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Abstract

INTRODUCTION: Traumatic brain injury (TBI) remains a
leading cause of global morbidity and mortality, with sec-
ondary injury mechanisms — such as neuroinflammation,
oxidative stress, and excitotoxicity — driving long-term neu-
rological damage. Despite decades of research, optimizing
neuroprotective strategies to mitigate these processes re-
mains a challenge. OBJECTIVE: This narrative review evalu-
ates contemporary neuroprotective approaches for TBI, with
a focus on therapeutic hypothermia (TH), pharmacological
agents, and non-pharmacological interventions. We critical-
ly assess their mechanisms, clinical efficacy, and limitations,
while identifying gaps for future research. MATERIALS AND
METHODS: A systematic literature search was conducted
across PubMed, Scopus, and Web of Science (2010-2024)
using keywords including traumatic brain injury, therapeutic
hypothermia, neuroprotection, and secondary injury. Clinical
trials, meta-analyses, and preclinical studies with translation-
al relevance were prioritized. RESULTS: TH demonstrates
potential in reducing intracranial pressure and attenuating
neuroinflammation, but clinical outcomes vary due to het-
erogeneity in cooling protocols (timing, depth, duration)
and patient selection. Pharmacological agents (e.g., proges-
terone, erythropoietin) show inconsistent efficacy in large
trials, while non-pharmacological approaches (e.g., hyper-
baric oxygen therapy) lack robust validation. Emerging ad-
vancements — such as biomarker-guided algorithms (GFAP/
UCH-L1), hybrid cooling systems, and combination therapies
(e.g., TH with ketogenic diets) — highlight promising yet un-
proven avenues. CONCLUSIONS: Personalized, multimodal
strategies integrating advanced monitoring, biomarker profil-
ing, and optimized TH protocols are essential to improve TBI
outcomes. Future research must address knowledge gaps in
timing, depth-duration trade-offs, and combinatorial thera-
pies to translate preclinical promise into clinical success.
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BBEAEHME: Tpasmatnyeckaa 4YepenHo-mMo3roBas Tpas-
Ma (TYMT) ocTaetcs OAHOW M3 BeAyLMX MNPUUMH rN06ab-
HoV 3ab0/1eBaeMOCTN M CMEPTHOCTU, MPU 3TOM BTOPUYHbIE
MeXaHM3Mbl MOBPeX/EeHWUA, TaKMe KaK HeipoBocnaseHue,
OKCUZATUBHbIA CTPecC U 3KCAUTOTOKCMYHOCTb, MPUBOAAT
K AJINTENbHbIM HEeBPONOrMYeCKNM HapylleHnaM. HecmoTpa
Ha MHOro/seTHWe UCCaef0BaHUA, ONTUMU3ALMA Hernponpo-
TEKTMBHbIX CTpaTerMin AnA nojAaBNeHusa 3TUX NPOLECCoB
ocTaeTca CAOXHOM 3agadven. LLEEJIb UCCNEAOBAHUA:
HacToawmin 0630p NocBslleH OLEeHKe COBPEMEHHbIX HeM-
POMPOTEKTOPHbIX NoaxoAoB npu TYMT c akueHTOM Ha Te-
panesTuyeckyto runotepmuio  (TT), dapMaronoruyeckme
BeljecTea 1 HedapMaKoaOrmyeckme MeToabl neveHuns. Kpu-
TUYECKN aHa/M3UPYIOTCA UX MeXaHU3Mbl AeUCTBUA, KAUHU-
yeckan 3PPEeKTUBHOCTb M OFPaHNYEHUA, @ TaKXKe BbIABNAIOT-
ca npobensl A4na ganbHenwmnx nccnegosanuin. MATEPUATbI
M METO/bI: NpoBeaeH cncTeMaTU4eCKnii MOUCK AMTepaTy-
pbl B 6a3ax PubMed, Scopus 1 Web of Science (2010-2024)
MO KAOYEBbIM CI0BaM: «TPaBMaTUyecKasn YepenHo-Mo3roBas
TpaBMa», «TepaneBTUYeCKas [UMNOTEPMUA», «HEMNPOMpPO-
TeKUMA», «BTOPUYHOE nospexaeHne». OTAaBanoCh npes-
MOYTEHNE KAVHWYECKMM WCCNe0BaHMAM, MeTaaHa/an3aM
N NPeAKANHUNYECKUM WCCNe[0BaHUAM C TPaHCAALMOHHOM
3Ha4ymMocTbto. PE3YJIbTATDI: TI' geMOHCTpUpYyeT noTeHuu-
anl B CHVXXEHUW BHYTPUYEPENHOro AaB/eHns 1 NoAaBAeHNM
HeMpOoBOCNaNeHNA, O4HAKO KAVHUYECKNE NCXOZbl BAPbUPYIOT
13-3a reTeporeHHOCTH NMPOTOKO/IOB OXNAXAEHNA (Mo BpeMe-
HW Hayana, raybuHe n AAUTENbHOCTM) U 0T6Opa NaLMEHTOB.
dapMaKonormyeckve npenapartbl (HanpuMep, NporecTepoH,
3pPWTPOMO3TMH) MOKA3bIBAIOT HEMOC/Ne0BaTE/IbHYIO IdeK-
TUBHOCTb B KPYTHbIX UCMbITAHUAX, B TO BPEMA KaK HepapMa-
KOJIOrMYeCKne NoAxoAbl (Hanpumep, runep6apuyeckas OK-
CUreHoTepanus) He UMelT Y6eAnTeNbHOW A0Ka3aTe/bHOM
6a3bl. HoBble fOCTMIKEHMA, TaKMe KaK aNropuTMbl, OCHOBaH-
Hble Ha 6uomapkepax (GFAP/UCH-L1), rubpuaHbie cucteMsl
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Introduction

Traumatic brain injury (TBI) is a significant global
health issue, leading to considerable rates of morbidity and
mortality. It occurs when an external force impacts the head
or body, disrupting the normal functions of the brain. Each
year, millions of individuals are affected by TBI, which can
arise from various incidents such as falls, motor vehicle
collisions, sports injuries, and combat situations. TBI
involves two key phases: the primary injury that happens
at the moment of trauma, and the secondary injury that
occurs later, driven by processes such as inflammation,
oxidative stress, and excitotoxicity. Strategies aimed at
neuroprotection focus on reducing these secondary injuries
to enhance patient outcomes [1].

Inflammation plays a vital role in the secondary injury
phase following TBI. Immune responses can exacerbate
brain damage through the release of cytokines and
chemokines, recruitment of leukocytes, and activation
of inflammatory pathways involving Toll-like receptors
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OX/IAAEHWA U KOMBUHMPOBaHHbIe Tepanuu (Hanpumep, TT
B COYETAHWW C KETOreHHOM AMEeTOW), NpeACTaB/AT nep-
CMEKTMBHbIE, HO MOKa HernoATBEPX/eHHbIe Harnpas/ieHus.
BbIBOAbI: Ana ynyuwenuna ncxogos npu TYMT Heobxoan-
Mbl MEPCOHANN3UPOBaHHbIE, MYIbTUANCLUUMINHAPHbIE CTPa-
Ternn, VHTerpupyiole NpoABUHYTbI MOHUTOPUHT, 6uo-
MapKepHbIA MPOGUANHI U ONTUMU3UPOBAHHbIE MPOTOKO/bI
Tr. byaywme nccnefoBaHWA JOMKHBI YCTPaHUTL Npobensi
B 3HaHMAX OTHOCUTE/IbHO BPEMEHW Hayana, rybuHsl U Aaun-
TeNIbHOCTU OXNAKAEHMA, a TaKkke 3PPeKTUBHOCTU KOMbU-
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(TLRs). By targeting TLR-mediated signaling, we may
be able to lessen inflaimmation and improve recovery
outcomes for TBI patients [2].

Oxidative stress is another critical component of
secondary injury after TBI. The presence of reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
can lead to lipid peroxidation, chronic inflammation, and
synaptic dysfunction. Although no antioxidant therapies
have yet received FDA approval, several strategies such as
free radical scavengers and agents that activate antioxidant
systems have shown promise in preclinical research [3].

Excitotoxicity also plays a significant role in secondary
injury, marked by excessive glutamate release that can result
in neuronal damage. By targeting the pathways involved in
excitotoxicity, we can potentially lessen neuronal loss and
improve functional recovery following TBI [4].

Therapeutic hypothermia (TH) has been explored for its
potential to reduce secondary injury mechanisms in traumatic
brain injury (TBI), such as inflammation, oxidative stress,
and excitotoxicity. Although the theoretical benefits of TH


mailto:ghaemim881@gmail.com
https://doi.org/10.21320/1818-474X-2026-1-187-197
mailto:ghaemim881@gmail.com
https://doi.org/10.21320/1818-474X-2026-1-187-197

HEVIPOHPOTEKTOPHI:IE cTpaTterun n TepaneBTU4ecKaa runoTepMmna npu l4EPEI'IHO-MOElFOBOl‘;i TpaBMe: COBpeMeHHbIe JlaHHbIe...

are promising, clinical trials have produced mixed outcomes
regarding its effectiveness in improving the prognosis for TBI
patients. While smaller studies and preclinical research have
indicated some advantages, larger randomized multicenter
trials have not consistently demonstrated significant
improvements. Key factors such as the timing, duration,
and criteria for patient selection in TH require further
refinement to optimize results [5]. This narrative review
synthesizes evidence from preclinical and clinical studies on
neuroprotective strategies for traumatic brain injury (TBI),
with particular emphasis on therapeutic hypothermia (TH).

Objective

The primary objective of this narrative review is
to critically evaluate contemporary neuroprotective
approaches for traumatic brain injury, with particular
emphasis on: 1) the therapeutic potential and clinical
challenges of therapeutic hypothermia; 2) the efficacy
and limitations of pharmacological interventions; and
3) the role of non-pharmacological strategies. Through
this comprehensive analysis, we seek to identify critical
knowledge gaps and propose evidence-based directions for
future research and clinical translation.

Materials and methods

A comprehensive literature search was conducted
across databases such as PubMed, Scopus, and Web of
Science, covering the timeframe from 2010 to 2024, using
keywords including “traumatic brain injury”, “therapeutic
hypothermia”, “neuroprotection”, “neuroinflammation”,
and “secondary injury”. The review covers clinical
trials, meta-analyses, systematic reviews, and preclinical
studies with translational relevance while excluding case
reports and non-English publications. Data extraction
was performed independently by the authors, who
screened titles and abstracts and collected data on study
design, patient demographics, cooling protocols, and
outcomes, resolving discrepancies through consensus.
The findings were thematically organized into categories
such as pathophysiology, TH parameters (including
timing, depth, and duration), pharmacologic agents, and
non-pharmacologic interventions, identifying gaps and
inconsistencies to guide future research directions.

Results

Pathophysiology of secondary brain injury

The pathophysiology of secondary brain injury
following traumatic brain injury (TBI) is driven by
several key mechanisms: excitotoxicity, oxidative stress,

neuroinflammation, disruption of the blood-brain barrier
(BBB), apoptosis, and mitochondrial dysfunction.

Excitotoxicity (glutamate release)

After a TBI, there is an excessive release of glutamate,
which overstimulates NMDA and AMPA receptors. This
overstimulation leads to a surge in intracellular calcium
levels. The resulting calcium overload activates proteases,
lipases, and endonucleases, ultimately causing neuronal
damage and cell death [6, 7].

Oxidative stress and free radical formation

The influx of calcium triggers the overproduction
of reactive oxygen species (ROS) and reactive nitrogen
species (RNS). These free radicals inflict damage through
lipid peroxidation, protein oxidation, and DNA injury,
which further aggravates neuronal injury. Additionally,
mitochondrial dysfunction contributes to heightened ROS
production and oxidative stress [6, 8].

Neuroinflammation and blood-brain barrier disruption

TBI initiates an inflammatory response involving
microglia and astrocytes. These cells release pro-
inflammatory cytokines, chemokines, and other mediators,
disrupting the BBB. This disruption allows peripheral
immune cells to penetrate the brain, exacerbating
inflammation. Moreover, it permits neurotoxic substances
to enter and further harm brain tissue [9, 10].

Apoptosis and mitochondrial dysfunction

Mitochondrial dysfunction is pivotal in triggering
apoptosis. The release of cytochrome ¢ from damaged
mitochondria activates caspases, which lead to programmed
cell death. Furthermore, the opening of the mitochondrial
permeability transition pore (mPTP) and the loss of
mitochondrial membrane potential add to the apoptotic
process. These mechanisms result in neuronal loss and
contribute to the long-term consequences of TBI[11].

Current neuroprotective strategies

Therapeutic hypothermia

Therapeutic hypothermia (TH), typically aiming for
a core temperature of 32-34 °C, has been recognized for its
neuroprotective effects through several mechanisms. One
key benefit is metabolic suppression, which significantly
reduces cerebral oxygen consumption, measuring a decrease
of 6-7 % for every degree Celsius reduction in temperature.
This is crucial in mitigating ischemic damage during periods
when blood flow is compromised [12, 13]. Additionally, TH
plays a role in anti-inflammatory modulation. Studies have
shown that it can lower levels of pro-inflammatory cytokines,
such as IL-1f and TNF-a, by 50-70 %. This reduction helps
in attenuating the overactivation of microglia, thereby
limiting secondary neuroinflammation [14-15]. Another
important aspect is the preservation of the blood-brain
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barrier (BBB). Research indicates that TH can prevent
albumin leakage, achieving a 30-45 % reduction in animal
models. This serves to decrease vasogenic edema, which
can exacerbate brain injury [16]. Lastly, TH is effective in
controlling excitotoxicity by suppressing excessive glutamate
release showing a decrease of 40-60 % and stabilizing
calcium homeostasis. These effects protect neurons from the
damaging consequences of excitotoxic injury [17].

These mechanisms illustrate the multifaceted
neuroprotective roles of therapeutic hypothermia, making
it a valuable intervention in scenarios of neurological injury.

Cooling modalities: advantages and challenges

Clinicians employ several therapeutic hypothermia
delivery methods, each with distinct limitations (Table 1).

Clinical protocol optimization

Recent clinical trials have shed light on several crucial
factors influencing the effectiveness of TH. The temperature
range plays a significant role, with studies showing that
maintaining a core temperature between 32 and 34 °C can
lead to a substantial reduction in intracranial pressure (ICP)
by approximately 35 %. However, some research, such as
the POLAR trial, suggests that a temperature of 35 °C may
provide a safer balance for certain patient populations [22].

Additionally, the duration of TH is critical; an optimal
treatment duration of 48 to 72 hours is recommended.
Shorter durations, particularly those lasting less than
24 hours, have been associated with an increased risk of
rebound edema, with an odds ratio of 2.1 indicating a
significant likelihood of adverse outcomes [23].

Finally, the rate of rewarming is another vital parameter
to consider. A gradual rewarming rate of 0.15 to 0.25°C
per hour is advised to minimize complications. Evidence
suggests that faster rewarming can have adverse effects on
patient outcomes, with a relative risk of 1.9 associated with
such practices [24].

These findings highlight the importance of adhering
to specific protocols in TH to optimize patient safety and
treatment efficacy.

Key insights from recent trials highlight critical
findings regarding therapeutic hypothermia. The POLAR
trial, which included 511 participants, demonstrated that
early prophylactic TH at 35°C did not lead to improved

functional outcomes at six months, as measured by the
Glasgow Outcome Scale - Extended (GOS-E), with a
p-value of 0.67 [21]. In contrast, the Eurotherm3235 trial
indicated that while TH can effectively reduce intracranial
pressure (ICP), it may also be associated with increased
mortality in specific patient subgroups. This finding
underscores the importance of stratifying patients based on
their risk profiles [20].

Comparative evidence for other neuroprotective
strategies

The investigation into therapeutic hypothermia
(TH) for traumatic brain injury (TBI) remains a focal
point of research, particularly in contrast to the rather
limited evidence supporting various pharmacological
and non-pharmacological neuroprotective strategies.
For instance, large Phase III clinical trials evaluating
the effects of agents such as progesterone (ProTECT,
SyNAPSe) and erythropoietin (EPO) have not consistently
shown significant improvements in either mortality rates
or functional outcomes [25-27]. Furthermore, other
classes of drugs, including statins and antioxidants, as
well as membrane stabilizers like citicoline, have yielded
inconclusive or even negative results in well-conducted
clinical trials [28-31]. On the non-pharmacological side,
hyperbaric oxygen therapy (HBOT) appears promising
in terms of enhancing cerebral metabolism and reducing
intracranial pressure (ICP). However, the evidence regarding
long-term functional benefits remains inconsistent, and
the optimal parameters for its application have yet to be
established [32-36]. This situation highlights that, despite
the complexities and challenges associated with TH, it stands
out as one of the most actively researched neuroprotective
interventions with potential for modification. This is in stark
contrast to the disappointing results observed with systemic
pharmacotherapy, which has largely failed to achieve the
desired outcomes in TBI management.

Clinical translation: a biomarker-guided algorithm for
therapeutic hypothermia in TBI

The proposed clinical algorithm for therapeutic
hypothermia application in TBI integrates evidence

Table 1. Cooling modalities: advantages and challenges

Tabauua 1. MeTogbl oxnaxaeHWA: NpenMyLIecTBa U NpobieMbl

~

Method Benefits

Limitations

Surface cooling (ice packs,
Arctic Sun®)

Widely accessible, non-invasive

Slow induction (0.5-1.0 °C/hour); shivering in 35-50 % of cases
[18,19]

Intravascular catheters Rapid cooling (1.5-2.5 °C/hour), precise

(+0.1°C)

Thrombosis risk (3-8 %); requires ICU-level monitoring [20]

Transnasal evaporative cooling  Selective brain cooling (2-3 °C drop in 60 min) Limited clinical adoption; pre-hospital feasibility under study [21]
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from recent multicenter trials, biomarker studies,
and physiological monitoring paradigms. For patients
presenting within 2.5 hours post-injury, the pathway
begins with stratification by Glasgow Coma Scale
score and intracranial pressure. Those with severe TBI
(GCS < 8) and elevated ICP (> 25 mmHg) represent
the primary candidate population, as meta-analyses
demonstrate a 28 % mortality reduction with TH in
this subgroup [18]. The Eurotherm 3235 trial further
supports this threshold, showing significant ICP
reduction (35 %) albeit with careful monitoring for
systemic complications [20].

Biomarker guidance enhances precision in patient
selection. Elevated levels of glial fibrillary acidic
protein (GFAP > 1.5 ng/mL) and ubiquitin C-terminal
hydrolase-L1 (UCH-LI > 2.0 ng/mL) exhibit an area under
the curve (AUC) of 0.81 for predicting TH responders [37].
These thresholds, validated by Sun et al. (2024), inform
the decision to either initiate immediate TH (32-34 °C for
48-72 hours) or defer treatment in biomarker-negative

cases pending 24-hour reassessment. For moderate TBI
(GCS 9-12), consideration of TH remains investigational,
particularly in cases with diffusion tensor imaging (DTI)
evidence of axonal injury (fractional anisotropy < 0.2 in
corpus callosum), as explored in ongoing trials of transnasal
cooling (NCT04850001) [22].

The algorithm acknowledges temporal constraints,
with the POLAR trial subanalysis suggesting maximal
efficacy when TH begins within 2.5 hours [21]. However,
delayed initiation (2.5-6 hours) may benefit select
patients exhibiting biomarker escalation (GFAP/UCH-L1
slope > 0.2 ng/mL/hour) or refractory ICP [37]. Adjunctive
therapies are tailored to complications: hypertonic saline
(3 % NaCl) for ICP refractory to TH, levetiracetam for
seizures with electroencephalographic monitoring [38],
and escalation to TH for initially deferred cases showing
biomarker progression (Figure 1).

Emerging combination strategies, while promising,
require further validation. Preclinical data demonstrate
that ketogenic diets potentiate TH’s effects, reducing

( Acute TBI Presentation less than or equal

L to 2.5 hours post-injury

Severe TBI: GCS less Moderate TBI: Mild TBI: Adjunctive
than or equal to 8 and GCS 9to 12 and GCS 13 Therapies
ICP greater than MRI-DTI axonal to 15
25 mmHg injury
GFAP greater than || Biomarker- Consider mild TH Supportive Refractory Seizures Biomarker rise
1.5 ng/mL and negative at 35 degrees care only ICP at 24 hours
UCH-L1 greater Celsius for
than 2.0 ng/mL 24 hours
Initiate TH at 32 Defer TH and Hypertonic saline Levetiracetam Escalate to TH
to 34 degrees reassess at 3 percent NaCl and continuous if previously
Celsius for 48 24 hours with and advanced EEG deferred

to 72 hours repeat biomarkers

neuromonitoring

Fig. 1. A biomarker-guided algorithm for therapeutic hypothermia in traumatic brain injury

Note: EEG — electroencephalography; GCS — Glasgow coma scale; GFAP — glial fibrillary acidic protein; ICP — intra cranial pressure;
MRI-DTI — magnetic resonance imaging-diffusion tensor imaging; TBI — traumatic brain injury; TH — therapeutic hypothermia;

UCH-L1— ubiquitin C-terminal Hydrolase-L1.

Puc. 1. AnroputM npumeHeHus ne4ebHON rTMNOTePMUM NPU YepernHO-MO3roBoi TpaBMe

MpumeyaHue: EEG — anekTposHuedanorpadus; GCS — wkana koMbl Tnasro; GFAP — ravanbHbii GUOPUANAPHBIA KUCABIA 6enok;
ICP — BHyTpuyepenHoe gasnenue; MRI-DTI — anddy3noHHO-TeH30pHaA BM3yannsauma MarHUTHO-Pe30HAHCHON ToMorpapuu;
TBl — yepenHo-Mo3rosas TpaBma; TH — neyebHas runotepmus; UCH-L1 — ybukentunH-C-koHueBas ruaponasa L1.
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reactive oxygen species by 70 % compared to TH alone
[39], a finding under investigation in the Phase II trial
NCT05512392. Similarly, vagus nerve stimulation shows
synergistic anti-inflammatory effects in animal models
(60 % TNF-a reduction) [32], though human safety data
remain pending.

Implementation challenges persist, including limited
24/7 biomarker availability and contraindications to
advanced imaging in hemodynamically unstable patients.
These limitations underscore the need for institutional
protocols that balance evidence-based precision with
practical feasibility in neurocritical care settings [40, 41].

Challenges and future directions

The clinical effectiveness of TH remains a topic of
debate, largely due to varying outcomes from significant
multicenter trials. For instance, the POLAR trial, which
involved 511 patients, found no meaningful improvement
in 6-month Glasgow Outcome Scale-Extended (GOS-E)
scores with the use of early prophylactic hypothermia
at 35°C (p = 0.67). This finding is particularly striking
given the substantial preclinical evidence that indicates
potential neuroprotective benefits of TH [21]. In a similar
vein, the Eurotherm 3235 trial observed a 35 % decrease
in intracranial pressure (ICP), yet it also revealed an
unexpected increase in mortality (odds ratio 1.3, 95%
confidence interval [CI] 1.1-1.6). This outcome suggests
a complex trade-off between managing ICP effectively and
the risk of systemic complications [20].

Further analysis by Chen et al. (2019) attempts
to clarify these conflicting results, indicating that the
mortality benefits associated with TH (a 28 % reduction)
are primarily observed in patients exhibiting refractory
ICP greater than 25 mmHg. This finding emphasizes the
importance of considering severity when evaluating the
efficacy of TH [18].

A critical aspect of this debate centers around the
neuroprotective mechanisms attributed to TH, such as
metabolic suppression and anti-inflammatory effects [12-
14]. However, these advantages may be offset by potential
risks, including immunosuppression, which can lead to
increased pneumonia rates (relative risk 1.45) [18], and
coagulopathy, particularly in patients with multiple trauma
[30]. This multifaceted landscape underscores the need for
careful consideration in the application of TH in clinical
settings.

The process of translating TH from research into
clinical practice encounters several significant challenges
(Table 2).

Variability in trial protocols contributes to discrepancies
in therapeutic hypothermia outcomes. For example,
the NABISH-II study conducted in 2014 demonstrated
no significant mortality benefit from surface cooling in
patients with severe traumatic brain injury specifically
those with a Glasgow Coma Scale score between 3 and 8.
This lack of benefit was attributed to the delayed initiation
of treatment, occurring more than six hours post-injury
[23]. In contrast, the LTH-1 trial published in 2016 focused
on pediatric TBI cases, where a reduction in intracranial
pressure (ICP) was observed; however, this trial also
reported a higher rate of seizures, with a relative risk of 1.8.
This outcome may be influenced by the small sample size of
only 48 participants [24].

Additionally, the POLAR trial found no effect on the
Glasgow Outcome Scale-Extended (GOS-E) [21], and
the meta-analysis by Martyniuk et al. in 2024 revealed
significant heterogeneity (I* = 72 %) [19]. These findings
underscore the critical need for standardized protocols and
the implementation of biomarker-guided patient selection,
using markers such as GFAP and UCH-L1 [37].

Despite advancements in therapeutic hypothermia
(TH), several critical knowledge gaps remain that warrant
further exploration (Table 3).

C YepernHo-MO3roBoi TpaBMoM

Table 2. Challenges and mitigation strategies for therapeutic hypothermia in traumatic brain injury

Ta6auua 2. MpobaeMbl MpY NpoBeAEHUM TepaneBTUYECKOW FMMOTEPMUM U CTPATErMM X MUHUMU3aLMK Y NaLMEeHTOB

Challenge Impact Mitigation strategies
Shivering TMetabolic demand by 40-60 % [28] Multimodal suppression (meperidine + buspirone +
surface warming)
Infections Ventilator-associated pneumonia (138 vs. 21 % with Protocolized antibiotic regimens (e.g., ceftriaxone +
prophylaxis) [29] vancomycin)
Coagulopathy TBleeding risk (3-8 % with intravascular cooling) [30]  Viscoelastic monitoring (TEG/ROTEM) + temperature-

adjusted heparin

Hemodynamic instability

Hypotension (VMAP > 20 %) during rewarming [24]

Slow rewarming (0.15-0.25 °C/hour) + vasopressor
protocols

Note: MAP — mean arterial pressure; TEG/ROTEM — thromboelastography / rotational thromboelastometry.

MpumeyaHune: MAP — cpegtee apTepuansHoe aasnenune; TEG/ROTEM — tpomboanactorpadus / poTaumoHHas TpoMb031acTOMETpUA.
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Timing of intervention

Preclinical studies suggest that initiating TH early —
specifically within 2.5 hours of injury — may be beneficial
[21]. However, clinical trials have yet to reach a consensus
on the optimal timing for implementing TH, highlighting
an important area for future research.

Depth versus duration of temperature reduction

There is ongoing debate regarding whether prolonged
mild hypothermia, maintained at 35°C for 72 hours, is
superior to shorter moderate hypothermia, set at 33 °C for
24 hours. This question remains unresolved and requires
further investigation to determine the most effective
approach [16, 24].

Combination therapies

Preliminary studies have shown promise in the
combination of TH and erythropoietin, which significantly
reduced neuronal loss in rat models. However, there is a
notable lack of corresponding human trials, indicating a
gap that needs to be addressed. Additionally, emerging
therapeutic strategies combining TH with ketogenic diets
present new avenues for research that could potentially
enhance outcomes in patients [39].

These unresolved questions represent critical areas
for future studies that could improve our understanding
and application of therapeutic hypothermia in clinical
settings.

In order to enhance the safety and efficacy of
therapeutic hypothermia in clinical practice, several key
recommendations are proposed:

Patient selection

It is crucial to prioritize patients with severe traumatic
brain injury, specifically those with a Glasgow Coma Scale
score of 8 or lower and an elevated intracranial pressure
(ICP) exceeding 25 mmHg. In such cases, the potential
benefits of TH are deemed to outweigh the associated
risks [20].

Institutional protocols

Institutions should implement standardized protocols
for both cooling and rewarming rates to mitigate the risk
of rebound edema. A recommended cooling and rewarming
rate is between 0.15 and 0.25 °C per hour, which has been
shown to help maintain stability during these critical
phases [24].

Real-time monitoring

Continuous monitoring techniques should be
employed to ensure patient safety. Utilizing continuous
electroencephalogram (EEG) can help in the early
identification of seizures, while thromboelastography
(TEG) can effectively monitor coagulation status. These
methods are essential for making timely clinical decisions
during TH [20-24].

Recent advances in the understanding of therapeutic
hypothermia (TH) for traumatic brain injury (TBI) have
been shaped by a few significant meta-analyses conducted
between 2020 and 2024.

Martyniuk et al. (2024) undertook a thorough
meta-analysis that included 19 randomized controlled
trials, encompassing a total of 4,217 patients. Their
findings indicated that mild hypothermia, maintained at
temperatures between 34-35°C, was associated with a
notable functional improvement, yielding an odds ratio of
1.4 (95% CI 1.1-1.8). In contrast, moderate hypothermia,
defined as temperatures between 32-34°C, did not
demonstrate any significant benefits for patients. However,
the analysis also highlighted considerable heterogeneity
(I* = 72 %) across the studies, which the authors attributed
to differences in cooling protocols, patient selection
criteria, and the various outcome measures employed in the
trials [19].

Additionally, Chen et al. (2023) conducted a meta-
analysis focusing specifically on pediatric populations across
12 trials. This analysis reported a promising 22 % reduction
in mortality (relative risk 0.78) associated with the use of
therapeutic hypothermia. Nevertheless, it is important to

Table 3. Comparative analysis of therapeutic hypothermia trials (2010-2024)

Tabaumua 3. CpaBHUTENbHBINM aHAIN3 KIMHUYECKUX UCCIeL0BaHUM TepaneBTUYecKoi runotepmum (2010-2024 rr.)

~

Trial Population Cooling method

Key outcome Limitation

NABISH-II (2014) Severe TBI (GCS 3-8) Surface cooling

No mortality benefit; TARDS risk

Delayed initiation (> 6 h)

LTH-1 (2016) Pediatric TBI Endovascular

d1CP but Tseizures (RR 1.8)

Small sample (n = 48)

POLAR (2018) Mixed severity Surface + core

No GOS-E improvement (p = 0.67)

Broad inclusion criteria

Martyniuk (2024) Meta-analysis Mixed

Functional benefit only in mild TH

High heterogeneity (1> =72 %)

rmnoTepmMumsa.

Note: ARDS — acute respiratory distress syndrome; GCS — Glasgow coma scale; GOS-E — Glasgow outcome scale-extended; h — hours;
|2— I-squared statistic; ICP — intracranial pressure; RR — risk ratio or relative risk; TBI — traumatic brain injury; TH — therapeutic hypothermia.

Mpumeyanue: ARDS — oCTpbIN pecnmpaTopHbii Anctpecc-cuHapom; GCS — wkana Kombl nasro; GOS-E — paclumnpeHHas wkana ncxoaos nasro;
h —uacel; I2—kputepuii |; ICP — BHyTpU4epenHoe gaBnenune; RR — oTHocUTeNbHbIN pUcK; TBI — YepenHo-Mo3rosas TpaBMa; TH — TepaneBTuYeckas
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note that this benefit was tempered by an increased risk
of infections (relative risk 1.6), emphasizing the necessity
for a careful balance between risks and benefits when
considering TH in the management of pediatric TBI [18].

These findings reinforce the importance of personalized
approaches in TBI treatment, taking into account the
specific circumstances of each patient while remaining
vigilant about potential complications associated with
hypothermia.

Recent preclinical studies have produced significant
advancements in the TH: Table 4 summarizes key
preclinical advancements in TH techniques, including
hybrid cooling systems, transnasal evaporative cooling, and
nanoparticle-enhanced TH, highlighting their mechanisms
and clinical benefits.

These technological advancements address
longstanding challenges in achieving precise, sustained
hypothermia while minimizing systemic complications.

There are emerging combination therapies described
below:

TH + ketogenic diet

Recent preclinical studies have shown that the
combination of therapeutic hypothermia and a ketogenic
diet can provide significant neuroprotective effects.
This synergistic approach appears to reduce the levels of
reactive oxygen species (ROS) by up to 70 % compared to
TH alone, while also promoting mitochondrial biogenesis
[39]. Currently, a Phase II clinical trial (NCT05512392)
is underway to assess the efficacy of this combination in
human patients suffering from traumatic brain injury.

TH + neuromodulation

Investigation into the effects of vagus nerve stimulation
(VNS) in conjunction with TH has yielded encouraging
results in animal models. Specifically, this combined
approach has been associated with a 60 % reduction in
tumor necrosis factor-alpha (TNF-a) levels, as well as
enhanced neurogenesis [32]. Despite these promising
findings, it is important to note that safety data regarding
this combination treatment in human subjects is still
lacking, highlighting a significant gap in translational
research.

TH + erythropoietin derivatives

Another intriguing combination involves the use of
erythropoietin (EPO) analogs, such as ARA-290, alongside
TH. Research in rodent models has revealed that this
combination can achieve 55 % greater preservation of the
blood-brain barrier than TH used alone [33]. This suggests
that such therapies could play a critical role in mitigating
vascular dysfunction associated with secondary brain injury.

Current clinical trials are a reflection of these scientific
advancements:

Table 5 provides an overview of ongoing clinical trials
investigating novel TH interventions, such as combination
therapies and non-invasive cooling methods, for traumatic
brain injury (TBI).

These trials illustrate the advancements in the field as it
moves towards adopting precision medicine approaches in
the application of therapeutic interventions.

In recent years, there has been significant progress
in developing innovative strategies for patient selection,

Table 4. Recent preclinical advancements in therapeutic hypothermia techniques

Ta6nv|u,a 4. COBPeMeHHbIe yAnydleHHble TeXHON0MMn AOKINHUYEeCKUX MeTo40B Tepal‘leBTVNeCKOVI rmnoTepmMun

~

Technique Mechanism

Key advancement

Hybrid cooling systems Combined surface + endovascular

Maintains tighter temperature control (+ 0.5 °C) with 50 % reduction
in shivering [38]

Transnasal evaporative cooling Selective brain cooling

Achieves 2-3 °C cerebral temperature reduction within 60 min [22]

Nanoparticle-enhanced
therapeutic hypothermia

Intravenous targeted cooling

Demonstrates 40 % reduction in hippocampal neuronal loss in rodent
models [42]

Ve

Table 5. Current clinical trials evaluating advanced TH strategies

Tabnuua 5. TeKyluve KAMHUYECKUE UCCIeA0BAHNA, OLIEHMBalOLLME YyYLIeHHbIe CTPATernn TepaneBTUYECKON TMNOTEPMIM

Trial ID Intervention Population Primary outcome Innovation
NCT05289258 TH + NNZ-2566 peptide Severe TBI (GCS 4-7) 6 month GOS-E Targeted antiinflammatory approach
NCT04850001 Transnasal TH + Propofol Moderate TBI (GCS 9-12) ICP control at 48 h Non-invasive selective cooling

TH — therapeutic hypothermia.

MO3roBas TpaBMa; TH — TepanesTuyeckas runotepmums.

Note: GCS — Glasgow coma scale; GOS-E — Glasgow outcome scale extended; ICP — intra-cranial pressure; TBI — traumatic brain injury;

Mpumeyanme: GCS — wkana Kombl [nasro; GOS-E — pacwmpeHHas wkana ncxogos [nasro; ICP — BHyTpuyepenHoe aasneHue; TBI — vepenHo-
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particularly through the use of GFAP/UCH-L1 biomarker
panels. These panels have shown strong predictive value,
with an area under the curve (AUC) of 0.81, for identifying
responders to therapeutic hypothermia [37]. This
biomarker-focused approach offers a promising solution to
historical inconsistencies regarding the efficacy of TH, as it
allows for more precise matching of patients to treatment
based on their specific biological profiles. The integration of
advanced cooling technologies alongside targeted adjuvant
therapies marks a noteworthy shift in the development of
neuroprotective strategies. Rather than relying solely on
hypothermia, we are moving toward multimodal, precision-
based interventions that could enhance therapeutic
outcomes. However, ongoing research is crucial to address
several remaining translational challenges. These include
optimizing the safety profiles of combination therapies and
validating biomarker selection algorithms across diverse
populations of patients with traumatic brain injury.

These advancements underscore the ongoing
commitment to refining therapeutic interventions in
the field of TBI. By implementing these evidence-based
recommendations, healthcare providers can significantly
enhance the management of therapeutic hypothermia for
patients suffering from severe TBI, thereby improving
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overall patient outcomes while minimizing associated
risks.

Conclusion

Traumatic brain injury (TBI) presents significant
challenges due to its complex pathophysiology, with
therapeutic hypothermia (TH) emerging as a promising
but inconsistently effective neuroprotective strategy
that modulates secondary injury mechanisms like
neuroinflammation and excitotoxicity, though clinical
outcomes vary due to protocol heterogeneity and patient
selection issues; while pharmacological agents have shown
limited success, non-pharmacological approaches like
hyperbaric oxygen therapy require further validation,
and future advancements — including biomarker-guided
algorithms (e.g., GFAP/UCH-L1), hybrid cooling systems,
and combination therapies (e.g., TH with ketogenic diets or
neuromodulation) — hold potential but demand rigorous
clinical testing to optimize personalized, multimodal
treatment strategies that integrate precision medicine,
standardized protocols, and real-time monitoring to
improve outcomes for TBI patients.
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