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Introduction
Clinical death is defined as the irreversible 
cessation of cardiorespiratory functions, 
whereas brain death is characterized by the 

complete and permanent loss of all brain 
activity, including that of the brainstem. 
This latter criterion has been adopted as 
the legal standard for determining death in 
more than 80 jurisdictions worldwide.1

Abstract
Brain resuscitation is an emerging field aimed at restoring neurological functions following circulatory arrest, challenging 
traditional paradigms of biological death. Strategies such as therapeutic hypothermia, cardiopulmonary resuscitation 
with extracorporeal membrane oxygenation, and artificial perfusion systems, including BrainEx, have demonstrated the 
reactivation of cellular processes hours after the interruption of blood flow. Furthermore, advances in nanotechnology 
and connectome preservation offer new prospects for functional brain recovery, although their clinical application 
remains in the theoretical phase. A narrative review of the literature indexed in PubMed, the Cochrane Library, Scopus, 
Sage, and Web of Science was conducted. Original articles, systematic reviews, meta-analyses, case reports, and books 
published between 1988 and 2024 in English and Spanish were included. The objective was to synthesize the available 
evidence on brain resuscitation, describe its pathophysiological foundations, analyze therapeutic strategies, and examine 
the main neuroethical controversies. Although technological advances are pushing the boundaries of postmortem brain 
viability, significant challenges remain regarding the restoration of consciousness, the definition of brain death, biological 
reversibility, and distributive justice in access to these innovations.
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Resumen
La reanimación cerebral constituye un campo emergente orientado a restaurar las funciones neurológicas tras el cese 
circulatorio, desafiando los paradigmas tradicionales de muerte biológica. Estrategias como la hipotermia terapéutica, la 
reanimación cardiopulmonar con oxigenación por membrana extracorpórea y los sistemas de perfusión artificial, incluido 
BrainEx, han demostrado la reactivación de procesos celulares horas después de la interrupción del flujo sanguíneo. Asimismo, 
los avances en nanotecnología y preservación del conectoma plantean nuevas perspectivas para la recuperación funcional 
cerebral, aunque su aplicación clínica permanece en fase teórica. Se realizó una revisión narrativa de la literatura indexada 
en PubMed, Cochrane Library, Scopus, Sage y Web of Science. Se incluyeron artículos originales, revisiones sistemáticas, 
metaanálisis, reportes de caso y libros publicados entre 1988 y 2024 en inglés y español. El objetivo fue sintetizar la evidencia 
disponible sobre reanimación cerebral, describir sus fundamentos fisiopatológicos, analizar estrategias terapéuticas y 
examinar las principales controversias neuroéticas. Aunque los avances tecnológicos amplían los límites de la viabilidad 
cerebral post mortem, persisten importantes desafíos relacionados con la restauración de la conciencia, la definición de 
muerte encefálica, la reversibilidad biológica y la justicia distributiva en el acceso a estas innovaciones.
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Resuscitation, understood as the restora-
tion of biological functions following a formal 
declaration of death, must be strictly distin-
guished from recovery, which involves the 
recovery of vital functions during an episode 
of potentially reversible cardiorespiratory 
arrest. This semantic and pathophysiological 
distinction is not merely terminological; 
rather, it constitutes a critical nuance with 
substantial methodological and ethical 
implications for the design and interpreta-
tion of future research in neuroreanimation, 
intensive care, and medical bioethics.2

Historically, revolutionary advances that 
have shifted paradigms have challenged 
traditional conceptions of the irreversibility of 
death. In 1967, the first human cryopreserva-
tion was performed, setting a precedent in 
the exploration of postmortem biological 
preservation. More recently, in 2019, 
researchers at Yale University developed a 
protocol for ex vivo cerebral perfusion in pigs, 
through which they were able to preserve 
cellular functions and synaptic activity for up 
to four hours after circulatory arrest.

These findings demonstrate the partial 
feasibility of maintaining cellular processes 
in postmortem brain tissue, raising new 
questions about the physiological limits 
of death and the possibilities for thera-
peutic intervention in states considered 
irreversible.3 However, significant gaps 
remain in current research, particularly 
regarding the absence of standardized 
metrics that would allow for a comprehen-
sive evaluation of the success of so-called 
“brain resuscitation”. Most studies focus 
on indicators of metabolic recovery or 
cellular viability, without systematically 
addressing the restoration of higher-
level functions such as consciousness, 
functional synaptic connectivity, or neuro-
cognitive integration. This methodological 
limitation poses substantial challenges 
for the clinical validation of postmortem 
interventions and underscores the need 
to develop multidimensional criteria that 
include neurophysiological, behavioral, 
and cognitive markers.4 

These conceptual and methodological 
gaps underscore the urgent need to 
establish multidisciplinary research frame-
works that integrate knowledge from 
neurology, bioengineering, and bioethics. 
Such integration would allow for a holistic 
approach to the challenges posed by brain 
resuscitation, ranging from the design of 
neuronal preservation technologies to 
the assessment of residual consciousness 
and the ethical implications of intervening 
in postmortem states. Only through 
transdisciplinary collaboration will it be 

possible to move toward research models 
that are scientifically robust, clinically rele-
vant, and ethically sustainable.

To prepare this manuscript, a critical 
review of the literature indexed in data-
bases such as PubMed, the Cochrane 
Library, Scopus, Sage, and Web of Science 
was conducted; original articles, systematic 
reviews, meta-analyses, case reports, and 
books published between 1988 and 2024 in 
English and Spanish were selected. With the 
aim of synthesizing the current evidence on 
brain resuscitation and “life after death”, this 
paper analyzes pathophysiological mecha-
nisms, therapeutic strategies, neuroethical 
controversies, and emerging technologies.

Discussion
Mechanisms of neuronal injury 
following the cessation of 
circulation

The interruption of cerebral blood flow 
triggers a multiphase ischemic cascade 
characterized by progressive biochemical 
events that compromise neuronal viability. In 
the initial phase, the depletion of adenosine 
triphosphate (ATP) leads to the dysfunction 
of energy-dependent ion pumps, causing 
generalized neuronal depolarization.5 This 
phenomenon induces a massive release 
of glutamate, which generates a state of 
excitotoxicity that overexcites N-methyl-
D-aspartate (NMDA) and α-amino-3-
hydroxy-5-methyl-4-isoxazolpropionic acid 
(AMPA) receptors.5 Excessive activation of 
these receptors facilitates uncontrolled 
intracellular calcium influx, which 
precipitates mitochondrial dysfunction, 
the generation of reactive oxygen species 
(ROS), and the activation of apoptotic and 
necrotic pathways.5 During the reperfusion 
phase, a second peak of tissue damage 
occurs, characterized by oxidative stress 
and neuroimmune inflammation. The 
restoration of cerebral blood flow, despite 
being essential for metabolic recovery, leads 
to an overproduction of reactive oxygen 
species (ROS) and reactive nitrogen species 
(RNS), which induce lipid peroxidation, DNA 
damage, and protein dysfunction.6 Response 
that includes the release of proinflammatory 
cytokines (such as TNF-α, IL-1β, and IL-6), 
chemokines, and neurotoxic mediators. 
This synergy between oxidative stress 
and inflammation amplifies the pathways 
of apoptosis and necrosis, exacerbating 
neuronal damage and compromising 
functional recovery.6 

The post-cardiopulmonary arrest 
time window is a critical determinant of 
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the reversibility of brain damage. In the 
first five minutes following circulatory 
arrest, neuronal lesions are..z typically 
predominantly functional and potentially 
reversible through effective resuscitation and 
y maneuvers. However, when this interval 
exceeds ten minutes, a transition occurs 
toward programmed cell death mechanisms, 
primarily mediated by caspase-3 activation, 
along with necrotic phenomena associated 
with the breakdown of the blood-brain barrier. 
This temporal progression underscores 
the need for ultraearly interventions and 
neuroprotective strategies that mitigate 
the ischemic cascade before irreversible 
structural damage becomes established.7

There are physiological exceptions 
that modulate the brain’s vulnerability to 
ischemic damage, and allow for a signifi-
cant extension of the therapeutic window. 
Among these, ischemic preconditioning 
stands out, a phenomenon in which brief, 
intermittent exposures to hypoxia induce 
an adaptive tolerance that attenuates 
the cascade of neuronal injury. Likewise, 
therapeutic hypothermia, particularly at 
temperatures below 34°C, has been shown 
to reduce cerebral metabolism by approxi-
mately 6  % for every degree Celsius drop; 
this decreases energy demand, and slow 
down the processes of excitotoxicity, oxida-
tive stress, and apoptosis. In porcine models, 
these strategies have extended the window 
for neurological recovery up to 40 minutes 
post-paralysis, demonstrating their potential 
as neuroprotective interventions in critical 
clinical settings.8,

 

9,
 

10

Current resuscitation strategies

Recent advances in brain resuscitation 
are redefining the traditional boundaries 
between biological death and the potential 
recovery of neurological functions. They 
thus challenge established paradigms in 
critical care medicine and neuroscience. 
Currently, interventions aimed at restoring 
postmortem brain viability can be classified 
into two broad categories: established 
medical strategies and emerging 
experimental approaches.3 

Therapeutic hypothermia, maintained 
within a range of 32-36 °C for 12 to 24 hours, 
is the gold standard for brain protection 
following cardiac arrest. Its effecticay is based 
on its ability to reduce cerebral metabolism, 
which reduces neuronal energy demand 
and slows down damaging processes. 
At the molecular level, hypothermia 
suppresses the excessive release of gluta-
mate, the primary mediator of excitotoxicity, 
and reduces the activation of caspase-3, 

a key enzyme in the apoptotic pathway. 
This pathophysiological modulation helps 
limit programmed cell death, preserve 
synaptic integrity, and improve neurological 
outcomes in resuscitated patients.9 

The Target Temperature Management 
(TTM) clinical trial provided robust evidence 
of the benefits of therapeutic hypothermia 
in patients who have suffered cardiac 
arrest. In that study, patients treated at a 
target temperature of 33°C had a 55  % 
probability of survival with a good neuro-
logical outcome, defined as a modified 
Rankin Scale score ≤ 3, compared with 39 % 
in the group managed with normothermia.9 
These results confirm hypothermia as an 
effective neuroprotective intervention in 
cases of acute cerebral ischemia. However, 
its efficacy decreases significantly when 
the ischemic interval exceeds 30 minutes, 
underscoring the need for complementary 
strategies. In this context, extracorporeal 
cardiopulmonary resuscitation (ECPR) using 
ECMO emerges as a promising alternative, 
as it allows for the rapid restoration of cere-
bral perfusion and systemic oxygenation, 
thereby extending the therapeutic window 
and enhancing the effects of hypothermia.11 

Extracorporeal cardiopulmonary resusci-
tation combines extracorporeal membrane 
oxygenation (ECMO) with conventional CPR 
maneuvers, thereby maintaining cerebral 
perfusion even in cases of refractory cardiac 
arrest. This strategy has been shown to 
significantly expand the window of neuro-
logical viability by providing hemodynamic 
support and continuous systemic 
oxygenation during circulatory collapse. In 
the ARREST trial (2023), conducted in patients 
with persistent ventricular fibrillation, ECPR 
achieved a hospital discharge survival rate of 
43 %, compared with only 7 % in the group 
treated with standard CPR. These results 
demonstrate the potential of ECPR to extend 
the therapeutic window up to 60 minutes 
post-cardiac arrest, redefine the time limits 
for intervention, and offer new opportuni-
ties to preserve brain function in clinical 
scenarios previously considered irreversible.11 
This approach requires specialized centers 
and rapid access to cannulation, but this 
limits its application in prehospital settings. 
Post-ECMO imaging studies reveal that 68 % 
of survivors retain hippocampal integrity, 
which is key to memory.12

The BrainEx protocol perfuses ex vivo 
porcine brains with an acellular fluid 
enriched with cytoprotectants, including 
NMDA receptor antagonists, antioxidants, 
and anti-apoptotic agents. Under controlled 
laboratory conditions, this strategy has been 
shown to restore metabolic activity and 
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vascular responses up to 4-6 hours post-
mortem. These results, although far from 
direct clinical applicability, suggest that the 
cellular and functional integrity of certain 
neural circuits can be maintained or restored 
beyond previously accepted time limits, 
challenging traditional concepts regarding 
the threshold of brain irreversibility and 
opening new avenues for research in 
neurovascular preservation and resusci-
tation.3 Although synaptic preservation 
was documented in the BrainEx model, 
the absence of global electrical activity 
(isoelectric EEG) indicates that the mere 
preservation of neuronal architecture is not 
sufficient to reactivate consciousness. This 
suggests that the restoration of conscious 
functions likely requires interventions 
aimed at reestablishing the effective and 
dynamic connectivity of thalamocortical 
and multimodal integration networks. From 
a translational perspective, this finding 
opens up a new frontier of research: the 
design of strategies that not only maintain 
synaptic integrity but also promote the 
resynchronization of neural circuits critical 
for perception and subjective experience.13 

Cryopreservation via vitrification, used by 
organizations such as the Alcor Life Exten-
sion Foundation, employs cryoprotectants 
(e.g., glycerol) to prevent the formation of 
ice crystals, the primary cause of cell lysis 
during freezing. When the temperature 
drops to −196°C (liquid nitrogen), enzymatic 
activity and degradative processes come to 
a near standstill.14 However, studies in mouse 
models have revealed that, even when opti-
mized protocols are applied, approximately 
40 % of synapses lose their ultrastructure, as 
evidenced by electron microscopy. Added to 
this is a critical technical limitation: reversing 
the process is currently unfeasible, since 
the recrystallization during warming causes 
cell membranes to rupture and organelles 
to be destroyed. These findings highlight a 
fundamental gap between partial structural 
preservation and the actual possibility of 
restoring complex neuronal functions.14 This 
raises an ethical dilemma: cryopreserved 
patients might “come back to life” without 
their identity or memory intact.15

Neurobiological evidence of  “life 
after death”

Near-death experiences and 
hippocampal activity

Near-death experiences (NDEs) are defined 
as complex subjective episodes, frequently 
described during deep unconsciousness 
associated with cardiac arrest. Among the 

most commonly reported perceptions 
are sensations of out-of-body movement, 
a panoramic review of autobiographical 
memories, and encounters with entities or 
presences.16 Prospective and retrospective 
studies document a prevalence ranging from 
6.3 % to 39.3 % among cardiac arrest survivors, 
a variability attributable to methodological 
differences, diagnostic criteria, and the 
timing of post-event interviews. Although 
the underlying pathophysiology remains a 
subject of debate, hypotheses range from 
transient dysfunction of temporoparietal 
networks to massive release of neurotrans-
mitters under hypoxic conditions. Its exis-
tence raises fundamental questions about 
the generation of conscious content in 
states approaching clinical death.16,

 

17

Electrophysiological recordings of 
individual units have documented that 
during global cerebral ischemia, marked 
hyperactivity occurs in both interneurons 
and pyramidal neurons of the hippocampus. 
This transient phase of excitation is accompa-
nied by high-frequency gamma oscillations 
(40-100 Hz), a rhythmic pattern normally asso-
ciated with processes of encoding, memory 
integration, and synchronization of cortical 
networks. Notably, this activity coincides 
with the functional activation of the default 
mode network (DMN), a circuit widely linked 
to self-awareness, autobiographical recall, 
and multisensory integration. These findings 
suggest that even under critical conditions 
of hypoxia, network dynamics capable of 
sustaining complex experiences can emerge, 
providing a plausible physiological frame-
work for phenomena such as the near-death 
experiences (NDEs) observed in survivors of 
cardiac arrest.18,

 

19 
In. mouse models, global cerebral ischemia 

triggers a massive release of calcium stored 
in the endoplasmic reticulum, which acti-
vates Ca2+/calmodulin-dependent signaling 
pathways and leads to the phosphorylation 
of CREB (cAMP response element-binding 
protein).20 This transcription factor plays an 
essential role in the expression of genes 
involved in synaptic plasticity and the consoli-
dation of long-term memories. The activa-
tion of CREB in the context of severe hypoxia 
presents a paradoxical scenario: while the 
global neural network may be on the verge of 
functional collapse, certain memory-related 
transcriptional. programs could be transiently 
activated. From a translational perspective, 
this offers a plausible molecular framework for 
explaining how memory fragments or struc-
tured experiences (such as those reported in 
out-of-body experiences) could be encoded 
or consolidated even under extreme condi-
tions of neuronal stress.20 
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In the AWARE II study, which used high-
density electroencephalography (EEG) 
during resuscitation efforts following cardiac 
arrest, approximately 40 % of survivors who 
reported near-death experiences showed a 
return of electrical patterns consistent with 
conscious activity, including gamma, delta, 
theta, alpha, and beta oscillations, even 
up to 60 minutes after the start of CPR.16 
These findings support the hypothesis that 
NDEs may represent an epiphenomenon 
of terminal neural disinhibition, in which 
the loss of thalamocortical inhibitory 
control allows for a transient hyperacti-
vation of networks involved in memory 
and self-perception. From a mechanistic 
perspective, this sequence could reflect the 
final coordinated functional expression of 
mnemonic networks before the definitive 
collapse of neuronal activity.

Animal models: postmortem EEG surges

In 2013, a pioneering study in rats (PNAS) 
documented surges of high-amplitude 
electroencephalographic (EEG) activity 
(1-4 Hz delta and 25-55 Hz gamma) lasting up 
to 30 seconds post mortem, a phenomenon 
termed the “brain tsunami”.19 This pattern, 
replicated in models of prolonged ischemia 
in larger mammals, is associated with global 
terminal depolarization, an abrupt reversal of 
ionic gradients, along with a massive release 
of glutamate, which in turn overstimulates 
NMDA receptors in cortical neurons.21 
Mass spectrometry studies of postmortem 
brain tissue have detected elevated levels 
of endogenous N,N-dimethyltryptamine 
(DMT), a psychedelic alkaloid with affinity 
for 5-HT2A receptors, at concentrations of 
0.1-0.4 ng/g (vs. 0.01 ng/g in controls).22 

While these surges might represent a 
final attempt by the brain to preserve thala-
mocortical coherence, the lack of phase-
amplitude coupling (i.e., synchronization 
between oscillations of different frequen-
cies) indicates that they would not be 
sufficient to maintain integrated conscious 
states. Furthermore, studies in which NMDA 
receptors are blocked show a decrease in 
the amplitude of these bursts, supporting 
their glutamatergic origin.23,

 

24

Controversies: neurochemistry and 
physics vs. consciousness beyond the 
brain

Various lines of research suggest that 
NDEs could be explained by the interac-
tion of three neurochemical and network 
mechanisms. First, hypoxia, resulting from 
a critical drop in partial pressure of oxygen 

(< 30 mmHg) during cardiac arrest, triggers 
excessive activation of NMDA receptors, 
which can lead to anomalous perceptual 
phenomena, such as visual and auditory 
hallucinations, as well as states of deper-
sonalization.25 Second, it has been proposed 
that, under conditions of extreme stress, 
the pineal gland releases N,N- dimethyl-
tryptamine (DMT), a potent serotonergic e 
agonist that, in controlled studies, has been 
shown to induce mystical experiences and 
sensations of subjective transcendence 
comparable to NDE accounts.22 Finally, 
residual activity in the default mode network 
(DMN) could also play a significant role: 
functional disconnection of the thalamus 
during hypoxia or global depolarization 
would reduce inhibition on the posterior 
cingulate cortex, thereby promoting the 
transient emergence of activation patterns 
capable of generating experiences of unity, 
timelessness, or “transcendence”.26 

From the perspective of information 
physics, it is argued that information is 
physical in nature and subject to thermo-
dynamic laws (e.g., the minimum cost of 
erasing a bit, Landauer’s principle). Further-
more, the Bekenstein bound states that the 
maximum amount of information a physical 
system can contain depends on its energy 
and size. This principle suggests that the 
capacity to store information within a finite 
region of space is also finite. In quantum 
physics, the unitary evolution principle 
holds that information is not destroyed, but 
rather transformed or dispersed. Certain 
proposals related to holography and 
so-called “quantum islands” have reinforced 
this interpretation in the study of extreme 
phenomena, such as the evaporation of 
black holes. In popular science, Sabine 
Hossenfelder has compared death to a 
“drop of ink” that disperses into the ocean: 
its components continue to be part of the 
universe, even though the original struc-
ture becomes unrecognizable. This analogy 
illustrates the dispersion of matter and 
physical information, but it does not prove 
the persistence of consciousness, memory, 
or personal identity after biological death.27 

It should be noted that this approach 
is based on the principle of information 
conservation, widely debated in theoretical 
physics and quantum mechanics, and 
suggests a form of “immortality” not tied 
to the functional continuity of the brain, 
but rather to the permanence of the states 
of information that defined us. From the 
perspective of neuroethics, this hypothesis 
raises provocative questions: Can a purely 
informational persistence without an orga-
nized substrate be considered “survival”? 
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What implications would this have for the 
concept of personal identity if such dispersed 
information were neither recoverable nor 
reconstructible in a conscious form?

The case of Pam Reynolds, who under-
went surgery in 1991 involving total circu-
latory arrest, an isoelectric EEG, and the 
absence of cerebral blood flow, is one of the 
most frequently cited in the NDE literature 
due to the precision of her descriptions of 
surgical instruments and conversations, 
which were subsequently verified by the 
medical team.28 Skeptical explanations 
suggest that these memories could origi-
nate from residual anterograde memory, 
that is, the recording of stimuli perceived 
minutes before the induction of cardiac 
arrest, or from phenomena such as anes-
thesia awareness.29 However, experimental 
studies designed to test these perceptions 
have not yielded similar results. In some 
of these studies, specific words or sounds 
were played through headphones during 
situations associated with near-death expe-
riences. Subsequently, the patients were 
unable to identify these stimuli with the 
expected accuracy. Therefore, to date, it 
has not been reproducibly demonstrated 
that external auditory information can 
be perceived and recalled in great detail 
during these experiences.29 

On a philosophical level, David Chalmers 
has proposed a naturalist/emergentist 
dualism, according to which consciousness 
is a fundamental property of reality, 
irreducible to known physical processes. 
From this perspective, NDEs could be 
interpreted as transient manifestations of a 
conscious substrate that persists briefly after 
the cessation of organized brain activity. 
However, this hypothesis lacks direct 
empirical support and remains in the realm 
of metaphysical speculation.30

Ethical and philosophical 
implications

International discrepancies between 
biological and legal criteria for 
determining death

Currently, 74 countries adopt criteria for 
total brain death, the irreversible cessation 
of all brain activity, including that of the 
brainstem, as the legal standard. However, 
in jurisdictions such as Japan and Saudi 
Arabia, legal death additionally requires 
irreversible cardiac arrest; this reflects regu-
latory frameworks influenced by cultural 
and religious traditions.1,

 

31 This heteroge-
neity generates conflicts in contexts such 
as organ transplantation and experimental 

resuscitation. For example, in 2021, a patient 
in Texas was declared legally dead based 
on neurological criteria, but his family 
demanded that life support be continued 
based on religious beliefs regarding “residual 
life” in glial cells.32 Such cases underscore the 
need for international standards based on 
neurophysiological evidence, not merely on 
cultural traditions.33 

Furthermore, the recent development 
of xenobots, programmable multicellular 
structures created from living cells extracted 
from deceased organisms, such as stem 
cells from Xenopus laevis, has further blurred 
the line between life and death.34 Although 
they lack a nervous system and conven-
tional metabolic functions, these organisms 
exhibit coordinated behaviors, spontaneous 
locomotion, and the ability to self-repair.34 
Their existence raises profound ontological 
and bioethical questions: Is it possible to 
speak of “functional life” in the absence of 
consciousness, homeostasis, or a complete 
organism? These findings suggest that 
biological death should not be understood 
as an absolute event, but rather as a gradual 
process of cellular reorganization with 
functional potential, which reinforces the 
need to redefine legal criteria for death 
from a multidisciplinary perspective that 
incorporates advances in synthetic biology, 
neuroscience, and biomedical ethics.34 

Informed consent for experimental 
resuscitation: the cryonics dilemma

Patients who opt for cryopreservation sign 
legally binding contracts, but informed 
consent for future resuscitation is impossible: 
the required technologies do not exist, and 
there is no guarantee that identity or memory 
will be preserved.15 In 1992, a California 
appellate court ruled in Alcor Life Extension 
Foundation v. Mitchell that the organiza-
tion could receive human remains through 
the anatomical donation system and obtain 
the necessary permits for cryopreservation 
following a legal declaration of death. This 
ruling established a legal framework for the 
practice, contingent upon compliance with 
regulations governing authorization, death 
certification, transport, and the disposition 
of remains. However, the court’s decision 
neither validated the scientific efficacy of 
cryonics nor confirmed the feasibility of 
future resuscitation. Due to this uncertainty, 
organizations offering these services utilize 
contractual clauses explicit in warning that 
the revival of cryopreserved individuals 
remains a highly speculative outcome that 
cannot be guaranteed.35 Furthermore, while 
it is true that some modern techniques, such 
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as stabilized aldehyde vitrification, have 
been shown to preserve the ultrasynaptic 
structure in porcine brains, even after 
complete cryopreservation, doubts remain 
regarding long-term neuronal functionality. 
A pioneering study succeeded in keeping 
the synapses and cellular architecture of 
the cerebral cortex intact after vitrification, 
but did not assess whether these tissues 
could regain conscious activity following 
resuscitation.36 This raises questions about 
the integrity of personal identity and the risk 
of unpredictable cognitive alterations should 
consciousness ever be restored in the future.

Resource allocation: resuscitation versus 
palliative care 

Research into brain resuscitation has 
received increasing investment, which was 
estimated at around USD 280 million in 
2022. However, nearly 78  % of the world’s 
population still lacks access to basic pallia-
tive care services.37 Highly complex clinical 
trials such as ARREST (ECMO-CPR) involve 
costs of approximately USD 500  000 per 
patient, in contrast to the approximately 
USD 2000 per year required to provide pallia-
tive care for a patient with terminal cancer. 
This imbalance has prompted criticism 
pointing to a technocentric bias: prioritizing 
“life after death” over the relief of suffering 
in dying patients could exacerbate global 
health inequalities.38

 

,39 However, advocates 
of these technologies argue that if advanced 
resuscitation were to reduce the demand 
for transplants, it could generate substan-
tial savings, estimated at USD 3.8 trillion 
annually, by shortening waiting lists and 
reducing the costs associated with organ 
procurement and preservation.40 

Future directions

Artificial perfusion systems: from 
organEx to brainEx

Ex vivo perfusion has evolved from an experi-
mental procedure to become an established 
technological platform with profound clinical 
and ethical implications. One example is the 
BrainEx system, developed at Yale, which 
demonstrated the ability to restore circula-
tion and cellular metabolism in pig brains 
up to four hours after death; this preserves 
neuroanatomical integrity, and reduce 
cell death, without producing the global 
electrical activity necessary for conscious-
ness.3 Its successor, OrganEx, expanded the 
scope: after one hour of warm ischemia in 
a porcine model, it succeeded in restoring 
cellular and metabolic functions in multiple 

organs, including the brain, heart, liver, and 
kidneys, using a fluid that combines autolo-
gous blood with synthetic hemoglobin, 
oxygen-carrying nanoparticles, and a cocktail 
of cytoprotectants.4 Although no percentage 
quantification of preserved synapses 
has been reported, studies with BrainEx 
showed that, after six hours of perfusion, the 
neuroanatomical structure was maintained 
and cellular functionality, including localized 
synaptic activity, was evident in porcine 
brains up to ten hours post mortem.41 

The immediate future points toward 
human-AI hybrid systems capable of 
adjusting perfusion parameters, flow, 
pressure, and fluid composition, in real time 
based on biomarkers obtained through 
functional magnetic resonance imaging and 
other advanced neuroimaging modalities.42 

Nanotechnology: neuroprotective 
agents and selective delivery

Nanoparticles cross the blood-brain barrier 
postmortem. PEGylated nanoparticles 
loaded with siRNA targeting caspase-3 have 
been shown to cross the blood-brain barrier 
and significantly reduce neuronal apoptosis 
in rat models of ischemia, outperforming 
the efficacy of traditional treatments such 
as hypothermia.43 Recent studies have 
shown that brain-derived neurotrophic 
factor (BDNF) promotes neurogenesis and 
axonal regeneration in the hippocampus, 
especially following ischemic injury.44 Its 
use with magnetic nanomotors has not 
yet been demonstrated in porcine models, 
but emerging platforms such as exosomes 
and functionalized nanoparticles are being 
explored to deliver BDNF in post-ischemic 
neuroregenerative therapies.45 However, 
these advances are limited by significant 
ethical and biomedical challenges: in certain 
cases, as much as 99 % of the nanoparticles 
accumulate in the liver, which reduces their 
therapeutic efficacy and raises potential 
risks of long-term toxicity.46 

Restoring consciousness: bridging the 
connectome gap

Restoring consciousness requires preserving 
the connectome, the complete map of neural 
connections. The Human Connectome 
Project has identified 90  % redundancy in 
thalamocortical networks, allowing for the 
recovery of functions with as few as 30  % 
of synapses intact.47 In mouse models, 
neuronal grafts derived from induced 
pluripotent stem cells (iPSCs) and modi-
fied to express photosensitive ion channels 
have been shown to improve thalamocor-
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tical connectivity and functional recovery 
following ischemia, paving the way for future 
applications in non-human primates.48 The 
greatest obstacle remains the synchroniza-
tion of gamma oscillations: without phase 
coherence between the thalamus and the 
cortex, the neural integration that underpins 
consciousness would be unfeasible.49

Conclusion
Advances in brain resuscitation are rede-
fining the boundaries between biological 
death and the potential recovery of neuro-
logical functions. Established strategies such 
as therapeutic hypothermia and ECMO-CPR 
have succeeded in extending the window 
of brain viability to 60 minutes post-cardiac 
arrest, with rates of neurologically intact 
survival approaching 43  % in recent trials. 
However, experimental technologies such 
as the BrainEx protocol and cryopreserva-
tion via vitrification pose unprecedented 
dilemmas; while they allow for the resto-
ration of cellular metabolism or the 
preservation of synaptic ultrastructure, they 
do not guarantee the recovery of conscious-
ness or personal identity.

Neurobiological evidence suggests that 
NDEs may constitute epiphenomena asso-
ciated with terminal hyperactivity of the 
hippocampus, influenced by the release of 
glutamate and endogenous DMT. Never-
theless, paradigmatic cases such as that of 
Pam Reynolds challenge purely material-
istic explanations and call for theoretical 
frameworks that integrate neuroscience, 
philosophy, and ethics.

At the same time, bioethical challenges 
remain critical. Global disparities in the legal 
definition of death, the speculative nature 
of consent for cryopreservation, and the 
tension in resource allocation between 
advanced resuscitation and palliative care 
demand regulations grounded in evidence, 
not in cultural dogmas or uncritical 
technological optimism.

Looking ahead, platforms such as OrganEx-
BrainEx, neuroprotective nanotechnology, 
and thalamocortical reconnection therapies 
could bridge the gap between cellular pres-
ervation and the restoration of conscious 
functions. However, without agreed-upon 
international standards for evaluating the 
success of resuscitation, these advances risk 
widening global health inequities.

Ultimately, this field requires genuinely 
multidisciplinary collaboration, involving 
physicians, bioengineers, philosophers, and 
policymakers, to balance the potential for 
“life after death” with an unwavering respect 
for human dignity and distributive justice.

References
1.	 Bernat JL. Controversies in defining and 

determining death in critical care. Nat Rev 
Neurol. 2013;9(3):164-173. DOI: 10.1038/
nrneurol.2013.12

2.	 Shemie SD, Gardiner D. Circulatory arrest, 
brain arrest and death determination. Front 
Cardiovasc Med. 2018;5:15. DOI: 10.3389/
fcvm.2018.00015

3.	 Vrselja Z, Daniele SG, Silbereis J, et al. 
Restoration of brain circulation and cellular 
functions hours post-mortem. Nature. 
2019;568(7752):336-343. DOI: 10.1038/
s41586-019-1099-1

4.	 Andrijevic D, Vrselja Z, Lysyy T, et al. 
Cellular recovery after prolonged warm 
ischaemia of the whole body. Nature. 
2022;610(7932):335-343. DOI: 10.1038/
s41586-022-05016-1

5.	 Moskowitz MA, Lo EH, Iadecola C. The 
science of stroke: mechanisms in search of 
treatments. Neuron. 2010;67(2):181-198. 
DOI: 10.1016/j.neuron.2010.07.002

6.	 Choi DW. Calcium-mediated neurotoxicity: 
relationship to specific channel types and 
role in ischemic damage. Trends Neurosci. 
1988;11(10):465-469. DOI: 10.1016/0166-
2236(88)90200-7

7.	 Kalogeris T, Baines CP, Krenz M, Korthuis RJ. 
Cell biology of ischemia/reperfusion injury. 
Int Rev Cell Mol Biol. 2012;298:229-317. 
DOI: 10.1016/B978-0-12-394309-5.00006-7

8.	 Sasson C, Rogers MAM, Dahl J, Kellermann 
AL. Predictors of survival from out-of-
hospital cardiac arrest: a systematic review 
and meta-analysis. Circ Cardiovasc Qual 
Outcomes. 2010;3(1):63-81. DOI: 10.1161/
CIRCOUTCOMES.109.889576

9.	 Nielsen N, Wetterslev J, Cronberg T, et al. 
Targeted temperature management at 33°C 
versus 36°C after cardiac arrest. N Engl J 
Med. 2013;369(23):2197-2206. DOI: 10.1056/
NEJMoa1310519

10.	 Dirnagl U, Becker K, Meisel A. 
Preconditioning and tolerance against 
cerebral ischaemia: from experimental 
strategies to clinical use. Lancet Neurol. 
2009;8(4):398-412. DOI: 10.1016/S1474-
4422(09)70054-7

11.	 Yannopoulos D, Bartos J, Raveendran 
G, et al. Advanced reperfusion strategies 
for patients with out-of-hospital cardiac 
arrest and refractory ventricular fibrillation 
(ARREST): a phase 2, single centre, open-
label, randomised controlled trial. Lancet. 
2020;396(10265):1807-1816. DOI: 10.1016/
S0140-6736(20)32338-2

12.	 Dankiewicz J, Cronberg T, Lilja G, et al. 
Hypothermia versus normothermia after 



DOI: 10.5377/alerta.v9i3.23306
Guzmán RED, et al.

135

out-of-hospital cardiac arrest. N Engl J Med. 
2021;384(24):2283-2294. DOI: 10.1056/
NEJMoa2100591

13.	 Reardon S. Pig brains kept alive outside 
body for hours after death. Nature. 
2019;568(7752):283-284. DOI: 10.1038/
d41586-019-01216-4

14.	 Lemler J, Harris SB, Platt C, Huffman TM. 
The arrest of biological time as a bridge to 
engineered negligible senescence. Ann N Y 
Acad Sci. 2005;1019:559-563. DOI: 10.1196/
annals.1297.104

15.	 Mullock A, Romanis EC. Cryopreservation 
and current legal problems: seeking 
and selling immortality. J Law Biosci. 
2023;10(2):lsad028. DOI: 10.1093/jlb/lsad028

16.	 Parnia S, Keshavarz Shirazi T, Patel 
J, et al. AWAreness during REsuscitation-II: 
A multicenter study of consciousness and 
awareness in cardiac arrest. Resuscitation. 
2023;191:109903. DOI: 10.1016/j.
resuscitation.2023.109903

17.	 Kovoor JG, Santhosh S, Stretton B, et al. 
Near-death experiences after cardiac arrest: 
a scoping review. Discov Ment Health. 
2024;4(1):19. Published 2024 May 28. 
DOI: 10.1007/s44192-024-00072-7

18.	 Liu P, Xu J, Chen Y, et al. Electrophysiological 
Signatures in Global Cerebral Ischemia: 
Neuroprotection Via Chemogenetic 
Inhibition of CA1 Pyramidal Neurons in Rats. 
J Am Heart Assoc. 2024;13(24):e036146. 
DOI: 10.1161/JAHA.124.036146

19.	 Borjigin J, Lee U, Liu T, et al. Surge of 
neurophysiological coherence and 
connectivity in the dying brain. Proc Natl 
Acad Sci U S A. 2013;110(35):14432-14437. 
DOI: 10.1073/pnas.1308285110

20.	 Okuyama S, Morita M, Sawamoto 
A, et al. Edaravone enhances brain-derived 
neurotrophic factor production in the 
ischemic mouse brain. Pharmaceuticals 
(Basel). 2015;8(2):176-185. DOI: 10.3390/
ph8020176

21.	 Andrew RD, Farkas E, Hartings JA, et al. 
Questioning Glutamate Excitotoxicity in 
Acute Brain Damage: The Importance of 
Spreading Depolarization. Neurocrit Care. 
2022;37(Suppl 1):11-30. DOI: 10.1007/
s12028-021-01429-4

22.	 Timmermann C, Roseman L, Williams L, et al. 
DMT models the near-death experience. 
Front Psychol. 2018;9:1424. DOI: 10.3389/
fpsyg.2018.01424

23.	 Sitt JD, King JR, El Karoui I, et al. Large 
scale screening of neural signatures of 
consciousness in patients in a vegetative 
or minimally conscious state. Brain. 
2014;137(Pt 8):2258-2270. DOI: 10.1093/
brain/awu141

24.	 Krüger H, Heinemann U, Luhmann HJ. 
Effects of ionotropic glutamate receptor 

blockade and 5-HT1A receptor activation 
on spreading depression in rat neocortical 
slices. Neuroreport. 1999;10(12):2651-2656. 
DOI: 10.1097/00001756-199908200-00039

25.	 Martial C, Cassol H, Charland-Verville V, et al. 
Neurochemical models of near-death 
experiences: A large-scale study based 
on the semantic similarity of written 
reports. Conscious Cogn. 2019;69:52-69. 
DOI: 10.1016/j.concog.2019.01.011

26.	 Khanna S, Greyson B. Near-death 
experiences and spiritual well-being. J Relig 
Health. 2014;53(6):1605-1615. DOI: 10.1007/
s10943-013-9723-0

27.	 Georgescu I, Mann RB. 60 years of 
Landauer’s principle. Nat Rev Phys. 2021;3: 
744-754. DOI: 10.1038/s42254-021-00400-8.

28.	 Woerlee GM. Mortal Minds: The Biology of 
Near-Death Experiences. 1st ed. Amherst, 
NY: Prometheus Books; 2005. 340 p.

29.	 Cassol H, D'Argembeau A, Charland-Verville 
V, Laureys S, Martial C. Memories of near-
death experiences: are they self-defining? 
Neurosci Conscious. 2019;2019(1):niz002. 
DOI: 10.1093/nc/niz002

30.	 Chalmers DJ. The Conscious Mind: In Search 
of a Fundamental Theory. 1st ed. New York: 
Oxford University Press; 1996. 432 p.

31.	 Nakagawa TA, Ashwal S, Mathur M, et al. 
Guidelines for the determination of brain 
death in infants and children: an update 
of the 1987 Task Force recommendations. 
Crit Care Med. 2011;39(9):2139-2155. 
DOI: 10.1097/CCM.0b013e31821f0d4f

32.	 Lewis A, Adams N, Varelas P, Greer D, 
Caplan A. Organ support after death 
by neurologic criteria: Results of a 
survey of US neurologists. Neurology. 
2016;87(8):827-834. DOI: 10.1212/
WNL.0000000000003008

33.	 Padela AI, Arozullah A, Moosa E. Brain 
death in Islamic ethico-legal deliberation: 
challenges for applied Islamic bioethics 
[published correction appears in Bioethics. 
2015 Jan;29(1):56. Bioethics. 2013;27(3):132-
139. DOI: 10.1111/j.1467-8519.2011.01935.x

34.	 Kriegman S, Blackiston D, Levin M, Bongard 
J. A scalable pipeline for designing 
reconfigurable organisms. Proc Natl 
Acad Sci U S A. 2020;117(4):1853-1859. 
DOI: 10.1073/pnas.1910837117

35.	 Alcor Life Extension Foundation, 
Inc., et al. v. Mitchell. CourtListener. 1992. 
Date consulted: September 21, 2025. 
Available at: https://www.courtlistener.
com/opinion/2186955/alcor-life-extension-
foundation-inc-v-mitchell/

36.	 McIntyre RL, Fahy GM. Aldehyde-
stabilized cryopreservation. Cryobiology. 
2015;71(3):448-458. DOI: 10.1016/j.
cryobiol.2015.09.003



136 Alerta 2026; 9(3):234-243
Brain reanimation and life after death: a narrative review 

37.	 Knaul FM, Farmer PE, Krakauer EL, et al. 
Alleviating the access abyss in palliative 
care and pain relief-an imperative of 
universal health coverage: the Lancet 
Commission report published correction 
appears in Lancet. 2018 2;391(10136):2212. 
DOI: 10.1016/S0140-6736(18)30616-0. 

38.	 Abrams DC, Prager K, Blinderman CD, 
Burkart KM, Brodie D. Ethical dilemmas 
encountered with the use of extracorporeal 
membrane oxygenation in adults. Chest. 
2014;145(4):876-882. DOI: 10.1378/chest.13-
1138

39.	 von Verschuer F. Freezing lives, preserving 
humanism: cryonics and the promise 
of Dezoefication. Distinktion: Journal 
of Social Theory. 2020;21(2):143-161. 
DOI: 10.1080/1600910X.2019.161001

40.	 Sandroni C, Cronberg T, Sekhon M. Brain 
injury after cardiac arrest: Pathophysiology, 
treatment, and prognosis. Intensive Care 
Med. 2021;47(12):1393-1414. DOI: 10.1007/
s00134-021-06548-2

41.	 DeFranco J, Calabrese E, Giordano J. 
Restoring cerebral circulation and function 
postmortem: A multidimensional analysis. 
Brain Circ. 2019;5(2):94-96. DOI: 10.4103/
bc.bc_10_19

42.	 Caria A, Sitaram R, Birbaumer N. Real-Time 
fMRI. The Neuroscientist. 2012;18(5):487-501. 
DOI: 10.1177/1073858411407205

43.	 Zhang X, Grigartzik L, Henrich-Noack 
P, et al. Antiapoptosis function of PBCA 
nanoparticles containing caspase-3 siRNA 
for neuronal protection. Chemie Ingenieur 

Technik. 2018;90(3):451-455. DOI: 10.1002/
cite.201700120

44.	 Wei L, Ding Y, Ma Y, et al.Brain-derived 
neurotrophic factor contributes to 
neurogenesis after intracerebral 
hemorrhage: a rodent model and human 
study. Front Cell Neurosci. 2023;17:1170251. 
DOI: 10.3389/fncel.2023.1170251

45.	 Tian T, Zhang H, He C, et al. Surface 
functionalized exosomes as targeted drug 
delivery vehicles for cerebral ischemia 
therapy. Biomaterials. 2018;150:137-149. 
DOI: 10.1016/j.biomaterials.2017.10.012

46.	 Zhang YN, Poon W, Tavares AJ, McGilvray I, 
Chan WCW. Nanoparticle-liver interactions: 
Cellular uptake and hepatobiliary 
elimination. J Control Release. 2016;240:332-
348. DOI: 10.1016/j.jconrel.2016.01.020

47.	 Elam JS, Glasser MF, Harms 
MP, et al. The Human Connectome 
Project: A retrospective. Neuroimage. 
2021;244:118543. DOI: 10.1016/j.
neuroimage.2021.118543

48.	 Yu SP, Tung JK, Wei Z, et al. Optochemoge-
netic Stimulation of Transplanted iPS-NPCs 
Enhances Neuronal Repair and Functional 
Recovery after Ischemic Stroke. J Neurosci. 
2019;39(33):6571-6594. DOI: 10.1523/
JNEUROSCI.2010-18.2019

49.	 Mashour GA, Roelfsema P, Changeux JP, 
Dehaene S. Conscious processing and the 
global neuronal workspace hypothesis. 
Neuron. 2020;105(5):776-798. DOI: 10.1016/j.
neuron.2020.01.026


