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Abstract— Xenon, a noble gas anesthetic, has been studied for
its potential neuroprotective effects during surgical anesthesia. This
systematic review synthesizes findings from 30 clinical, preclinical,
and mechanistic studies evaluating xenon’s role in preventing
postoperative neurocognitive disorders (PNDs), including delirium
and cognitive dysfunction. Clinical evidence from randomized trials
and meta-analyses (<3,200 patients) shows that xenon improves
hemodynamic stability, reduces vasopressor requirements, and
accelerates emergence from anesthesia, but does not consistently
lower PND incidence or enhance postoperative cognitive
performance. In contrast, preclinical studies across models of
traumatic brain injury, ischemia, seizures, stroke, and Alzheimer’s
disease demonstrate robust neuroprotection, with reduced neuronal
loss, apoptosis, oxidative stress, and cognitive deficits, as well as
restoration of synaptic plasticity. Mechanistic insights highlight
xenon’s antagonism of NMUDA and HCN2 channels, modulation of
oxidative and inflammatory pathways, and synaptic preservation,
with innovative delivery strategies (e.g., nanobubbles) enhancing
efficacy. Despite compelling preclinical results and perioperative
benefits in humans, xenon’s clinical neuroprotective effects remain
inconclusive, partly due to heterogeneous patient populations and
methodological limitations. High cost and limited availability further
restrict its widespread use. Future large-scale, standardized trials
and advanced delivery approaches are needed to clarify xenon’s
therapeutic role and bridge the translational gap between
experimental promise and clinical practice.

Index Terms-- Cardiac surgery, Electroencephalography,
Neuroinflammation, Neuroprotection, Xenon anesthesia

1. INTRODUCTION

Postoperative neurocognitive disorders (PNDs), including
postoperative delirium (POD) and postoperative cognitive
dysfunction (POCD), are common complications following
surgery, particularly in older patients [1]. These conditions are
associated with increased morbidity, prolonged hospitalization,
higher healthcare costs, and reduced quality of life, placing a
significant burden on patients and healthcare systems [1],[2].
Their pathophysiology is multifactorial, involving cerebral
ischemia-reperfusion injury, neuroinflammation,
neurotransmitter imbalances, and neurotoxic effects of
anesthetic agents [3]. Given their impact, effective strategies to
mitigate PNDs are urgently needed.

Xenon, a noble gas, has emerged as an anesthetic with a
unique pharmacological profile that extends beyond sedation
[4]. Unlike conventional volatile agents, xenon is monoatomic
and does not undergo metabolism or biotransformation [1]. Its

mechanism involves NMDA receptor antagonism, HCN2
channel modulation, and lack of GABA receptor activity [4].
These features have prompted interest in its neuroprotective
potential, especially under surgical stress. Preclinical studies
have shown xenon’s ability to protect neurons in models of
ischemic brain injury and traumatic brain injury (TBI) [1], [5].

Xenon’s hemodynamic stability and cytoprotective effects
suggest advantages for high-risk surgical patients [1], [2].
However, clinical translation has produced mixed results [1],
[2]. Systematic reviews and meta-analyses have examined
xenon’s impact on PND incidence, cognitive function, and
recovery profiles [1]. Additionally, its influence on EEG
patterns, such as peak alpha frequency (PAF), is under
investigation to better understand its neurophysiological effects
and improve anesthetic depth monitoring [4]. This systematic
review aims to evaluate current evidence on xenon as a
neuroprotective agent in surgical anesthesia. It synthesizes
findings from clinical and preclinical studies to assess its
efficacy in preventing PNDs, improving neurological
outcomes, and guiding future research.

II. METHODS

The literature search was conducted in recognized
databases, including PubMed, ScienceDirect, The British
Journal of Anesthesia, BioMed Central, Wolters Kluwer, and
Wiley Online Library, considering articles published in English
or Spanish. The search strategy employed the following terms:
"xenon," "xenon neuroprotection," "xenon traumatic brain
injury," "xenon hypoxia-ischemia," "xenon anesthesia
neurotoxicity," "brain injury,” and "neuroprotective brain
injuries," articulated with Boolean operators to ensure the
relevance of the results. Search strings were adapted to the
syntax of each database, and filters were applied to restrict
results to peer-reviewed publications.

The inclusion criteria covered publications within the
selected years, excluding systematic reviews, duplicate
publications, narrative reviews, protocols without available
results, incomplete reports, and articles whose focus was not
directly related to neuroprotection outcomes. Only original
studies evaluating relevant parameters such as apoptosis
reduction, preservation of cognitive function, reduction of
neuroinflammation, or improvement in survival were retained.

Exclusion criteria were consistently applied to avoid bias
and ensure comparability across studies. The screening process
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was supported by the Rayyan automation tool, which allowed
the organization and filtering of the initial results. Two
independent reviewers conducted the title and abstract
screening, with disagreements resolved through discussion. All
records were documented in a PRISMA file prepared in Word
to systematize the process. During the first phase, 54 articles
were identified. Of these, 19 were excluded because they did
not contribute directly to the study and one was excluded due
to inaccessible full text, leaving 34 articles.

Subsequently, two additional studies were excluded: one
for not presenting evidence of neuroprotection, one for lack of
clinical impact, and one due to a very small sample size. Full-
text articles were retrieved and assessed for eligibility using
standardized data extraction forms. Quality assessment was
performed using validated tools appropriate to each study
design: the Cochrane Risk of Bias tool for randomized
controlled trials, the Newcastle-Ottawa Scale for observational
studies, and the SYRCLE Risk of Bias tool for preclinical
animal studies.

In the end, the review included 15 studies corresponding to
23 reports. In total, 30 documents were analyzed (Figure 1). The
selection encompassed both original investigations with
experimental or clinical data and articles that, through indirect
evidence, comparisons with other anesthetics, or theoretical
models, supported xenon's potential neuroprotective properties.
Data synthesis was conducted through thematic analysis
organized into three domains: clinical evidence, preclinical
evidence, and mechanistic insights. Pooled estimates were
calculated where possible, and forest plots were generated to
visualize effect sizes and confidence intervals across studies.

The final analysis was carried out through critical reading
of the full texts, a process that enables the synthesis of the
available evidence into a coherent narrative. his process not
only highlighted areas of consensus but also underscored gaps
in knowledge, methodological limitations, and directions for
future research. The comparative discussion presented in this
work was thus built upon a foundation of systematic evaluation,
rigorous appraisal, and integrative synthesis. Providing a
balanced perspective that integrates current findings while
emphasizing the need for continued investigation.

All records, including excluded studies and supporting
documentation, were archived in the PRISMA Word file. This
served as a transparent record of the systematic process,
ensuring reproducibility and accountability. The meticulous
documentation of each step from initial screening to final
synthesis reinforces the credibility of the review and provides a
clear roadmap for subsequent investigations into xenon’s
neuroprotective potential.

| Identification of studies via exclusion criteria

Exclude all ather than: ScienceDinect 130 aricles
»  Keywords: Xenon and British Journzl of Anesthesia: 15 articles
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Fig. 1 Methodology applied for the selection of articles.
III. RESULTS

This section synthesizes evidence from 30 studies on
xenon's neuroprotective effects in preventing postoperative
neurocognitive disorders (PNDs), including postoperative
delirum (POD) and postoperative cognitive dysfunction
(POCD), across clinical, preclinical, and mechanistic domains.
Clinical trials and reviews (n=15 studies, [1]-[15]; total humans
N = 3,200) primarily assessed surgical populations, including
cardiac, orthopedic, neurosurgical, OHCA, and pediatric
cohorts. Preclinical models (n=10 studies, [16]-[25] ; total
animals/slices N = 2,600) evaluated injury paradigms such as
traumatic brain injury (TBI), ischemia, hypoxia, seizures,
stroke, and Alzheimer’s disease (AD). Mechanistic insights
(n=12 studies, [2], [3], [12], [13], [15], [22], [26]-[30];
overlapping with the above) focused on NMDA antagonism,
EEG suppression, oxidative stress, enzyme targets, and
synaptic plasticity.
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A. Clinical Evidence in Neuroprotection

Clinical RCTs, meta-analyses, and reviews (n=15, [1]-
[15]) have assessed xenon’s neuroprotective role across
surgical populations (Table I): cardiac (N=1,056), orthopedic
(N=454), neurosurgical (N=248), other surgeries (N=812),
OHCA (N=110), and pediatric cardiac (N=40). Comparisons
were made against standard anesthetics or TTM alone [9].
Primary endpoints included PND and POD (CAM-ICU,
MoCA, MMSE); secondary outcomes covered emergence time,
vasopressor use, MRI integrity, mortality, and hemodynamics.
Xenon consistently improved recovery and hemodynamic
stability but showed neutral effects on PND. Structural
preservation was noted in ischemic contexts [9], and pediatric
safety was confirmed [8]. Reviews suggest potential benefit in
high-risk elderly and pediatric groups [1].

Nair et al. [1] and Bubshait [5] found no significant
reduction in PND (RR=0.89, 95\% CI=0.65--1.22, P=0.47) or
POD (RR=0.84, 95\% CI=0.52--1.36, P=0.48). Elderly
subgroup (=65 years, N=612) confirmed neutrality (RR=0.91,
P=0.62) [1]. POCD risks ranged 0.85-1.10 (P$>$0.05), with
incidence 16-73\% (cardiac) and 10-54\% (non-cardiac).
Xenon improved emergence (MD=-3 to -5 min, P$<$0.01) and
intraoperative hemodynamics, though cognitive scores
remained unchanged [12].

Cardiac studies showed reduced norepinephrine use (28—
75%, P<0.002) without POD differences [6], [7]. Pediatric data
showed stable MAP (+10%, P<0.05), faster recovery, and no
POCD difference [8]. Orthopedic cohorts showed -early
cognitive improvement but no POCD reduction [1], [S]. OHCA
patients showed preserved gray matter in key regions via MRI

[9].

Safety was comparable to standard agents: mortality
(HR=0.92, P=0.76) and renal risk (AKI RR=1.05, P=0.82) were
neutral [1], [8], [9], [11]. Overall, xenon improves perioperative
stability and structural outcomes in high-risk groups, though
cost limits broader use [1].

To complement Table I, a forest plot was generated to
depict effect sizes and 95% confidence intervals from eight key
studies spanning clinical and preclinical domains (Figure 2).
These include randomized controlled trials and translational
investigations [2], [17]-[19], [21], [23], [24], [28]. Each plot
entry presents xenon’s point estimate on outcomes such as
neurocognitive performance, vasopressor use, and structural
preservation, with violin density overlays enhancing
interpretability.

The distribution of effect sizes consistently favors xenon,
particularly in high-risk cohorts, supporting its role in faster
recovery, reduced vasopressor requirements, and improved
neurostructural integrity. Despite endpoint heterogeneity, the
directionality reinforces xenon’s potential as a specialized
anesthetic. This visualization complements the tabular

synthesis by offering a graphical overview of xenon’s
performance, highlighting both its strengths and the variability
relevant to ongoing clinical debate.

TABLE 1
POOLED CLINICAL OUTCOMES ACROSS 15 STUDIES (N=3,200)

Pooled Clinical Outcomes

. Xenon Pooled P-

Outcomes Studies (N) Effect (95%) value
PND/POD 12 28.4 RR =0.89 0.47
Incidence (N=2,568) ' (0.65-1.22)
POD 5 39.9 OR=1.12 0.61
(Cardiac/Elderly)  (N=722) ' (0.75-1.67)
POCD (Non- 4 15-25% RR=0.95 0.71
Cardiac/Pediatric) (N=694) 0 (0.72-1.25)
Emergence (Eye 10 MD=-4.62 <0.001

& Faster

Opening, min) (N=1,696) (-6.95--2.29)
Vasopressors 3 MD=-0.06 <0.001
(Norepmpphrlne, (N=1,252) Slower (-0.09—--0.03)
ug/kg/min)
Hemodynamics 3 Stable 1 MD=+10% <0.05
(MAP, % Change) (N=262) (5-15%)
Gray Matter 1 Sig. clusters <0.05
Volume (OHCA, (N=45) Preserved  (p=0.005—
10 days) 0.043)
Mortality 7 ) HR=0.92 0.76
(6-12mo, %) (N=1474) 105%  (0.65-1.30)

B.  Preclinical Evidence in Neuroprotection

Preclinical studies (n=10, [16]-[25]) investigated xenon
across models of TBI (N=285), ischemia (N=405), neonatal
hypoxia/seizures (N=150), stroke (N=60 [20]), and
Alzheimer’s disease (N>100 [24], [28]) (Table II). Xenon
exposure (30-70%, 1-24 h post-injury or via nanobubbles [20])
consistently reduced injury (70-96%), apoptosis, seizure
severity, and cognitive deficits, while restoring LTP in AD
models [24]. Additional effects included enhanced hypothermia
[25], reduced oxidative stress and iron accumulation [22], and
targeted stroke protection via nanodelivery [20].

Campos-Pires et al. [16] reported 38% injury reduction
(P<0.05), preserved memory, improved survival (HR=8.38,
P<0.05), and reduced inflammation. Follow-up studies [17],
[18] confirmed reduced gliosis, neuronal loss, and improved
recovery. Koziakova et al. [23] showed xenon/argon reduced PI
injury by 96% (P<0.0001), reversed by glycine, confirming
NMDA antagonism. Zhang et al. [21], [22] demonstrated
reduced seizures, oxidative stress, and improved cognition
(P<0.05). Wang et al. [20] used Xe-MNBs to enhance perfusion
( 1 60%, P<0.001), reduce apoptosis/inflammation, and
improve neurological scores.
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Fig. 2 Clinical Outcoumes Across 8 Studies.

Dgndekgr et al.. [19] Qbsewed behavioral irpprovemepts an.d Outcomes Control Xgll:on (% StudieS/iVOteS (P-
microbiome shifts, with notable changes in gut-brain axis ange) value)
signaling that correlated with improved neurological outcomes Sei 211, [22]
and reduced systemic inflammation. Gill et al. [25] reported SZLZ:;?; High (SE) | (time stages (P<0.001);
reduced neuro-apoptosis in immature rats. Sander et al. [28] (EEG/Stages) 4-5) 15min Dose/tg/n/le Ollf’tln_la1
found xenon attenuated Ap-related deficits. B urge et al. [24] 50-70%/0-15min
showed LTP restoration (150 - 60%, P<0.01) blocked by A 5 Targeting/ [20] (P<0.01);
1-42. Across models, xenon reduced injury (70-96%, P<0.01), gﬁfgg‘)ﬂahon Low 18.2x T(;If;r;lobubbles at
seizures (50-70%, P<0.001 [21], [22]), and preserved :

cognition/LTP (40-60%, P<0.05 [16], [19], [21], [22], [24],
[28]). Stroke perfusion increased by 60% [20]. Mechanisms
included NMDA antagonism, anti-apoptotic signaling,
oxidative stress reduction [22], and nanodelivery-based
neuroprotection [20].

TABLE 11
POOLED PRECLINICAL NEUROPROTECTION (N=2,600 SUBJECTS)

o, 1 -
Outcomes Control Xenon (% Studies/Notes (P
Change) value)
Injury [16], [20], [23]
Volume/PI 138-100% 132-96% (P<0.01); Stroke
(Acute) perfusion 160%
[16], [19], [21],
" [22], [24], [28]
Cog/ﬁl;}‘,’e/ Mem 35 800 140-60% (P<0.05); LTP
ory 150-60%; AD
deficits |20-30%
Apoptosis
(TUNEL/Caspa 140-60% 135-60% Eg}’ ([ngg’o[f)z 1
se) ’
Inflammation/ 140-70% [16], [17], [18],
Oxidative (GFAP/SODY) [20], [22]
Survival/ iﬁ%%%{/DA) 165-100% (P<0.05); 12—
Neurons ? (HR-6-8) 20mo

C. Mechanistic Insights

Mechanistic investigations (n=12, [2], [3], [12], [13], [15],
[22], [25]-[30]; overlapping with previous sections) elucidated
multiple neuroprotective pathways (Table III). These include
NMDA glycine antagonism [3], [23], [24],
electroencephalographic (EEG) suppression [12], [13], anti-
oxidative and iron regulation [22], HCN2 inhibition [13],
glutamate efflux blockade [2], enzyme modulation [26],
immunomodulation [15], and gene expression changes [27].

At subanesthetic doses (50-70%), xenon competitively
blocks NMDA glycine sites [3], preventing Ca2+ influx and
downstream excitotoxicity, with reductions up to 70% in
preclinical models [23]. EEG studies indicate that xenon
consolidates delta power compared with sevoflurane
alpha/theta (P<0.05) [12] and decreases peak alpha frequency
(7.73 vs. 8.81 Hz, P=0.012) [13], consistent with HCN2 and
glutamate antagonism. Xenon modulates oxidative pathways,
decreasing iron, reactive oxygen species (ROS), and
malondialdehyde (MDA) by 40-60% (P<0.01) [22], while
increasing superoxide dismutase (SOD) and glutathione (GSH)
activity, and promoting mitophagy under hypoxia and seizure
conditions. In silico analyses [26] identified xenon binding to
arginase and carbonic anhydrase (E bind -5 to -8 kcal/mol),
suggesting therapeutic relevance for epilepsy, AD, and
glaucoma.
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Immunomodulatory effects include reductions in cytokines
IL-6 and TNF- by 40-70% (P<0.01) [15], [20], alongside
enhanced beneficial neuroinflammation, with increased
microglial ramification by 25% (P<0.05) [18]. Gene expression
analyses post-TBI show upregulation of stress response genes
(Irfl, Hmox1, S100A8/9) with a trend toward decreased
inflammatory signaling [27]. In AD models, xenon restored
LTP impaired by A 8 1-42 via GluN2B modulation ( 1 50 -
60%, P<0.01) [24] and improved cognitive performance by 20—
30% [28]. Advanced delivery strategies, including xenon
nanobubbles, enable targeted release and cerebroprotection in
TBI and stroke [20], [30]. VEGF signaling studies indicate dual
roles in neurotoxicity, suggesting xenon modulates pain and
neuroprotection via VEGFR1/2 [29]. Collectively, xenon exerts
multi-target inhibition (NMDA/HCN2/oxidative), reducing
excitotoxicity and apoptosis (pooled | 50 - 70%) and
enhancing synaptic plasticity, with safety demonstrated in
immature brains [25].

Taken together, these mechanistic insights provide a strong
biological rationale for xenon’s neuroprotective potential and
highlight its promise as a multifaceted therapeutic agent in both
experimental and clinical contexts. These findings contribute to
a broader understanding of how anesthetic agents can influence
neural resilience, opening avenues for interdisciplinary

exploration.
TABLE III
POOLED MECHANICAL INSIGHTS ACROSS 12 STUDIES (OVERLAPS
WITH A/B)
Pathwa Xenon Effect (% Studies/Notes (P-
Y Change/Key Metric) value)
. [3], [23], [24]
NMDA Glycine |Ca2+ influx 70% (P<0.001); Glycine-
Antagonism

reversible

[12], [13] (P<0.05);

EEG Suppression
(Delta 1, Alpha |)

Oxidative Stress/Ion
Regulation

Enzyme/Protein Targets

Immunomodulation/
Inflammation

Gene Expression
(Post-TBI)

Synaptic Plasticity
(AD/LTP)

Delivery/Targeting
(Nanobubbles)

Peak alpha |1.08 Hz;
Delta consolidation

|ROS/MDA 40-60%;
1SOD/GSH

Binding arginase/CA
(E_bind ~5-8
kcal/mol)

| Cytokines 40-70%
(IL-6/TNF-a);
|Microglial
ramification 25%

INrfl/Hmox1/S100A8
/9; |Inflammation

LTP restoration 150—
60% (GluN2B)

Accumulation 18.2x;
Ultrasound-guided
release

HCN2/glutamate
models

[2], [22] (P<0.01);
Mitophagy 1 in
seizures

[26] (in silico;
epilepsy/AD targets)

[15], [18], [20]
(P<0.01)

[27] (P<0.05);
Stress/anti-apoptotic

[24], [28] (P<0.01);
AP1-42 specific

[20], [30] (P<0.01);
Stroke/TBI
theranostics

Pathwa Xenon Effect (% Studies/Notes (P-
Y Change/Key Metric) value)
VEGF Dual Role TSubstance PICGRP; 1 ¢4/ p 05y pain
(Neurotoxicity) {Neuronal damage via vs. protection
VEGFR2 ’

Immunomodulatory effects include reductions in cytokines
IL-6 and TNF- by 40-70% (P<0.01) [15], [20], alongside
enhanced beneficial neuroinflammation, with increased
microglial ramification by 25% (P<0.05) [18]. Gene expression
analyses post-TBI show upregulation of stress response genes
(Irfl, Hmox1, S100A8/9) with a trend toward decreased
inflammatory signaling [27]. In AD models, xenon restored
LTP impaired by A 8 1-42 via GluN2B modulation ( 1 50 -
60%, P<0.01) [24] and improved cognitive performance by 20—
30% [28]. Advanced delivery strategies, including xenon
nanobubbles, enable targeted release and cerebroprotection in
TBI and stroke [20], [30]. VEGF signaling studies indicate dual
roles in neurotoxicity, suggesting xenon modulates pain and
neuroprotection via VEGFR1/2 [29]. Collectively, xenon exerts
multi-target inhibition (NMDA/HCN2/oxidative), reducing
excitotoxicity and apoptosis (pooled | 50 - 70%) and
enhancing synaptic plasticity, with safety demonstrated in
immature brains [25].

IV. DISCUSSION

This review of 30 studies demonstrates that xenon
anesthesia offers strong neuroprotective effects in preclinical
models of brain injury, including TBI, stroke, seizures, and
Alzheimer’s disease. These effects are mediated by
mechanisms such as NMDA receptor antagonism, reduction of
oxidative stress, and modulation of neuroinflammation.
However, despite promising preclinical findings, clinical trials
have not consistently shown xenon to reduce postoperative
neurocognitive disorders or delirium.

Xenon'’s clinical benefits are more evident in improved
hemodynamic stability, reduced vasopressor use, faster
emergence, and preservation of brain structure after ischemia.
The discrepancy between preclinical success and clinical
outcomes may be due to heterogeneity in patient populations,
variability in dosing and timing, and limitations in cognitive
assessment tools. The high cost and logistical challenges of
xenon administration restrict its routine clinical use.

Innovative delivery methods, such as nanobubbles and
targeted release, may enhance xenon’s bioavailability and
efficacy. Future trials should focus on optimized dosing,
patient stratification, and sensitive outcome measures, while
mechanistic studies should further explore xenon’s
immunomodulatory and neuroplastic effects. Overall, xenon
remains a promising neuroprotective agent with potential
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applications beyond anaesthesia, including long-COVID
cognitive impairment.

From the perspective of a biomedical engineer, xenon's
neuroprotective potential extends beyond pharmacology into
the design of intelligent drug delivery systems, advanced
neuromonitoring devices, and computational modeling of
molecular targets. Primarily through the design of advanced
drug delivery systems (xenon nanobubbles), the development
of neuromonitoring devices based on EEG signal analysis, and
the use of computational (in silico) tools to identify protein
targets.

Furthermore, the translational gap identified between
preclinical and clinical results represents a direct challenge for
biomedical engineers in terms of protocol standardization,
objective biomarker design, and the development of more
sensitive neurocognitive assessment platforms.

V. CONCLUSIONS

Xenon anesthesia exhibits robust neuroprotective
properties in diverse preclinical models through multi-target
mechanisms including NMDA receptor blockade, ion channel
modulation, oxidative stress reduction, and
immunomodulation. These mechanisms contribute to reduced
neuronal injury, apoptosis, seizure severity, and cognitive
deficits, as well as restoration of synaptic plasticity. Clinically,
xenon provides significant advantages in hemodynamic
stability, faster recovery, and preservation of brain structure
after ischemic injury, although current evidence does not
conclusively support its efficacy in preventing postoperative
neurocognitive disorders.

The translational gap highlights the need for well-designed
clinical trials with standardized protocols, precise patient
selection, and comprehensive neurocognitive assessments.
Emerging delivery technologies and a more profound
understanding of xenon’s molecular targets may overcome
current limitations and expand its therapeutic applications.
Continued interdisciplinary research integrating clinical,
preclinical, and mechanistic insights is essential to fully realize
xenon’s potential as a neuroprotective agent in surgical, critical
care, and neurological settings.

The study of xenon as a neuroprotective agent exemplifies
how engineering innovation can bridge the translational gap
between preclinical promise and clinical application. Continued
interdisciplinary collaboration between clinicians,
neuroscientists, and biomedical engineers will be essential to
optimize xenon's therapeutic delivery, standardize outcome
metrics and ultimately translate its robust preclinical
neuroprotective effects into measurable clinical benefit.
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