

4. To explore the role of the cytokine level on the devel-
opment of DCI

5. To assess a combination of selected brain imaging
markers obtained from different MRI techniques
(see details under the section of “Data collection and
management”), biomarkers (see secondary objectives
# 8), plasma metabolomics (see details under the
section of “Data collection and management”), CSF
metabolomics and clinical examinations (e.g., motor
score, pupillary light reflex with pupillometry, epi-
leptic seizures) as a prognostication model for EBI,
DCI, and neurological outcome at 3 months, at 1 and
2 years after SAH (ie., good outcome: mRS 0-2 vs
poor outcome: 3-6).

6. To test the applicability of utilizing a brain network
analysis with graph theoretical analysis and anatomi-
cal connectivity of white matter tracts (see details
under the section of “Data collection and manage-
ment”) in prognostic models for EBI, DCI, and neu-
rological outcome at 3 months, at 1 and 2 years after
SAH (i.e., good outcome: mRS 0-2 vs poor outcome:
3-6) and to investigate xenon’s effect on the connec-
tivity.

7. To unravel the mechanisms underpinning the devel-
opment of EBI and DCI by utilizing brain imaging
obtained from different MRI techniques (see details
under the section of “Data collection and manage-
ment”) and metabolomics (i.e., plasma and spinal
fluid; see details under the section of “Data collection
and Management”)

8. To measure the clinical neurological outcome at 3
months and at 1 year and at 2 years.

9. To develop a prognostication model for EBI and DCI
and neurological outcome at 3 months and at 1 year
and at 2 years after SAH

Trial design {8}

The Xe-SAH study is a prospective, multicenter phase II
drug intervention trial. The study design is a single-blind,
prospective superiority randomized two-armed paral-
lel follow-up study. The primary objective of the study
is to explore the potential neuroprotective effects of
xenon, when administered within 6 h of the initial insult,
in adult (> 18 years of age), mechanically ventilated
aSAH patients with a Hunt-Hess grading of 3-5. There
are two study arms: the control arm receiving the cur-
rent standard of care while the intervention arm will be
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administered a 24-h xenon treatment in addition to the
standard care.

Methods: participants, interventions,

and outcomes

Study setting {9}

Three university hospitals across Finland will participate
in this study. The participating hospitals are Turku Uni-
versity Hospital, Tampere University Hospital, and Kuo-
pio University Hospital. All patients with a new aSAH,
admitted to the emergency room of each of the par-
ticipating hospitals, will be screened for eligibility to be
included in this trial.

Eligibility criteria {10}
The inclusion criteria are:

1. Informed consent obtained from the next of kin or

legal representative

Aneurysmal subarachnoid hemorrhage visible on CT,

CTA, or DSA

Hunt-Hess grading of 3-5

Age of > 18 years

The patient has been intubated

GCS 3-12 obtained off neuromuscular blocking

agents

7. Xenon treatment can be initiated within 6 h after the
onset of aSAH symptoms

N

AN

The exclusion criteria are:

1. Acute traumatic brain injury
2. Maximum diameter of intracerebral hemorrhage >
2.5cm
3. Pneumothorax or pneumomediastinum
4. Acute lung injury requiring > 60% Fi02 (fraction of
inspired oxygen)
5. Systolic arterial pressure < 80 mmHg or mean arte-
rial pressure < 60mmHg for over a 30-min period
6. Bilaterally fixed and dilated pupils
7. Positive pregnancy test, known pregnancy, or cur-
rently breast-feeding
8. Chronic neurological deficiency due to chronic
traumatic brain injury or other neurological illness
9. Imminent death or current life-threatening disease
10. Current enrollment in another interventional study
11. The subject is known to have a clinically signifi-
cant laboratory abnormality, medical condition, or
social circumstance that, in the investigator’s opin-
ion, makes it inappropriate for him/her to partici-
pate in this clinical trial
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12. Presence of implants or foreign bodies which are
not known to be MRI safe

Who will take informed consent? {26a}

In this study, eligible patients are comatose and in an
immediate life-threatening condition. In addition, it is
likely that xenon’s putative neuroprotective effect can be
achieved only if xenon inhalation has been started within
6 h after onset of SAH symptoms. Therefore, obtaining
a written informed consent from next of kin or a legal
representative is highly time-sensitive. An alert of an
incoming SAH patient will be distributed to the study
physicians (on-call anesthesiologists, intensivists, and
neurosurgeons) via the phone to come to the ED to allow
recruitment to proceed. The patient’s next of kin will be
informed of the study either in-person or by remote com-
munication, and written consent will be obtained either
in person or electronically. A written consent will also be
obtained from all those patients, who will regain full legal
capacity after a sufficient neurological recovery.

Additional consent provisions for collection and use

of participant data and biological specimens {26b}
Information that characterizes the participant’s condition
prior to the initiation of experimental treatment will be
obtained as soon as clinically reasonable. These include
knowledge of the participant’s demographics, medical
history, vital signs, and oxygen saturation. The written
consent includes permission to collect blood samples,
spinal fluid, and radiologic image data.

The collected information will contain quantitative and
qualitative data of the patients, as stated in recent recom-
mendations issued by the working group on subject char-
acteristics, and will include all relevant Common Data
Elements (CDE) (138). Specific definitions, measure-
ments tools, and references regarding each SAH CDE can
be found on the weblink here: https://www.commondata
elements.ninds.nih.gov/sites/nindscde/files/Doc/Stroke/
CDEStartupResource_Stroke.pdf.

Surgical interventions, additional detailed informa-
tion related to SAH (i.e., CDE), changes in clinical status,
all routinely monitored signs (i.e., arterial blood pres-
sure, heart rate, intracerebral pressure), collected labo-
ratory tests, and concurrent medical therapy given to
the patient during the ICU stay will be recorded. GCS
score, concomitant medications, surgical interventions,
and neurologic conditions are collected daily during the
hospitalization.

This clinical study protocol adheres to the SPIRIT
reporting guidelines [45].
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Interventions

Explanation for the choice of comparators {6b}

Despite improvements in medical technology and
advances in medical science, aSAH mortality and disabil-
ity rates have remained virtually the same during the past
10 years [7]. The standard of care in Finland for aSAH
follows the standardized best practice guidelines set out
by the American Heart Association and the American
Stroke Association [46] and is the gold standard and in
everyday use in the hospitals at which this trial will be
conducted. The standard state-of-the-art care is therefore
justified as the comparator for which this study seeks to
find an improvement.

Intervention description {11a}
After successful recruitment into the study, the patients
will be randomized into one of two arms:

o The first arm is the current standard of care accom-
panied with normothermia (i.e., 36.5-37.5 °C).

+ The second arm is the xenon intervention group,
where the participants will receive inhaled xenon
for 24 h with an end-tidal concentration of 50 +
2% and normothermia (i.e., 36.5-37.5 °C) and the
standard of care thereafter.

The intervention arm will receive xenon adminis-
tered at 50 = 2% in oxygen for 24 h upon admission
to the intensive care unit. The concentration of xenon
administered will be monitored at both the inspiratory
and expiratory limbs of the rebreathing circuit using a
thermoconductivity analyzer, which is automatically
calibrated when the delivery system is initiated. If the
concentration of xenon administered drops below 45%,
the system will be flushed to displace any nitrogen
emerging from blood and tissues into the closed-circuit
system. Flushing will be continued until a xenon con-
centration of at least a 50% is reached. Xenon will be
administered for 24 h through the rebreathing circuit.
If the patient should require surgery for any reason dur-
ing the xenon inhalation treatment, the procedure will
be performed under xenon anesthesia whenever feasi-
ble. Supplemental sedative, anesthetic, and pain medi-
cation are to be provided as necessary during surgery.
A failure to maintain a 50% concentration of xenon in
oxygen during the treatment phase is not a reason to
disqualify the patient from the study. In such a case,
the treatment will be continued with the safest concen-
tration that can be administered. The end-tidal xenon
concentration of 70% may not be exceeded nor can it
be less than 30% (i.e., the upper safety limit and lower
efficacy limit of xenon concentration).


https://www.commondataelements.ninds.nih.gov/sites/nindscde/files/Doc/Stroke/CDEStartupResource_Stroke.pdf
https://www.commondataelements.ninds.nih.gov/sites/nindscde/files/Doc/Stroke/CDEStartupResource_Stroke.pdf
https://www.commondataelements.ninds.nih.gov/sites/nindscde/files/Doc/Stroke/CDEStartupResource_Stroke.pdf
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Since acute hydrocephalus is relatively common after
aSAH, most of the recruited patients will receive an
external ventricular drain. ICP monitoring will also
be performed in all patients. ICP target is set to < 20
mmHg; an optimal head position of 30° will be ensured.
The ICP monitoring device must be in place prior to the
commencement of xenon inhalation. Mechanical ven-
tilation and adjustments will be made based on regu-
lar treatment. The inspiratory oxygen will be adjusted
to maintain a partial pressure for arterial oxygen in the
range of 12-20 kPa. Minute ventilation will be adjusted
to maintain the partial pressure for arterial carbon diox-
ide in the range of 4.5-5.5. kPa. Repeated blood-gas
analysis will be performed every hour during the xenon
treatment, and later whenever indicated but at least every
4 h. The following hemodynamic targets are set: cerebral
perfusion pressure (CPP) > 60mmHg, mean arterial pres-
sure (MAP) > 65mmHg. Management of hemodynamics
will be primarily achieved through the use of vasopres-
sors (e.g., norepinephrine, epinephrine, dopamine,
dobutamine), and antiarrhythmic medications will be
administered as needed and according to local protocols.
Hypertension will be treated with vasodilators.

Serum glucose-targets are set to between 5.0 and 10.0
mmol/L and hematocrit between 0.3 and 0.45. Potassium
will be supplemented if the serum potassium level is < 4
mmol/L. Plasma sodium levels will be maintained above
135 mmol/l and will not be corrected if osmotic therapy
for intracranial hypertension results in an elevation of
plasma sodium, unless it exceeds 155 mmol/l. Normo-
thermia of 36.5-37.5 °C will be maintained after ICU
arrival. The core temperature will be managed with infu-
sions of diclofenac and paracetamol according to clinical
routine at each center.

Criteria for discontinuing or modifying allocated
interventions {11b}
The study of an individual patient will be terminated
by investigator or by the attending physician at any
moment during the treatment in the ICU if the safety of
the patient cannot be otherwise assured. Thereafter, the
patient will be treated by the most appropriate means
according to the judgment of the attending physician.
Each individual case will be considered by the attending
physician according to clinical evidence of intensive care
medicine.

The study subjects may be withdrawn from their study
treatment prematurely by the investigator or by the phy-
sician for one or more of the following reasons:

«+ A failure to maintain a xenon concentration > 30 %
« A failure of ventilation and/or oxygenation of the
patient with the xenon delivery device

Page 7 of 17

+ Adverse event (AE)/serious adverse event (SAE)

+ Protocol violation

+ If for any reason the investigator or the attending
physician believes that continued participation in the
study is not in the best interests of the patient.

Strategies to improve adherence to interventions {11c}
None. Due to the nature of the study, the 24-h xenon
treatment will be given to the intervention group and MR
imaging will be conducted on those patients where the
imaging can be safely performed.

Relevant concomitant care permitted or prohibited
during the trial {11d}
Standard of care, no other special provisions.

Provisions for post-trial care {30}

Standard of care for all. The treatment studied and
research-related procedures are free of charge for study
participant. Any loss of earnings and travel expenses
caused by the examination visits will be reimbursed to a
patient/family member/relative according to the actual
costs based on supporting documents. If the study sub-
ject suffers personal injury as a result of the study treat-
ment or an action taken as a result of the study, one can
apply for compensation. Further details are given in the
informational documentation handed out to both the
patient and next of kin.

Outcomes {12}
Primary outcome measure

1. Global fractional anisotropy of white matter of dif-
fusion tensor imaging (DTI). White matter dam-
age will be less severe in xenon-treated patients,
i.e., global fractional anisotropy will be significantly
higher in the xenon group than in the control group
as assessed with the 1st MRL

Secondary outcome measures

1. Fractional anisotropy of white matter at cerebellum
and/or at corpus callosum as assessed with the 1st
MRIL

2. Safety and tolerability of xenon, as assessed with a
ratio of adverse events, serious adverse events, and
suspected unexpected serious adverse reactions
(SUSARSs) during the follow-up at 1 year between
the xenon group and the control group.

3. Composite of radiological EBI (within 72 h after the
start of SAH symptoms), DCI, cerebral infarction
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(see definitions in detail under the section of sec-
ondary objectives) and poor outcome (good: mRS
0-2; poor: mRS 3-6) at 3-months and at 1 year.
Neurogenic stress cardiomyopathy and stunned
myocardium (i.e., myocardial injury caused by
sympathetic storm and autonomic dysregulation
with hs-troponin elevation, left ventricular dys-
function or ECG changes)

ICP-level up to 14 days (i.e., as long as clinically rel-
evant) after the onset of aSAH symptoms

Need for ICP therapies up to 14 days (i.e., as long as
clinically relevant) after the onset of aSAH symp-
toms

Duration of therapy for ICP control/monitoring up
to 14 days (ie., as long as clinically relevant) after
the onset of aSAH symptoms

Plasma catecholamine levels

Difference in selected biomarkers (NSE, NF-L,
GFAB, S100B, UCH-L1, total-tau TNF-a, interleu-
kins 6 and 10) and difference in metabolomic and
lipidomic profiles in the blood and CSF between
xenon and control group in predicting risk for EBI,
vasospasm, DCI as well as a good neurological out-
come at 3 months, 1 year, and at 2 years after the
aSAH.

Development of prognostication models with a
selected combination of brain imaging and bio-
markers obtained from various MRI techniques
(see details under the section “Data collection and
management”), clinical data, and metabolomics
(see details under the section “Data collection and
management”) by applying artificial intelligence
and machine learning for EBI, vasospasm, DCI,
and a good neurological outcome at 3 months, 1
year, and at 2 years after the aSAH.

Difference in CTA, DSA, and MRI parameters
obtained from various MRI techniques (see details
under the section “Data collection and manage-
ment”) between xenon and control group in pre-
dicting EBI, vasospasm, DCI, and a good neuro-
logical outcome at 3 months, 1 year, and at 2 years
after the aSAH.

Predictive value of computational fluid dynamics
(CFD) (see details under the section “Data collec-
tion and management”) to detect the differences in
the blood flow behavior in the recruited patients by
applying 3D DSA to assess the risk of EBI within
the first 72 h after the start of aSAH symptoms,
vasospasm (within 21 days after the start of SAH
symptoms) and DCI (between day 4 and 6 weeks
after the start of SAH symptoms) and a good neu-
rological outcome at 3 months, at 1 year, and at 2
years after the aSAH (mRS 0-2).
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13. Difference of metabolomics and lipidomics pro-
files of plasma and CSF between xenon and control
group and in predicting the risk for EBI within the
first 72 h after the start of aSAH symptoms, vasos-
pasm (within 21 days after the start of SAH symp-
toms) and DCI (between day 4 and 6 weeks after
the start of SAH symptoms) and a good neurologi-
cal outcome at 3 months, at 1 year, and at 2 years
after the aSAH (mRS 0-2).

14. Difference of activity of microglial cells between
the subjects in the xenon and control groups and in
predicting the risk for DCI and a good neurological
outcome at 3 months, 1 year, and at 2 years after
the aSAH.

Participant timeline {13}

The schedule of events for study participants, including
enrolment, interventions, and assessments, is outlined in
Fig. 1.

Sample size {14}

A sample size of 100 is estimated on the basis of recent
studies in aSAH patients as being able to provide 80%
power with a 2-sided o level of 0.05 in order to detect
a mean difference of 0.02 (SD 0.035) in the global frac-
tional anisotropy of white matter between the xenon-
treated group and the control group [44]. In addition,
this mean difference is estimated to have a predictive
value for DCI and poor neurological outcome. It is esti-
mated that approximately 30% of the enrolled patients
will be lost from the MRI studies, and therefore, 80
patients per group will be enrolled in this study.

Recruitment {15}

A team of anesthesiologists and neurosurgeons at each
study site will be responsible for setting up and organ-
izing the swift identification of potential SAH patients
that arrive in the emergency department and they will
have a contingency plan in place to ensure equally rapid
screening for eligibility, obtaining of written consent
and recruitment.

The primary recruitment center for the start of this
study will be Turku University Hospital; the other cent-
ers are expected to join after the feasibility of the proto-
col has been assured. The expected rate of recruitment
is 20 patients, consisting of both the Xenon-interven-
tion arm and standard-of-care arm, per year at Turku
University Hospital. Tampere University Hospitals
expected rate of recruitment is comparable to Turku,
with 20 patients per year. Kuopio University hospital’s
rate of recruitment is expected to be 10 patients per
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Schedule of Events | Screening ICU period After ICU | Follow-up period after SAH
Treatment period Intensive | Hospital | 21-40 | 4045 days [ 90 days |at | year and at 2
Protocol activities | Before | Hospital | Treatment | Treatment | care stay before | days years
hospital | arrival | induction | maintenance | period | discharge
arival | and ED after
treatment
Onset  of SAH|X
symptoms =T Oh
Hospital arrival X
Brain CTA and/or 3 X X X
DDSA
Inclusion and X X
exclusion
Informed assent X X
Demography X X X
Medical history X X X
ED lab routines X
Arterial cannulation | X or Xor X
Central vein X
cannulation
Blood gas _analysis X X (every [X (every | X (every
incl. Lactate and B- hour) hour) 24h)
Glue
Randomisation X7 X7
Xenon treatment (Xe X (must [ X (Maintain
5042 % in air/O;) start for 24 h)
within 6 h
after onset
of  SAH
symptoms
)
Maintain 36.5-37.0 X
°C until extubation or
tracheostomy
GCSinevery 24 h X(AUT0) X (atT24h) |X (at T48h T 72h,
TI6h)
Neurological X X
evaluation
T MRI X (48-96h
after onset of
SAH
symptoms)
2.MRT X
PET X X
24 hour urine X X
collection for
determination of
diurnal
catecholamine*
Tn-T, NSE, NEL, Xor X X (at T24 0| X Gt
plasma, fibrillary acidic after onset of | T48,72h
protein (GFAP), and/or SAH after
ateium binding protsin symptoms) onset  of
S100B (S100B). and/or
ubiquitin carboxsterminal SAH
hydrolase L1 (UCH-LL symptoms
and/or total tau, and/or )
cytokines (tumour
necrosis factor alpha.
interleukins 6 and 10)
catecholamine*,
ECG
Metabolomics; Xor X X (at 124 h|X
plasma and spinal after onset of | T48,72h
fluid SAH after
symptoms) | onset  of
SAH
symptoms
)
ICP monitoring X X X
Continuous EEG, X7 2 X
invasive BP, pulse
oximetry, brain
oxygen monitoring in
all feasible patients
Inspired and ET X X3
Xenon concentration
ET Oxygen X7 X7
concentration
Electronic data X X X
collection and
capture
Adverse events X X X X X X
Concomitant X X X X X X
treatment
Long-term outcome X
Recording on_study X X X X X X X X

specific CRF
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year. Thus, the expected recruitment phase of the study
is expected to last 4 years.

Assignment of interventions: allocation

Sequence generation {16a}

After screening, an eligible patient will be included in
the study and randomly allocated into either the stand-
ard of care arm or the xenon intervention arm in a ratio
of 1:1. Informed written consent of participation will be
received from the next of kin or the legal representative
of the included patient as soon as possible. Trial sites
will have access to an Internet-based randomization
system. Each subject will be assigned a unique study
and randomization number. A block randomization
approach will be stratified by the study site.

Concealment mechanism {16b}
Randomization will be Internet-based, and the use of a
validated password website will ensure concealment.

Implementation {16c¢}

The Xe-SAH -trial comprises the following scheduled
events: screening, ICU stay (treatment induction and
maintenance and post-treatment), hospital stay after
ICU stay, and follow-up at 3, 12, and 24 months after
the SAH. In order to confirm the feasibility of the pro-
tocol (i.e., period of feasibility), the trial will be initiated
in the intensive care unit of Turku University Hospital
in close liaison with the Departments of Neurosur-
gery and Neuroradiology. We expect that the period
of feasibility will be completed within 3-6 months.
Thereafter, the trial will also be started in Tampere and
Kuopio University Hospitals. Implementation will be
the responsibility of the senior physicians and research-
ers from the Departments of Anesthesiology and Inten-
sive Care, Neurosurgery, and Neuroradiology at each
participating center.

Assignment of interventions: blinding

Who will be blinded? {17a}

The physicians responsible for assessing the neurologic
outcome as well as the neuroradiologist analyzing the
brain imaging will be unaware of the treatment-arm.
The immediate care-providers, including the attending
physician and their team, cannot be blinded during the
intervention phase, due to logistical and treatment effects
related to xenon-administration.

Procedure for unblinding if needed {17b}
The need for unblinding should not arise, as the
immediate care-providers are not blinded. Only the
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neuroradiologist and neurologist who assess the primary
and/or secondary outcomes are blinded.

Data collection and management

Plans for assessment and collection of outcomes {18a}
Upon hospital arrival and thereafter, basic patient infor-
mation will be recorded in an electronic web-based study
database (RedCap). The data collected on aSAH patients
is intended to be both quantitative and qualitative in
nature, as recommended by the recent recommendations
issued by the working group on subjects’ characteristics,
including all relevant Common Data Elements (CDE)
[47, 48]. The data to be collected will include details of
the patient’s age, sex, home medications and health sta-
tus, time of insult, hospital arrival delay, vital signs, and
blood tests. First computed tomography (CT), computed
tomography angiography (CTA), and digital subtraction
angiography (DSA) results will be registered in the web-
based study’s database according to CDE specifications.
During the ICU stay, surgical interventions, vital signs,
changes in clinical status, and other medical treatments
received will be recorded. The duration of xenon admin-
istration will be recorded. In addition, arterial blood gas
samples will be monitored hourly during the xenon-
treatment phase, and then at least every 4 h or whenever
clinically indicated during the ICU stay. The results of the
MRI scans at 72 + 24 h and 42 =+ 4 days after the onset
of SAH symptoms will be collected in detail according to
the CDE recommendations.

The following MRI techniques will be used: (1)
T2-weighted and fluid-attenuated inversion recovery
(FLAIR) sequences; (2) T1-weighted 3D gradient echo
sequence for volumetric analysis; (3) time of flight angi-
ography (TOF) to visualize flow within vessels, without
the need to administer a contrast agent; (4) brain perfu-
sion imaging with dynamic susceptibility contrast (DSC),
(5) a susceptibility-weighted imaging (SWI) sequence to
image hemosiderin, (6) whole-brain (and region-of-inter-
est level) white matter integrity from diffusion-weighted
MRI data measured with diffusion tensor imaging (DTI;
fractional anisotropy is the primary end-point of the cur-
rent trial; (7) voxel-wise white matter microstructure
from diffusion-weighted MRI data. A global voxel-wise
data-driven Tract Based Spatial Statistics (TBSS) with
DTI and other microstructural metrics will be applied;
(8) constrained spherical deconvolution (CSD) technique
will be used to estimate the orientation of multiple fiber
populations, e.g., crossing fibers, in a voxel accurately and
within a clinically feasible scan time. The fiber orienta-
tion distributions will be estimated with CSD and used
to perform probabilistic fiber tractography for the whole
brain and for certain tracts of interest. The whole brain
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tract networks will be analyzed with graph theoretical
analysis [49-53].

In addition, all feasible patients (i.e., capable to co-
operate adequately during the scan) will be scanned in
the Turku PET Centre. The 1st scan will be performed
4 +1 weeks after the onset of SAH symptoms with the
2nd scan being undertaken at 3 months after the onset
of SAH symptoms. It will be explored whether [*'C](R)-
PK11195 can be used to test the hypothesis that xenon
can exert a neuroprotective effect and to explore the role
of inflammatory process in the extent of DCI and also the
neurological outcome at 1 year after SAH. We postulate
that this can be demonstrated by showing less signs of
microglial activation in the xenon-treated group than in
the reference therapy group and in the patients with good
outcome, i.e., mRS 0-2 [54-56].

Metabolomics will be applied to identify pathophysio-
logical pathways after SAH governing survival, to identify
differences in targeted metabolomic pathways between
the two treatment groups and discover new biological
biomarkers or specific pathways for prognostic purposes.
We intend to perform both (i) comprehensive metabo-
lomics analyses using two methods with a broad analyti-
cal coverage, for molecular lipids (lipidomics) and polar
metabolites, respectively, and (ii) selected targeted/quan-
titative methods for functionally important metabolites
of CNS origin. Among the latter, the proposed methods
will include N-acyl amides (NAAs, a class of molecules
that encompasses the endocannabinoids and related mol-
ecules) and ceramides [57-61].

Human blood vessels will be investigated using compu-
tational fluid dynamics (CFD) to detect the differences in
blood flow behavior in the recruited patients. CFD will
be applied in the dynamic 3D DSA imaging data of the
current population with the aim being to investigate and
create models of blood flow behavior in the proximity of
the ruptured aneurysms, and in distant regions as well as
globally. Artificial intelligence (AI) and machine learn-
ing (ML) will be used by combining the results of CFD
simulations and clinical data to create models which pos-
sess a high predictive accuracy for estimating the risk
for EBI, vasospasm, and DCI and poor neurological out-
come in aSAH patients. The predictive accuracy of the
prognostication models created in derivation cohorts of
the retrospective population will be tested in retrospec-
tive validation cohorts and in individual cases, and in
the prospective Xe-SAH population. The retrospective
population (initially collected by JK and IS) will comprise
all consecutive aneurysm cases which will have been
detected in the catchment area of the Hospital District
of Southwest Finland from January 2000 to May 2018
(i.e., Turku Aneurysm Data, TAD). Altogether, over 2600
unique aneurysm patients have been recorded into TAD.
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In all cases, the automatic text mining will be performed
by Auria Biobank Service (Turku, Finland) registering all
the clinical, radiological, laboratory, and other available
events throughout the history of each individual patient
before and after the diagnosis of the aneurysm. The total
amount of events in the TAD constitutes over 70,000,000.

Plans to promote participant retention and complete
follow-up {18b}
Only routine encouragement if necessary.

Data management {19}

Data collected upon arrival and all neuroradiology find-
ings will be stored in an electronic web-based study
database (Redcap, https://www.project-redcap.org/ [62,
63]). This data will be securely stored at the servers of
the corresponding city’s universities where the patients
are being treated. Intensive care data, including blood
pressure, blood samples, and ICP data for example will
be stored at a secure server at the corresponding Uni-
versity Hospitals in accordance with hospital guidelines
and the Data Management Plan as described below in
this protocol.

Access to clinical data with patient IDs is strictly lim-
ited to the clinicians treating the patients and maintain-
ing the database. Exports of the clinical data for analyses
are always pseudononymized to protect patient confiden-
tiality. The imaging data exports are stored only at MRI
unit and Turku PET Centre of Turku University Hos-
pital, which are audited workspace environments that
is designed to host sensitive data for collaboration. All
researchers sign a non-confidentiality agreement with
strict rules on data handling before they are granted
access to the exports. The study sites have ethical review
board approvals for collection and working with clinical
material and data.

All data with direct or indirect identification informa-
tion will be stored in encrypted form and a separately
stored decryption code will be stored with access by
the PI. Essential documents shall be archived safely and
securely.

Each study patient is identified by a patient code (i.e.,
first two initials of first and last name and subject num-
ber). The patient identity (initials and screening/subject
number, the subject’s first name, last name, date of birth,
social security number) is recorded on a separate regis-
ter (i.e., patient identity file) which can be accessed only
by the PI with a password. Study subject records, subject
screening log, all original signed informed consent forms,
and CRFs will be kept in the Investigator’s study file to
enable the follow-up assessments by safety committee
and monitor. Investigator’s study file can be accessed only
by the PI and biostatistician with a password.
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The study subject code (initials and screening/sub-
ject number), date of informed consent, date of entry or
date of exclusion, and the reason for exclusion for those
recruited for screening but not fulfilling the inclusion cri-
teria and therefore excluded will be recorded in the sub-
ject screening log.

Confidentiality {27}

Data is stored in accordance with local data protec-
tion guidelines applying the data management plan as
described in the protocol; see the section “Data collec-
tion and management”.

Plans for collection, laboratory evaluation, and storage

of biological specimens for genetic or molecular analysis

in this trial/future use {33}

Biochemical assessment: A blood sample of 20 ml for
determination of plasma catecholamines, plasma metab-
olomics (see details of metabolomics under the section
“Data collection and management”), cardiac enzyme
release (P-hs-troponin-T and heart fatty-acid binding
protein), neuron-specific enolase (NSE), neurofilament
light (NF-L), glial fibrillary acidic protein (GFAP), cal-
cium-binding protein S100B (S100B), ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1), total tau, and cytokines
(tumor necrosis factor alpha, interleukins 6 and 10) will
be analyzed at ICU arrival and at 24h, at 48h, and at 72h
after onset of SAH symptoms; urine catecholamines dur-
ing first and second 24 h. In addition, a sample of spinal
fluid will be collected through EVD at ICU arrival or as
soon as it is in place and at 24h, at 48h, and at 72h after
onset of SAH symptoms for assessment of metabolomics.
P-hsTn-T and P-NSE will be determined by a local uni-
versity hospital laboratory with standard methods. The
samples will be destroyed 10 years after completion of
the study. In addition, the patient has a right to require
destruction of the samples at any time. In this study, no
tissue samples will be collected, and no genetic analysis
are conducted.

Statistical methods

Statistical methods for primary and secondary outcomes
{20a}

The primary outcome measure is a global fractional ani-
sotropy of white matter of diffusion tensor imaging (DTI)
as assessed in the 1st MRI. The univariate distributions
of variables and the associations between variables will
be described using summary statistics. Basic statisti-
cal tests (two-sample ¢-test, Mann-Whitney U-test, chi-
square test, and Fisher exact test) will be used in the
preliminary analysis to compare the xenon-treated and
control groups. Kaplan-Meier curves and Cox regression
analyses will be applied when examining the occurrence
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of end-point events. An analysis of variance of repeated
measurements will be applied for normally distributed
outcome variables. In the case of other types of variables,
the analysis will be based on generalized linear mixed
models which include comprehensive and general tools
to analyze longitudinal data. General linear model for
normally distributed outcomes and generalized linear
models for other types of variables will be used for ana-
lyzing data at different time points. The analyses will be
adjusted for age, sex, and site, and other baseline char-
acteristics of patients will be used as covariates when
needed. The adjusted analysis will be considered to be
the main analysis. The statistical analysis will be based
on all available data. If an analysis is based only on com-
plete cases, it will be mentioned separately. The data will
be analyzed according to intention-to-treat and per-pro-
tocol populations. The differences will be presented as
mean differences with 95% confidence intervals for con-
tinuous outcomes, odds ratios with 95% confidence inter-
vals for categorical outcomes, and hazard ratios with 95%
confidence intervals in survival analyses. A two-sided
statistical test with a significance level of 0.05 will be used
in the statistical analyses.

Interim analyses {21b}

No interim analysis will be performed. However, an
interim analysis can be performed if requested by the
safety board, e.g., should early termination of the trial be
considered due to a suspicion of compromised patient
safety by xenon or by other reasons.

Methods for additional analyses (e.g., subgroup analyses)
{20b}

A sub-study will be performed in patients with a delay
to randomization of no more than 3 h after the start of
aSAH symptoms.

Methods in analysis to handle protocol non-adherence

and any statistical methods to handle missing data {20c}
The data will be analyzed according to intention-to-treat
analysis. The extent of possible missing data will be ana-
lyzed and examined, especially considering the primary
outcome of the study.

Plans to give access to the full protocol, participant-level
data, and statistical code {31c}

The data of this study will be available to investigators
whose proposed use of the data has been approved by an
independent review committee. Individual participant
data that underlie the results reported in this Article will
be shared (text, tables, figures, and appendices), after de-
identification, along with the study protocol. These data
will be available 6 months after the article’s publication
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and will be available for 12 months from publication.
Data can be used for individual participant data meta-
analysis. Requests and proposals should be directed to
timo.laitio@tyks.fi. To gain access, data requestors will
need to sign a data access agreement.

Oversight and monitoring
Composition of the coordinating center and trial steering
committee {5d}
Turku University Hospital will be the coordinating center.
The trial steering committee will be chaired by the prin-
cipal investigator Timo Laitio and will comprise site prin-
cipal investigators and one head physician or investigator
from the Departments of Anesthesia and Intensive Care,
Neurosurgery, Neuroradiology, Cardiology, and Turku
PET Centre.

There is no Stakeholder or Public Involvement Group
associated with this trial.

Composition of data monitoring committee, its role

and reporting structure {21a}

Data and Safety Monitoring Plan will be prepared and
a Data and Safety Monitoring Board (i.e., independent
safety committee) will be established according to the rel-
evant Standard Operational Procedures of Turku Clinical
Research Counsel; the plan and the composition of the
board will be communicated with the National Com-
mittee on Medical Research Ethics (TUKIJA) before the
commencement of this study.

In addition, TUKIJA will be informed about outcomes
related to the responsibilities of the Data and Safety Mon-
itoring Board and about other responsibilities defined by
ICH good clinical practice (GCP).

The study monitor will visit the study center after
enrollment of every 4 patients and after each 6-month
interval. The study monitor will ensure that the study
is complying with the GCP and applicable regulatory
requirements and that the protocol is being adhered to in
all aspects, with accurate recording of results, reporting
of AEs, drug accountability, and record keeping.

Furthermore, it will be verified that the clinical facili-
ties remain adequate and that the CRFs correspond with
source data. For this purpose, the study monitor will be
allowed direct access to hospital or patient records of
the study subject, original laboratory data, etc., relevant
to the study. It is essential that the investigator and other
relevant members of the study center team are available
during the monitoring visits and inspections, and that
they can devote sufficient time to these processes.

Adverse event reporting and harms {22}
Study subjects participating in this study are already in
need of intensive care due to one or more signs of organ
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insufficiency or failure. Therefore, multiple and diverse
clinical symptoms and laboratory findings must be antic-
ipated to occur frequently. Expected minor fluctuations
in the study patients’ presenting illness will not represent
an AE. Any clinically significant worsening in a study
patient’s condition according to clinical judgment, labo-
ratory finding, or other diagnostic findings, compared
with the study patient’s baseline status at the time of
starting xenon treatment will have to be recorded as an
AE whether or not the worsening condition is considered
to be due to the study patient’s underlying illness or study
treatment. All AEs must be elicited, documented, and
reported to the investigator from the moment of treat-
ment until the end of the follow-up period of six months.

Frequency and plans for auditing trial conduct {23}
The study monitor will visit the study center after enroll-
ment of every 4 patients and after each 6-month interval.

Plans for communicating important protocol amendments
to relevant parties (e.g., trial participants, ethical
committees) {25}

All substantial protocol amendments will be detailed
in writing and consequently sent to TUKIJA (National
Committee on Medical Research Ethics) and FIMEA
(Finnish Medicines Agency) via the EU C-TIS Portal. If
other administrative changes need to be made to the pro-
tocol, the study will be discontinued until it receives sub-
sequent approval by TUKIJA and FIMEA.

Dissemination plans {31a}

The findings of this study will be presented in peer-
reviewed journal publications as well as conference
presentations.

Discussion
In this Xe-SAH protocol, we describe how we intend
to conduct a prospective, multicenter phase II clinical
drug trial. The study design is a single-blind, randomized
two-armed parallel follow-up study. The primary objec-
tive of the study is to explore the potential neuroprotec-
tive effects of xenon, when administered within 6 h after
the onset of symptoms of aSAH. Due to the devastat-
ing nature of an aSAH, there is an urgent need for new
interventions that target EBI to potentially attenuate the
secondary injury from DCI and thereby improve the neu-
rological and the overall clinical outcome [9-12, 15, 16].
This study has multifold theoretical and clini-
cal premises to assess the extent of neuroprotection.
Firstly, at a pathophysiological level, it has been demon-
strated that xenon targets multiple processes implicated
in the development of brain injury after aSAH, such as
glutamate-mediated excitotoxicity, neuro-apoptosis,
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ischemia-reperfusion injury, and oxidant injury [9, 12,
16, 30, 64—69]. Secondly, multiple experimental animal
models have demonstrated xenon’s neuroprotective
effect on global ischemia, focal occlusive stroke, TBI,
and SAH with functional and histopathological long-
term benefits on the outcome [20-24, 26-37]. Fur-
thermore, Laitio et al. showed that xenon was able to
decrease the global and regional cerebral metabolic rate
of glucose (MRGIu) using positron emission tomogra-
phy (PET) in healthy human volunteers [70, 71]. Addi-
tionally, the Xe-Hypotheca trial was a proof-of-concept
study and the first to demonstrate xenon’s ability to
attenuate the extent of a white matter injury after global
ischemia, mainly due to a protective effect on myelin
[43]. A white matter injury is common after an aSAH
during the first 72 h after ictus and has an independent
predictive value for DCI and the neurological outcome,
this explains why the results of the Xe-Hypotheca trial
are particularly relevant [44, 72-75]. Good white mat-
ter function is fundamental for normal neurocognitive
performance. Since as many as 75 % of survivors will
experience psychosocial, neurocognitive, or other neu-
rological problems, there is a clear target population
of individuals who could benefit from xenon’s putative
neuroprotective effect. It is also important to note that
the white matter injury after SAH has been observed
with fractional anisotropy, a technique that is known to
reflect axonal injury and demyelination [44, 72-80]. For
that reason, the fractional anisotropy will be the pri-
mary endpoint of this study.

As a secondary endpoint of the Xe-HypotheCA trial,
inhaled xenon combined with mild therapeutic hypo-
thermia resulted in a reduced myocardial injury when
compared to that achieved by hypothermia alone as
demonstrated by the significantly lower release of tro-
ponin-T from baseline to 72 hours after OHCA in the
xenon group. The incremental change of troponin-T
was also associated with higher mortality at six months
[40]. In addition, the Xe-Hypotheca trial revealed that
inotropic support with norepinephrine during the first
72 h after cardiac arrest was 84.3% higher in the control
group than in the patients treated with xenon. Among
aSAH patients, 35% displayed elevations of troponin
I, 35% experienced arrhythmias, and 25% exhibited
ventricular wall motion abnormalities with a catecho-
lamine-induced process proposed to be the most plau-
sible mechanism behind the cardiac complications [5,
81-84]. It is known that the cardiac manifestations,
which usually persist for 1-3 days, are more common
in patients who will later develop DCI, and these are
associated with worse outcomes. A clinical syndrome
termed Neurogenic Stress Cardiomyopathy (“stunned
myocardium”) may contribute to death in 12% of aSAH
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patients. It is also well-documented that high levels of
catecholamines associate with cardiac dysfunction, late
vasospasm, and poorer outcome [85-91]. Therefore,
xenon’s cardioprotective and inotrope-sparing effects
may prove to be beneficial after an aSAH.

The start of the trial has been postponed due to the
respirator shortage caused by the corona pandemic, but
it is now expected to start during 2023. Patient recruit-
ment will start initially (i.e., a feasibility period of 3-6
months) in Turku University Hospital, with Tampere
and Kuopio University Hospitals joining in at a later
stage after the feasibility period. Patient recruitment is
expected to last four (4) years and the neurological fol-
low-up surveys will require an additional two (2) years.
A feasibility study will be published, once 30 patients
have successfully gone through the randomization pro-
cess and received treatment. One of the main endpoints
of the feasibility study is to demonstrate the safety of
xenon when assessing ICP.

Due to the devastating nature of an aSAH, there is an
urgent need for new neuroprotective strategies to reduce
both the mortality and morbidity that are associated
with aSAH. In this respect, this study aims to deliver new
interventional strategies for the treatment of aSAH.

Trial status

Recruitment for the trial is expected to begin in Turku
University Hospital on the 1st of October 2023. The
two other research sites in Finland, Tampere and Kuo-
pio University Hospitals, are expected to join once the
feasibility of the protocol has been assured. The esti-
mated date for finishing the recruitment phase is Octo-
ber 2027.
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