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Abstract

Global cerebral ischemia remains a major cause of neurological morbidity and mortality, yet effective neuroprotective strategies have
shown limited translational success. Experimental studies frequently rely on ischemic duration as a primary determinant of injury severity,
implicitly assuming equivalence across global brain ischemia–reperfusion (IR) and cardiac arrest with return of spontaneous circulation
(CA/ROSC) models. However, increasing experimental evidence indicates that identical ischemic durations can lead to substantially
different neuronal outcomes depending on the physiological and systemic context of ischemia. In brain-restricted global IR models,
partial preservation of systemic circulation allows residual metabolic activity, delayed stress responses, and region-specific neuronal
vulnerability, most notably delayed neuronal death in the hippocampal cornu ammonis 1 region. By contrast, CA/ROSC is characterized
by complete systemic circulatory arrest followed by a biologically hostile reperfusion phase that includes profound mitochondrial dys-
function, heterogeneous reperfusion, blood–brain barrier disruption, and amplification of systemic inflammatory responses. As a result,
these qualitative differences shift ischemic injury thresholds toward earlier onset and broader neuronal damage in CA/ROSC, even when
ischemic durations are nominally comparable. This review integrates experimental evidence from rat models to examine how energy
failure, reperfusion biology, proteostasis disruption, and brain–body interactions collectively determine neuronal vulnerability beyond
ischemic duration alone. Through direct comparison of global IR and CA/ROSC paradigms, we highlight limitations of duration-centric
interpretations and outline implications for experimental design and translational neuroprotection. Recognition of context-dependent
ischemic mechanisms is essential for improving model selection and advancing therapeutic strategies for global cerebral ischemia.

Keywords: neuronal death; mitochondrial dysfunction; reperfusion injury; oxidative stress; autophagy; apoptosis; neuroinflammation;
brain ischemia; animal models

1. Introduction

Global cerebral ischemia remains a major cause of
neurological morbidity and mortality in both experimen-
tal and clinical settings. Conditions such as cardiac ar-
rest, severe hypotension, and asphyxia result in transient
or sustained interruption of cerebral blood flow, leading to
complex cascades of neuronal injury that evolve during is-
chemia and reperfusion [1,2]. Despite decades of inves-
tigation, effective neuroprotective strategies that translate
reliably from experimental models to clinical practice re-
main limited, particularly in the context of cardiac arrest–
related brain injury [3]. Experimental research on global
cerebral ischemia has relied heavily on rodent models to
define ischemic thresholds, patterns of neuronal vulnerabil-
ity, and mechanisms of delayed neuronal death. Early land-
mark studies established that neuronal injury does not occur
uniformly across the brain but follows region-specific and

time-dependent patterns, most prominently affecting hip-
pocampal cornu ammonis 1 (CA1) pyramidal neurons after
transient forebrain ischemia [4,5]. These observations laid
the foundation for the concept of selective neuronal vul-
nerability and shaped the interpretation of global IR injury
for decades. A central assumption underlying much of this
work has been that ischemic duration is a primary deter-
minant of injury severity. Indeed, classic mapping studies
demonstrated a graded relationship between the length of
ischemia and the extent of neuronal damage in rat models
of forebrain ischemia [6]. However, growing experimental
evidence indicates that ischemic duration alone is insuffi-
cient to accurately predict neuronal outcome. Instead, neu-
ronal fate is influenced by multiple interacting factors, in-
cluding the depth of energy failure, the quality of reperfu-
sion, regional metabolic demand, and systemic physiologi-
cal disturbances [1,2,7].
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This limitation becomes particularly evident when
comparing brain-restricted global IR models with car-
diac arrest followed by return of spontaneous circula-
tion (CA/ROSC) models. Although both paradigms
are frequently implemented using comparable ischemic
durations—typically on the order of 5–10 minutes in rats—
the resulting patterns of neuronal injury differ markedly.
Global ischemia–reperfusion (IR)models often produce de-
layed, region-restricted neuronal death, whereas CA/ROSC
models are associated with earlier, broader, and more het-
erogeneous brain injury that reflects the impact of complete
systemic circulatory arrest and post-resuscitation patho-
physiology [2,7]. Despite these differences, the two model
classes are frequently discussed interchangeably in the ex-
perimental literature, with ischemic duration used as a pri-
mary metric for cross-model comparison [6,7]. This prac-
tice risks obscuring fundamental differences in ischemic
quality, reperfusion biology, and brain–body interactions
that shape neuronal outcomes. Consequently, neuroprotec-
tive strategies optimized in brain-restricted ischemia mod-
els have repeatedly failed to demonstrate efficacy in car-
diac arrest settings, raising questions about the validity of
duration-based equivalence across models.

In recent years, advances in molecular profiling, mi-
tochondrial biology, and systemic inflammation research
have further highlighted the complexity of global IR injury
[8–10]. These findings support the view that neuronal in-
jury thresholds are dynamic and context-dependent, rather
than fixed values determined solely by ischemic duration.
The aim of this review is therefore not to reassess ischemic
duration per se, but to critically examine why identical is-
chemic durations can produce divergent neuronal outcomes
in rat models of global cerebral ischemia. By comparing
brain-restricted global IR andCA/ROSC paradigms, this re-
view synthesizes evidence on ischemic thresholds, regional
and temporal patterns of neuronal vulnerability, and mech-
anistic pathways involving energy failure, reperfusion biol-
ogy, proteostasis disruption, and brain–body interactions.
Through this integrative perspective, we aim to clarify the
limitations of duration-centric interpretations and to empha-
size implications for experimental design and translational
neuroprotection.

2. Methodology
This narrative review was designed to synthesize and

critically integrate experimental findings that address why
nominally identical ischemic durations result in divergent
neuronal outcomes in rat models of global cerebral is-
chemia. Given the conceptual and mechanistic focus of the
present work, we adopted a structured but non-systematic
review framework, consistent with the aims of mechanistic
integration rather than quantitative meta-analysis.

2.1 Literature Search Strategy
We performed a comprehensive literature search us-

ing the PubMed (https://pubmed.ncbi.nlm.nih.gov/), Web
of Science (https://www.webofscience.com/), and Scopus
(https://www.scopus.com/) databases. Search terms were
combined using Boolean operators and included: “global
cerebral ischemia”, “forebrain ischemia”, “four-vessel oc-
clusion”, “cardiac arrest”, “return of spontaneous circula-
tion”, “CA/ROSC”, “neuronal death”, “delayed neuronal
death”, “ischemic duration”, “mitochondrial dysfunction”,
“reperfusion injury”, and “rat model”. To ensure coverage
of both foundational concepts and contemporary mechanis-
tic advances, we considered publications spanning from the
early 1980s through 2025. Seminal studies defining selec-
tive neuronal vulnerability and ischemic thresholds were
intentionally included alongside recent experimental and
translational reports addressing mitochondrial biology, pro-
teostasis, reperfusion dynamics, and systemic inflamma-
tion. In general, studies were selected based on their rele-
vance tomechanistic insights, experimental reproducibility,
and their contribution to understanding context-dependent
determinants of neuronal injury beyond ischemic duration
alone.

2.2 Inclusion and Exclusion Criteria
Studies were included when they met the following

criteria: (1) Experimental studies conducted in rats, focus-
ing on global brain IR or CA/ROSC. (2) Use of defined
ischemic durations, particularly within the commonly em-
ployed range of approximately 5–10 minutes, allows con-
ceptual comparison across models. And (3) Reporting of
histopathological, molecular, physiological, or functional
outcomes related to neuronal injury or survival. Studies
were excluded if they: (1) Primarily involved focal is-
chemia models (e.g., middle cerebral artery occlusion), (2)
Used non-rodent species as the primary experimental sys-
tem, or (3) Focused exclusively on anesthetic, pharmacoki-
netic, or technical outcomes without relevance to neuronal
injury mechanisms. Model Stratification and Conceptual
Framework: Included studies were stratified into two prin-
cipal experimental paradigms: (1) brain-restricted global IR
models, including four-vessel occlusion and related fore-
brain ischemia paradigms without complete systemic cir-
culatory arrest; and (2) CA/ROSC models, encompassing
asphyxial or ventricular fibrillation–induced cardiac arrest
followed by standardized resuscitation protocols. Rather
than comparing outcomes solely on the basis of ischemic
duration, we evaluated studies within a conceptual frame-
work that emphasizes ischemic quality, reperfusion biol-
ogy, and systemic involvement. Particular attention was
given to differences in energy failure depth, mitochondrial
integrity, oxidative and calcium-mediated injury, proteosta-
sis disruption, and brain–body interactions.
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2.3 Data Extraction and Synthesis
From each study, we extracted qualitative information

regarding: (1) ischemic duration and experimental condi-
tions, (2) regional and temporal patterns of neuronal injury,
(3) molecular and cellular injury mechanisms, and (4) re-
ported implications for neuroprotection or recovery. Rather
than performing quantitative aggregation, we synthesized
evidence thematically, integrating findings from both clas-
sical and contemporary literature to construct a mechanistic
narrative explaining divergent neuronal outcomes despite
comparable ischemic durations.

2.4 Considerations and Limitations
As a narrative review, this work does not include a

formal quantitative assessment of publication bias or effect
size. However, we placed particular emphasis on repro-
ducible experimental paradigms, consistency of reported
injury patterns, and convergence of mechanistic evidence
across independent laboratories. By focusing on rat mod-
els exclusively, species-related variability was minimized,
allowing clearer conceptual comparison between global IR
and CA/ROSC paradigms.

3. Experimental Models of Global Ischemia
in Rats

Section 3 provides an integrative overview of exper-
imental rat models used to study global cerebral ischemia,
focusing on brain-restricted IRmodels and CA/ROSCmod-
els. Although these two paradigms are often implemented
using comparable ischemic durations, they differ funda-
mentally in hemodynamic context, degree of systemic in-
volvement, and the temporal and regional patterns of neu-
ronal injury [5–7]. By outlining themethodological founda-
tions, characteristic histopathological features, and evolv-
ing molecular insights of each model, this section estab-
lishes a conceptual framework for understanding why iden-
tical ischemic durations can produce divergent neuronal
outcomes. This comparative perspective emphasizes the
contribution of systemic factors, reperfusion biology, and
brain–body interactions, thereby setting the stage for sub-
sequent sections that examine ischemic thresholds, regional
vulnerability, and mechanistic integration across models.
These model-specific differences are schematically sum-
marized in Fig. 1, illustrating how nominally similar is-
chemic durations can generate distinct neuronal injury tra-
jectories depending on systemic context and reperfusion bi-
ology.

3.1 Global Brain IR Models
Global brain IR models in rats have been extensively

used to investigate the temporal thresholds and regional vul-
nerability of neurons under conditions of transient, brain-
wide hypoperfusion without complete circulatory arrest
[1,5]. The most widely adopted paradigm is the four-vessel
occlusion (4VO) model, originally introduced by Pulsinelli

and Brierley [5]. This model involves permanent occlu-
sion of the vertebral arteries followed by transient bilateral
common carotid artery occlusion, resulting in forebrain is-
chemia while maintaining systemic circulation. Using this
approach, early studies demonstrated that the duration of is-
chemia is a critical determinant of neuronal outcome, with
approximately 5–10 minutes of ischemia sufficient to in-
duce selective neuronal injury in vulnerable regions [5,6].
Notably, neuronal damage in this model is not distributed
uniformly across the brain. Instead, pyramidal neurons in
the hippocampal CA1 region exhibit a characteristic pat-
tern of delayed neuronal death, typically becoming evi-
dent 48–72 hours after reperfusion [4,11]. The delayed na-
ture of CA1 neuronal loss has been a defining feature of
global IR models and has contributed substantially to the
concept of selective neuronal vulnerability. Histopatholog-
ically, affected CA1 pyramidal neurons display cytoplas-
mic eosinophilia, nuclear pyknosis, and progressive neu-
ronal loss over several days following reperfusion [12].
These pathological features occur in the relative absence of
widespread necrosis in other brain regions, indicating that
ischemic duration alone does not uniformly determine neu-
ronal fate.

Histological and immunohistochemical analyses have
further revealed that neuronal degeneration in global IR
models is accompanied by robust glial responses. Astro-
cytic activation, reflected by increased expression of glial
fibrillary acidic protein (GFAP), and microglial activation
are consistently observed in the hippocampus during the de-
layed injury phase [13,14]. In addition, white matter alter-
ations and myelin loss have been reported, indicating that
global IR engages both neuronal and non-neuronal com-
partments [13]. A study has extended classical histopatho-
logical observations by incorporating molecular and pro-
teomic approaches. Proteome profiling of the hippocam-
pus after global IR has shown that IR alters protein net-
works related to mitochondrial function, stress responses,
and synaptic integrity [15]. Furthermore, experimental ev-
idence suggests that delayed neuronal death in global IR
involves overlapping cell death programs. Zakharova et
al. [16] demonstrated that both autophagy- and apoptosis-
related pathways contribute to neuronal loss in the hip-
pocampal CA1 region, supporting the interpretation that de-
layed neuronal death reflects multifactorial disruption of
cellular homeostasis rather than a single dominant death
mechanism.

Collectively, global brain IR models provide a con-
trolled framework for studying delayed neuronal injury and
regional vulnerability under conditions of transient cerebral
hypoperfusion. However, preservation of systemic circu-
lation in these models limits the contribution of extracere-
bral physiological stressors, a distinction that becomes par-
ticularly relevant when comparing global IR with cardiac
arrest–induced ischemia.
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Fig. 1. Divergent neuronal injury trajectories in rat models of brain-restricted global IR and CA/ROSC. This schematic compares
experimental rat models of brain-restricted global IR (left) and CA/ROSC (right) implemented with comparable ischemic durations (typ-
ically 5–8 min). In global IR models, systemic circulation is preserved, resulting in partial energy failure, relatively uniform reperfusion,
and delayed, region-restricted neuronal injury, most prominently delayed neuronal death in the hippocampal CA1 region. By contrast,
CA/ROSC is characterized by complete systemic circulatory arrest, leading to abrupt global energy collapse, biologically hostile reper-
fusion, early blood–brain barrier disruption, systemic and central neuroinflammation, and spatially expanded neuronal injury across
multiple brain regions. Overall, the figure illustrates that identical ischemic durations do not necessarily translate into equivalent injury
severity or underlying mechanisms, underscoring the critical role of systemic context and reperfusion biology in shaping ischemic injury
thresholds and translational interpretation. IR, ischemia–reperfusion; CA/ROSC, cardiac arrest with return of spontaneous circulation;
ATP, adenosine triphosphate; BBB, blood–brain barrier; DND, delayed neuronal death; CA1, cornu ammonis 1.

3.2 Cardiac Arrest and Return of CA/ROSC Models

In contrast to brain-restricted ischemia, CA/ROSC
models induce complete cessation of systemic blood flow,
resulting in simultaneous ischemia of the brain and pe-
ripheral organs [7,17]. In rats, CA is most commonly
induced by asphyxia or ventricular fibrillation, followed
by standardized cardiopulmonary resuscitation protocols to
achieve ROSC [17,18]. Typical ischemic durations range
from 5 to 8 minutes, overlapping with those used in global
IR models. Despite these nominal similarities in ischemic
duration, neuronal outcomes in CA/ROSC models differ
markedly from those observed in global IR. The abrupt loss
of cerebral perfusion during CA leads to rapid depletion
of adenosine triphosphate, severe metabolic acidosis, and
early mitochondrial dysfunction. Consequently, neuronal
injury in CA/ROSC models often emerges earlier and ex-

tends across broader brain regions, including the hippocam-
pus, cerebral cortex, striatum, and thalamus [7,19].

Experimental studies have shown that neuronal death
after CA/ROSC is accompanied by pronounced blood–
brain barrier disruption, cerebral edema, and neuroinflam-
matory responses during the early reperfusion period [20,
21]. These pathological features reflect the contribution of
systemic ischemia–reperfusion injury, which is largely ab-
sent in brain-restricted global IR models [22]. Moreover,
mitochondrial dysfunction and impaired energy recovery
persist after ROSC, further exacerbating neuronal vulner-
ability [23]. Importantly, CA/ROSC models also under-
score the central role of brain–body interactions in post-
ischemic brain injury. Peripheral organ dysfunction, sys-
temic inflammation, and metabolic disturbances can secon-
darily influence neuroinflammation and neuronal survival,
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Table 1. Comparison of experimental rat models of global cerebral ischemia.
Category Global brain IR models (4VO, 2VO) CA/ROSC models Key references

Ischemic mechanism Transient forebrain hypoperfusion Complete systemic circulatory arrest [5–7]
Systemic circulation Preserved Absent [5,7,17]
Typical ischemic duration 5–10 min 5–8 min [5,6,17,18]
Energy failure Partial, region-dependent Rapid and near-complete [6,7,19,23]
Reperfusion pattern Rapid, relatively uniform Heterogeneous, systemically disturbed [7,20,21]
Primary vulnerable regions Hippocampal CA1 Hippocampus, cortex, striatum, thalamus [4,7,11,19]
Temporal profile of injury Delayed (48–72 h) Early + delayed [4,11,19]
Dominant injury features Delayed neuronal death, selective vulnerability Early necrosis + apoptosis + inflammation [7,16,20,21]
Blood–brain barrier disruption Mild or delayed Early and pronounced [20,21]
Neuroinflammation Predominantly intrinsic Systemic + central [14,20,22]
Glial responses Delayed astro-/microgliosis Early, amplified gliosis [13,14,20]
Brain–body interaction Minimal Prominent (multi-organ IR) [22,24]
Translational relevance Mechanistic, reductionist Clinically representative [7,17,22]
Abbreviations: 4VO, four-vessel occlusion.

emphasizing that ischemic duration cannot be interpreted
independently of systemic context [22,24].

Thus, while CA/ROSC models more closely approx-
imate the clinical scenario of cardiac arrest, they introduce
additional layers of systemic and physiological complexity
that fundamentally distinguish them from global brain IR
models, even when ischemic durations are matched.

3.3 Integrative Summary of Experimental Models
Taken together, the experimental evidence reviewed

in Sections 3.1 and 3.2 demonstrates that brain-restricted
global IR and CA/ROSC models represent fundamen-
tally distinct biological paradigms, despite frequent use of
comparable ischemic durations. As summarized in Ta-
ble 1 (Ref. [4–7,11,13,14,16–24]), global IR models pre-
serve systemic circulation and are characterized by de-
layed, region-restricted neuronal injury—most prominently
delayed neuronal death in hippocampal CA1 pyramidal
neurons—allowing mechanistic interrogation of selective
vulnerability under relatively controlled reperfusion con-
ditions. In contrast, CA/ROSC models involve complete
systemic circulatory arrest followed by biologically hos-
tile reperfusion, resulting in earlier and spatially expanded
neuronal injury accompanied by blood–brain barrier dis-
ruption, neuroinflammation, and brain–body interactions
that substantially modify post-ischemic outcomes. Col-
lectively, these model-specific differences indicate that is-
chemic duration alone is insufficient to predict neuronal fate
andmust be interpreted within the broader context of hemo-
dynamic conditions, systemic involvement, and reperfusion
biology. Recognition of these distinctions provides a criti-
cal foundation for understanding divergent ischemic thresh-
olds and mechanistic trajectories across models, which are
explored in the subsequent sections.

4. Ischemic Duration and Thresholds for
Neuronal Injury

A central assumption in experimental cerebral is-
chemia research has been that the duration of ischemia is
a primary determinant of neuronal injury severity. Never-
theless, accumulating evidence from rat models indicates
that ischemic duration alone is insufficient to fully pre-
dict neuronal outcome, particularly when comparing brain-
restricted IR models with CA/ROSC models. Instead, neu-
ronal fate reflects the interaction between ischemic dura-
tion, hemodynamic context, systemic physiological dis-
turbances, and reperfusion-associated processes. In this
section, we examine how ischemic thresholds have been
conceptualized and explain why nominally identical is-
chemic durations can generate divergent neuronal outcomes
across experimental paradigms [1,2,7,25,26]. A compar-
ative overview of ischemic duration–dependent thresh-
old dynamics and neuronal injury characteristics in brain-
restricted global IR and CA/ROSC models is summarized
in Table 2 (Ref. [1,2,5–7,11,12,17–22,24–35]).

4.1 Conceptual Framework of Ischemic Thresholds
The concept of ischemic thresholds emerged from

early experimental studies demonstrating that neuronal in-
jury evolves in a stepwise manner as cerebral blood flow
and energy availability decline. Thresholds have been pro-
posed for reversible electrical failure, loss of ionic home-
ostasis, and irreversible structural injury [1,25,36]. Impor-
tantly, these thresholds should not be regarded as fixed val-
ues, but instead vary according to multiple factors, includ-
ing baseline metabolic demand, temperature, and the speed
and completeness of reperfusion. At the cellular level, is-
chemic neuronal death reflects progressive failure of bioen-
ergetic homeostasis, excitotoxic signaling, and mitochon-
drial integrity rather than a simple function of ischemic du-
ration alone [26]. Recent experimental work further sup-
ports this dynamic framework by demonstrating that molec-

5

https://www.imrpress.com


Table 2. Model-dependent ischemic thresholds and neuronal injury characteristics in global IR and CA/ROSC rat models.
Category Global brain IR models CA/ROSC models Key references

Primary determinant of injury Interaction of ischemic duration with re-
gional vulnerability

Systemic ischemia with compressed injury
thresholds

[1,2,7,25,26]

Hemodynamic context Brain-restricted hypoperfusion with pre-
served systemic circulation

Complete systemic circulatory arrest [5,7,17]

Typical ischemic duration 5–10 min 5–8 min [5,6,17,18]
Energy failure Partial, region-dependent ATP depletion Rapid and near-complete ATP collapse [2,24,31]
Threshold dynamics Gradual, stepwise crossing of injury

thresholds
Rapid exceedance of multiple thresholds [1,25,29]

Temporal profile of neuronal injury Delayed (48–72 h after reperfusion) Early onset with overlapping delayed compo-
nents

[11,12,19]

Spatial distribution of injury Region-restricted (predominantly hip-
pocampal CA1)

Spatially expanded (hippocampus, cortex,
striatum, thalamus, brainstem)

[7,19,28]

Dominant cell death programs Delayed apoptosis and proteostasis failure Early necrosis plus apoptosis/autophagy [27,30,33]
Role of reperfusion Triggers delayed molecular stress re-

sponses
Amplifies injury via systemic and cerebral
mechanisms

[20,21,32]

Blood–brain barrier disruption Mild or delayed Early and pronounced [20,21]
Neuroinflammatory contribution Predominantly intrinsic Systemic + central (brain–body interaction) [22,34]
Translational implication Ischemic duration defines susceptibility Ischemic duration insufficient without sys-

temic context
[29,35]

ular stress responses and mitochondrial resilience can shift
effective injury thresholds even under nominally compara-
ble ischemic durations [9].

In forebrain ischemia models, partial reductions in
cerebral perfusion may permit short-term neuronal survival
despite suppressed synaptic activity, whereas more severe
or prolonged ischemia leads to delayed or immediate neu-
ronal death [37,38]. This framework has been particularly
influential in interpreting delayed neuronal death in the hip-
pocampal CA1 region, where neurons survive the initial
ischemic insult but succumb during the reperfusion phase
[4,11,39]. More recent evidence indicates that delayed neu-
ronal death reflects progressive failure of cellular home-
ostasis during reperfusion, including disturbances in pro-
teostasis and mitochondrial quality control, rather than rep-
resenting a direct consequence of ischemic duration alone
[27]. Thus, ischemic duration should be viewed as one
component within a broader pathophysiological continuum
rather than as an isolated determinant.

4.2 Global Brain IR Models: Delayed and
Region-Restricted Injury Despite Comparable Durations

In global brain IR models, ischemic durations of ap-
proximately 5–10 minutes are sufficient to induce selective
neuronal injury, most prominently in the hippocampal CA1
region [5,6,39]. Despite comparable durations, widespread
cortical or subcortical necrosis is generally absent, and neu-
ronal injury evolves gradually over 48–72 hours after reper-
fusion [12]. Notably, recent analyses further confirm that
even under standardized ischemic durations, neuronal in-
jury remains spatially restricted in global IR models, rein-

forcing the concept of region-specific vulnerability rather
than uniform ischemic damage [28]. This delayed and
region-restricted pattern of injury reflects several features
of global IR models [11,29]. First, partial preservation of
systemic circulation limits the severity of metabolic de-
rangements during ischemia. Second, reperfusion restores
oxygen and glucose delivery relatively rapidly, thereby
shifting the dominant injury process toward delayed mech-
anisms such as oxidative stress, impaired protein home-
ostasis, and dysregulated calcium signaling. At the cellu-
lar level, delayed neuronal death in CA1 pyramidal neurons
has been shown to involve apoptotic pathways rather than
immediate necrosis, highlighting the prolonged vulnerabil-
ity of these neurons after transient ischemia [30]. Proteomic
and molecular studies further demonstrate that reperfusion
in global IR preferentially activates stress-response path-
ways, including proteasomal dysfunction and endoplasmic
reticulum stress, rather than immediate necrotic cascades
[27]. Histopathological findings—including cytoplasmic
eosinophilia, nuclear pyknosis, and progressive neuronal
loss—are therefore interpreted as consequences of post-
ischemic cellular dysfunction rather than immediate energy
collapse [11,40]. Taken together, these observations indi-
cate that in global IRmodels, ischemic duration defines sus-
ceptibility rather than inevitability, allowing delayed neu-
ronal death to serve as a window for mechanistic investiga-
tion.
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4.3 CA/ROSC Models: Earlier, Systemically Amplified,
and Spatially Expanded Neuronal Injury

In CA/ROSC models, ischemic durations often over-
lapwith those used in global IR experiments, typically rang-
ing from 5 to 8 minutes [17,18]. Nevertheless, despite
these nominal similarities, the temporal onset, spatial dis-
tribution, and mechanistic drivers of neuronal injury differ
markedly from those observed in brain-restricted IR mod-
els. Neuronal injury in CA/ROSC models frequently man-
ifests earlier and involves broader brain regions, including
the hippocampus, cerebral cortex, striatum, thalamus, and
brainstem [7,19]. A defining feature of CA/ROSC mod-
els is the complete cessation of systemic circulation, result-
ing in abrupt depletion of cerebral adenosine triphosphate,
rapid intracellular acidosis, loss of mitochondrial mem-
brane potential, and collapse of ion homeostasis across mul-
tiple brain regions [2,24]. Unlike global IR, where resid-
ual perfusion and rapid reperfusion limit the depth of en-
ergy failure, CA produces a more uniform and severe is-
chemic insult at the whole-body level, a concept empha-
sized early in cerebral resuscitation research [31]. The
reperfusion phase following ROSC further amplifies neu-
ronal injury through systemic mechanisms. Experimental
studies consistently demonstrate early blood–brain barrier
disruption, cerebral edema, and robust neuroinflammatory
activation within hours after ROSC [20,21]. These pro-
cesses promote secondary neuronal injury by facilitating
immune cell infiltration, cytokine release, and oxidative
stress, thereby accelerating neuronal loss beyond the de-
layed paradigm typically observed in global IRmodels [32].
At the cellular level, neuronal death in CA/ROSC models
reflects a convergence of injury pathways rather than a pre-
dominantly delayed program. Early necrotic injury driven
by profound energy failure coexists with delayed apop-
totic and autophagic processes during reperfusion, as ev-
idenced by caspase activation, mitochondrial dysfunction,
and dysregulated autophagy signaling in vulnerable regions
[23,33]. This convergence of injury mechanisms short-
ens the temporal interval between ischemia and irreversible
neuronal damage, effectively shifting ischemic thresholds
toward earlier time points. Importantly, CA/ROSC mod-
els highlight the critical role of brain–body interactions
in post-ischemic neuronal injury. Systemic inflammatory
responses, metabolic derangements, and multi-organ dys-
function contribute secondarily to neuroinflammation and
impaired recovery, reinforcing the interpretation that neu-
ronal fate cannot be dissociated from extracerebral physiol-
ogy in this setting [22,34].

4.4 Implications of Divergent Ischemic Thresholds Across
Models

Taken together, findings from global IR and
CA/ROSC models indicate that ischemic thresholds are
model-dependent and context-sensitive. In brain-restricted
IR models, thresholds for irreversible neuronal injury

are reached gradually and selectively, permitting delayed
neuronal death. By contrast, CA/ROSC models rapidly
exceed multiple injury thresholds as a result of systemic
ischemia and reperfusion-associated insults, resulting
in accelerated and spatially expanded neuronal damage.
These divergent threshold dynamics are consistent with
contemporary interpretations that distinguish localized
cerebral ischemia from whole-body ischemia–reperfusion
as fundamentally different pathophysiological entities [29].
These distinctions carry important implications for experi-
mental interpretation. Matching ischemic duration across
models does not ensure equivalence of injury severity or
mechanism. Instead, ischemic duration must be interpreted
in conjunction with hemodynamic conditions, systemic
responses, and reperfusion biology. Failure to account for
these contextual factors may contribute to inconsistencies
in experimental outcomes and limit the translational
relevance of neuroprotective strategies, particularly when
extrapolating from global IR paradigms to clinical cardiac
arrest settings, where prolonged post-resuscitation care
and temperature management further modulate injury
trajectories [35].

5. Regional and Temporal Patterns of
Neuronal Vulnerability

Neuronal vulnerability to ischemia is neither spatially
uniform nor temporally synchronized across the brain. Ex-
perimental rat models of global brain IR and CA/ROSC
consistently demonstrate that specific brain regions ex-
hibit distinct ischemic thresholds, injury kinetics, and dom-
inant modes of neuronal death. Notably, these regional
and temporal patterns diverge substantially between brain-
restricted IR and systemic ischemia induced by CA, even
when ischemic durations are nominally comparable [1,2].

5.1 Hippocampus: Prototypical Delayed Vulnerability
The hippocampus, particularly pyramidal neurons in

the CA1 region, represents the most extensively charac-
terized example of selective neuronal vulnerability fol-
lowing transient global ischemia. In global IR models,
CA1 neurons typically survive the ischemic episode it-
self but undergo delayed neuronal death that becomes
histologically apparent 48–72 h after reperfusion [4,11].
Histopathologically, CA1 injury is characterized by cy-
toplasmic eosinophilia, nuclear pyknosis, and progressive
neuronal loss, often accompanied by pronounced astrocytic
reactivity marked by increased GFAP expression [12,41].
These changes occur despite relative preservation of ad-
jacent hippocampal subfields, reinforcing the concept of
region-specific vulnerability. More recent studies have fur-
ther refined this paradigm by indicating that CA1 vulner-
ability reflects the accumulation of post-ischemic distur-
bances, including mitochondrial dysfunction, impaired pro-
teostasis, endoplasmic reticulum stress, and dysregulated
calcium signaling [27,40]. Notably, accumulating evidence
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suggests that CA3 neurons, although more resistant, are
not uniformly protected and may exhibit injury under more
severe or prolonged ischemic conditions, highlighting a
graded rather than absolute vulnerability gradient within the
hippocampus [28].

Mechanistic analyses additionally demonstrate that
delayed CA1 neuronal death involves overlapping caspase-
dependent and caspase-independent pathways together with
impaired protein homeostasis, rather than a single domi-
nant process [27,40]. Consistent with this gradient con-
cept, CA3 pyramidal neurons—while relatively resistant—
can undergo injury under conditions of increased ischemic
severity or altered reperfusion dynamics [28]. In CA/ROSC
models, hippocampal injury often manifests earlier and is
less restricted to CA1. Experimental evidence indicates
that CA1 neuronal loss may occur sooner after reperfusion
and frequently coexists with injury to CA3 and dentate re-
gions, reflecting the deeper metabolic collapse associated
with systemic ischemia [7,19].

5.2 Cerebral Cortex: Model-Dependent Early and
Heterogeneous Injury

Cortical vulnerability differs markedly between global
IR andCA/ROSCmodels. In classical global IR paradigms,
neocortical neurons are relatively spared following short
ischemic durations, with neuronal injury largely confined
to selectively vulnerable regions such as the hippocampal
CA1 sector [6]. When cortical injury occurs under these
conditions, it is typically delayed and regionally heteroge-
neous, reflecting partial preservation of cerebral perfusion
and rapid restoration of metabolic substrates during reper-
fusion.

By contrast, CA/ROSC models more frequently pro-
duce early cortical neuronal injury, particularly within
frontal and parietal cortices. This early cortical involve-
ment reflects the abrupt global energy failure associated
with complete circulatory arrest, followed by impaired
reperfusion and systemic inflammatory amplification after
ROSC [7,19]. Experimental studies have demonstrated that
cortical edema and neuronal degeneration can be detected
within days after resuscitation, indicating that cortical is-
chemic thresholds are exceeded more rapidly in CA/ROSC
than in brain-restricted global IR paradigms [19,20,22].

Taken together, these observations indicate that cor-
tical vulnerability is strongly shaped by the hemodynamic
and systemic context of ischemia, rather than ischemic du-
ration alone.

5.3 Subcortical Structures: Striatum and Thalamus as
Markers of Systemic Ischemic Stress

Subcortical structures, particularly the striatum and
thalamus, also show clear model-dependent differences in
vulnerability. In brain-restricted global IR paradigms, in-
jury is often concentrated in selectively vulnerable regions
such as the hippocampal CA1 sector, whereas striatal and

thalamic neuronal loss is comparatively limited or absent at
commonly used ischemic durations. This pattern is con-
sistent with classic mapping studies demonstrating non-
uniform regional injury distributions after brief forebrain
ischemia in rats [6].

In contrast, following CA/ROSC, subcortical injury
becomes more prominent, reflecting the combined impact
of systemic no-flow ischemia, post-resuscitation hypoper-
fusion, metabolic acidosis, and reperfusion-associated in-
flammation. In a multimodal rat CA model, cortical and
striatal edema were detectable within several days after re-
suscitation, followed by evolving white-matter injury over
1–2 weeks, supporting the presence of a broader spatiotem-
poral injury footprint than that typically observed in brain-
restricted global IR models [42]. Moreover, experimen-
tal CA paradigms have reported early thalamic injury ac-
companied by microglial activation within 24 h, particu-
larly under severe asphyxial conditions, indicating that tha-
lamic vulnerability can emerge rapidly when systemic and
reperfusion-related stressors are substantial [43]. Contem-
porary syntheses of preclinical post–cardiac arrest brain in-
jury further emphasize that degenerating neurons can be de-
tected in both cortex and striatum in rat CAmodels, often in
association with blood–brain barrier disruption and inflam-
matory signatures [44].

Taken together, these findings indicate that striatal and
thalamic vulnerability is not simply determined by ischemic
duration, but instead reflects the quality of ischemia (brain-
restricted versus systemic), the post-resuscitation hemody-
namic milieu, and reperfusion biology, which together shift
regional injury thresholds in CA/ROSC relative to global
IR.

5.4 Brainstem and Cerebellum: Systemic
Ischemia–Sensitive Regions

The brainstem represents a critical but often under-
appreciated target of ischemic injury. In global brain IR
models, brainstem nuclei are typically preserved, consis-
tent with partial maintenance of systemic circulation and
relatively rapid reperfusion, even when selectively vulner-
able forebrain regions such as the hippocampal CA1 sector
undergo delayed neuronal death [4,6]. Recent comparative
analyses of experimental ischemia models further support
that brainstem structures remain largely resistant to injury
in brain-restricted global IR paradigms, unless ischemia is
prolonged or compounded by systemic instability [28]. Un-
der these experimental conditions, ischemic thresholds in
the brainstem are rarely exceeded at commonly used is-
chemic durations, and overt histopathological damage is
uncommon.

In contrast, CA/ROSC models consistently demon-
strate vulnerability of brainstem structures, including res-
piratory and autonomic nuclei, even after relatively brief
ischemic durations [7,24]. This heightened susceptibility
likely reflects the high metabolic demand of brainstem nu-
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clei, their continuous role in cardiorespiratory regulation,
and their limited tolerance for systemic hypoxia, hyper-
capnia, and metabolic acidosis during no-flow ischemia.
Experimental studies have shown that CA/ROSC is asso-
ciated with persistent impairment of brainstem-mediated
functions, including blunted hypoxic ventilatory responses
and disrupted autonomic regulation, which correlate with
reduced long-term survival despite restoration of sponta-
neous circulation [24,45]. These observations indicate that
brainstem dysfunction is not merely a secondary conse-
quence of supratentorial injury, but instead represents a pri-
mary and clinically relevant component of post–cardiac ar-
rest brain injury [2,34].

The cerebellum represents another region in which
vulnerability is strongly influenced by ischemic context. In
global IR models, cerebellar neurons—particularly Purk-
inje cells—are relatively resistant to brief forebrain is-
chemia, and overt degeneration is uncommon unless is-
chemic durations are prolonged or compounded by addi-
tional stressors such as hyperthermia or hypotension [1,6].
However, following CA/ROSC, cerebellar injury has been
reported in several experimental paradigms, often emerg-
ing in a delayed fashion during the post-resuscitation pe-
riod. Recent studies suggest that cerebellar vulnerability af-
ter CA/ROSC is linked to impaired microcirculatory reper-
fusion, mitochondrial dysfunction, and neuroinflammatory
amplification rather than ischemic duration alone [22,34].
Although cerebellar injury is less consistent than hippocam-
pal or brainstem damage, its occurrence highlights that sys-
temic ischemia and reperfusion-associated disturbances can
extend neuronal injury beyond classically defined vulnera-
ble regions, particularly under conditions of severe or pro-
longed circulatory arrest.

Taken together, these observations indicate that the
brainstem and cerebellum are preferentially affected by sys-
temic ischemia and reperfusion stress rather than brain-
restricted hypoperfusion, reinforcing the importance of is-
chemic quality and systemic context in shaping regional
patterns of neuronal vulnerability.

5.5 Temporal Evolution of Injury Across Regions

Across brain regions, temporal patterns of neuronal in-
jury differ substantially between global IR and CA/ROSC
models. Global IR is characterized by delayed and region-
restricted neuronal death, with hippocampal CA1 injury
typically emerging over several days after reperfusion and
remaining the dominant lesion during the subacute phase
[4,11,12]. This delayed temporal profile reflects neuronal
survival through the ischemic episode itself, followed by
progressive disruption of cellular homeostasis during reper-
fusion, rather than immediate energy collapse.

By contrast, CA/ROSC models exhibit a more com-
pressed temporal profile, with early neuronal injury, rapid
propagation across multiple brain regions, and overlap-
ping necrotic, apoptotic, and autophagic processes during

reperfusion [2,34]. Experimental CA studies consistently
demonstrate that neuronal degeneration, blood–brain bar-
rier disruption, and neuroinflammatory activation can be
detected within hours to days after resuscitation, indicat-
ing that ischemic thresholds are exceeded earlier and across
a broader spatial extent than in brain-restricted global IR
paradigms [7,19].

Taken together, these observations indicate that is-
chemic thresholds are dynamically shifted by systemic fac-
tors and reperfusion biology. Regions that tolerate brief
ischemia under brain-restricted conditions may exceed in-
jury thresholds rapidly when systemic ischemia, metabolic
derangement, and inflammatory amplification are super-
imposed. Accordingly, the temporal evolution of injury
should be regarded as a model-defining feature rather than
a simple function of ischemic duration, with important im-
plications for interpreting experimental outcomes and de-
signing time-sensitive neuroprotective interventions.

5.6 Integrative Perspective on Regional Vulnerability
Overall, regional and temporal patterns of neuronal

vulnerability indicate that ischemic injury cannot be pre-
dicted solely by ischemic duration. Instead, neuronal
fate reflects a dynamic interplay between region-specific
metabolic demands, network connectivity, and intrinsic cel-
lular resilience, as well as the broader physiological context
in which ischemia and reperfusion occur. Comparisons be-
tween brain-restricted global IR and cardiac arrest–induced
ischemia further demonstrate that identical ischemic dura-
tions can yield fundamentally different injury phenotypes
depending on systemic involvement and reperfusion bi-
ology (Table 3, Ref. [1,2,4,6,7,11,19,20,22,24,28,34,42–
45]). Recognition of these spatiotemporal and model-
dependent patterns is essential for interpreting experimen-
tal outcomes and for designing neuroprotective strategies
that are appropriately matched to the underlying ischemic
context. If these distinctions are not adequately considered,
key mechanisms of selective vulnerability may be obscured
and the translational relevance of preclinical neuroprotec-
tion studies may be reduced.

6. Mechanistic Integration: Why Outcomes
Diverge Despite Identical Ischemic Durations

Despite the frequent use of comparable ischemic du-
rations in experimental studies, neuronal outcomes differ
markedly between global IR models and CA/ROSC mod-
els. These mechanistic distinctions, together with their
distinct temporal relationships to ischemic thresholds, are
summarized schematically in Fig. 2. This divergence re-
flects not merely quantitative differences in ischemic sever-
ity, but rather qualitative differences in energy failure,
reperfusion biology, cellular stress handling, and systemic–
central nervous system interaction [1,2,46]. In the follow-
ing subsections, we integrate these mechanisms to explain
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Fig. 2. Mechanistic divergence between global brain ischemia–reperfusion (IR) and cardiac arrest with return of spontaneous
circulation (CA/ROSC) despite identical ischemic durations. Schematic comparison illustrating why equivalent ischemic durations
result in fundamentally different neuronal outcomes across experimental models. In global brain IR (left), partial preservation of systemic
circulation limits energy failure, allowing incomplete ATP depletion and relative mitochondrial integrity during ischemia. Reperfusion
is characterized by controlled ROS generation, gradual Ca2+ dysregulation, and activation of adaptive stress responses, including un-
folded protein response (UPR) signaling and autophagy, which together culminate in delayed and region-restricted neuronal death, most
prominently in hippocampal CA1 neurons. By contrast, CA/ROSC (right) is associated with abrupt and complete systemic no-flow
ischemia, leading to near-total ATP collapse, early mitochondrial depolarization, and opening of the mitochondrial permeability transi-
tion pore (mPTP). Reperfusion is biologically hostile, with exaggerated ROS bursts, Ca2+ overload, BBB disruption, cerebral edema,
and systemic inflammatory amplification as part of post–cardiac arrest syndrome (PCAS). These combined processes promote early and
spatially expanded neuronal injury that rapidly crosses injury thresholds despite identical ischemic durations. The lower panels schemat-
ically illustrate the differential timing of injury-threshold crossing in global IR (late crossing) versus CA/ROSC (early crossing). ROS,
reactive oxygen species; DAMPs, damage-associated molecular patterns.
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Table 3. Regional and temporal patterns of neuronal vulnerability in global IR and CA/ROSC rat models.
Brain region Global brain IR models CA/ROSC models Temporal pattern of injury Dominant injury features References

Hippocampus
(CA1)

Highly vulnerable; selective delayed neu-
ronal death

Vulnerable with earlier onset; CA1 plus
CA3 and dentate gyrus often involved

IR: delayed (48–72 h); CA/ROSC: early–
subacute

Mitochondrial dysfunction, impaired
proteostasis, apoptosis/autophagy

[4,7,11,19]

Hippocampus
(CA3, DG)

Relatively resistant; injury under severe or
prolonged IR

Frequently involved together with CA1 IR: late/conditional; CA/ROSC: early Energy failure, reperfusion stress, in-
flammatory amplification

[19,28]

Cerebral Cortex Largely spared after brief IR; heteroge-
neous delayed injury

Early and prominent cortical injury
(frontal/parietal regions)

IR: delayed/heterogeneous; CA/ROSC:
early

Cerebral edema, neuronal degenera-
tion, BBB disruption

[7,19,20,22]

Striatum Minimal injury at common IR durations Frequent injury after CA/ROSC IR: absent or late; CA/ROSC: early–
subacute

Metabolic collapse, inflammatory sig-
naling

[7,42,44]

Thalamus Generally preserved Early vulnerability under severe CA or as-
phyxial arrest

IR: rare; CA/ROSC: early Microglial activation, neuronal de-
generation

[43,44]

Brainstem Largely resistant Highly vulnerable, including autonomic
and respiratory nuclei

IR: resistant; CA/ROSC: early and persis-
tent

Energy failure, autonomic dysfunc-
tion

[2,24,34,45]

Cerebellum
(Purkinje cells)

Relatively resistant; injury with prolonged
or severe IR

Delayed vulnerability reported after
CA/ROSC

IR: resistant; CA/ROSC: de-
layed/subacute

Microcirculatory failure, mitochon-
drial dysfunction

[1,6,22,34]

Overall Pattern Region-restricted, delayed neuronal injury Spatially expanded, systemically ampli-
fied injury

IR: delayed; CA/ROSC: temporally com-
pressed

Systemic ischemia–reperfusion, in-
flammation

[1,2,7,19,34]

Abbreviations: DG, dentate gyrus.
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why nominally identical ischemic durations can exceed
neuronal injury thresholds in CA/ROSC but not in brain-
restricted global IR.

6.1 Energy Failure and Mitochondrial Dysfunction
A fundamental distinction between global IR and

CA/ROSC models lies in the depth and completeness of
energy failure during ischemia. In brain-restricted global
IR, partial preservation of systemic circulation allows resid-
ual oxygen and substrate delivery, resulting in profound
suppression of synaptic activity but incomplete depletion
of adenosine triphosphate (ATP) in many brain regions
[1]. Recent experimental work further suggests that, un-
der these conditions, mitochondrial respiration and mem-
brane potential can remain partially preserved during is-
chemia, enabling neurons to engage delayed recovery or
stress-adaptive responses during reperfusion [9,38].

By contrast, CA/ROSC is associated with abrupt and
complete cessation of systemic circulation, leading to rapid
and near-total ATP collapse across the brain. This pro-
found energy failure promotes early mitochondrial depo-
larization and increases the likelihood of mitochondrial
permeability transition pore opening, irreversibly compro-
mising oxidative phosphorylation and priming neurons for
early death [2]. Experimental studies further demonstrate
that mitochondrial functional recovery during reperfusion
is markedly impaired after CA/ROSC, even when cerebral
blood flow is restored, indicating that ischemic duration
alone does not adequately reflect the depth of mitochondrial
injury [23,47,48].

6.2 Reperfusion Biology: Reactive Oxygen Species (ROS)
and Calcium Overload

In global IR models, reperfusion typically restores
oxygen and glucose delivery relatively rapidly and with
limited systemic disturbance. Under these conditions, neu-
rons transition from ischemic suppression to delayed injury
pathways in which ROS generation and calcium dysregula-
tion evolve over hours to days rather than minutes [12]. Re-
cent evidence further suggests that reperfusion after brain-
restricted ischemia preferentially activates mitochondrial
and cytosolic oxidative stress pathways without immedi-
ately overwhelming endogenous antioxidant defenses, per-
mitting delayed neuronal injury rather than rapid necrosis
[15,27].

By contrast, reperfusion following CA/ROSC is fre-
quently heterogeneous and biologically hostile. Systemic
inflammatory activation, endothelial dysfunction, and im-
paired microcirculatory flow amplify the early ROS burst
and exacerbate calcium influx through compromised mem-
brane integrity and excitotoxic signaling [7]. Excessive
ROS generation and calcium overload destabilize mito-
chondria and activate calcium-dependent proteases, accel-
erating neuronal injury [20,49].

Notably, clinical trials examining post–cardiac ar-
rest temperature management indicate that modulation of
reperfusion-associated metabolic stress can influence neu-
rological outcome, underscoring the biological severity of
early reperfusion injury in CA/ROSC [50,51]. Consistent
with these observations, blood–brain barrier (BBB) disrup-
tion, cerebral edema, and oxidative damage emerge early
after CA/ROSC, indicating that reperfusion-associated
stress rapidly exceeds neuronal injury thresholds [20,21].

6.3 Proteostasis Failure and Cell Death Programs

In global IR models, delayed neuronal death is closely
linked to progressive failure of cellular proteostasis rather
than immediate structural collapse. Following transient
ischemia, neurons activate adaptive stress responses, in-
cluding the unfolded protein response (UPR), proteasomal
degradation, and autophagy, to manage ischemia-induced
protein misfolding and organelle damage [9]. In selectively
vulnerable populations, such as hippocampal CA1 pyrami-
dal neurons, these protective mechanisms initially preserve
cellular integrity but can become maladaptive under sus-
tained stress, leading to delayed neuronal death [4,27,52].

By contrast, CA/ROSC imposes a qualitatively differ-
ent proteostatic burden on neurons. Profound energy deple-
tion rapidly impairs ATP-dependent protein quality control,
resulting in early collapse of proteostasis during reperfu-
sion. Experimental CA studies demonstrate robust engage-
ment of apoptotic cascades alongside necrotic features, re-
flecting the limited capacity of neurons to sustain controlled
stress responses under conditions of severe metabolic fail-
ure [16,40]. Autophagy, which may serve adaptive roles
in global IR, appears to be insufficiently activated or dys-
regulated after CA/ROSC, contributing to mixed necrotic–
apoptotic neuronal loss.

6.4 Brain–Body Interaction: Systemic Modifiers of
Neuronal Injury

In brain-restricted global IR models, neuronal in-
jury develops largely within the central nervous system.
Although transient ischemia activates local inflammatory
and glial responses, systemic physiology remains rela-
tively preserved, limiting extracerebral contributions to
post-ischemic brain injury [14]. Under these experimental
conditions, neuroinflammation is driven predominantly by
intrinsic mechanisms within selectively vulnerable regions,
such as the hippocampal CA1 [28].

By contrast, CA/ROSC induces a systemic ischemia–
reperfusion syndrome that profoundly reshapes the cere-
bral injury landscape. Complete circulatory arrest results
in simultaneous ischemia of the brain and peripheral or-
gans, followed by reperfusion accompanied by systemic in-
flammation and immune activation—collectively described
as post–cardiac arrest syndrome [2,46]. Peripheral organ
injury leads to the release of circulating cytokines and
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damage-associated molecular patterns that amplify neu-
roinflammation and endothelial dysfunction after ROSC
[22,34].

Beyond inflammatory signaling, persistent systemic
hypoperfusion and metabolic instability can further com-
promise cerebral energy recovery, even after apparent
restoration of cerebral blood flow. Experimental and clin-
ical evidence indicate that such systemic disturbances con-
tribute to delayed neurological deterioration and heteroge-
neous recovery trajectories after CA/ROSC [24,53]. This
biological heterogeneity has, in turn, motivated the de-
velopment of multimodal neuroprognostication strategies
incorporating electrophysiology and neuroimaging to im-
prove outcome prediction [54–56].

6.5 Integrative Summary
Overall, these mechanisms indicate that ischemic du-

ration is a necessary but insufficient predictor of neuronal
outcome. Global IR models primarily engage delayed,
region-restricted injury governed by partial energy failure,
adaptive stress responses, and controlled reperfusion. By
contrast, CA/ROSC is characterized by complete systemic
ischemia, severe mitochondrial collapse, intensified reper-
fusion injury, proteostasis failure, and systemic inflamma-
tory amplification. As a result, nominally identical is-
chemic durations occupy fundamentally different positions
along the injury continuum across experimental models
[46].

7. Methodological and Translational
Implications

This section emphasizes why global IR models
and CA/ROSC should not be treated as interchangeable
paradigms in translational neuroprotection. Although “is-
chemic duration” is often used as a matching variable,
converging experimental and clinical evidence indicates
that these models occupy different positions on the injury
continuum because systemic physiology, reperfusion biol-
ogy, and brain–body interactions diverge profoundly after
CA/ROSC. As a result, methodological choices, including
model selection, endpoint definition, and the timing of in-
tervention and prognostication, can strongly influence con-
clusions regarding efficacy and translational relevance and
therefore must be aligned with the dominant mechanisms
operating in each experimental paradigm [1,2].

7.1 Why Results From Global IR Models Cannot Be
Directly Extrapolated to CA/ROSC

A major challenge in translational neuroprotection
research is the persistent extrapolation of findings from
brain-restricted global IR models to CA/ROSC. Although
both paradigms are often implemented using comparable
ischemic durations, accumulating experimental and clini-
cal evidence indicates that they occupy fundamentally dif-
ferent positions along the ischemic injury continuum [1,2].

Recent international guidelines and consensus statements
increasingly frame post–cardiac arrest brain injury as a dy-
namic, multisystem syndrome rather than a simple exten-
sion of transient global ischemia, underscoring why trans-
lation from global IR models often fails [57–59]. One ma-
jor explanation for this translational gap lies in qualitative
differences in injury biology, rather than ischemic duration
alone. In global IR models, partial preservation of systemic
circulation allows neurons to retain residual metabolic ca-
pacity, engage delayed stress responses, and progress to-
ward injury over hours to days. Under these conditions,
therapeutic interventions targeting oxidative stress, excito-
toxicity, or delayed apoptotic signaling can meaningfully
influence neuronal fate when administered within an ex-
tended post-ischemic window [1,12].

By contrast, CA/ROSC is characterized by abrupt and
complete systemic ischemia followed by a biologically hos-
tile reperfusion phase, marked by profound mitochondrial
dysfunction, systemic inflammation, and microcirculatory
impairment—features collectively conceptualized as post–
cardiac arrest syndrome (PCAS) [60–62]. These systemic
modifiers fundamentally reshape the temporal and mech-
anistic landscape of neuronal injury compared with brain-
restricted ischemia.

As a result, neuroprotective agents optimized in global
IR paradigms may be administered outside their effective
temporal or mechanistic window when tested in CA/ROSC
models or in clinical cardiac arrest settings. Experimen-
tal and clinical studies demonstrate that mitochondrial fail-
ure, blood–brain barrier disruption, and inflammatory am-
plification occur early after resuscitation, often preceding
the therapeutic windows inferred from brain-restricted is-
chemia models [7,21,63]. Accordingly, translational fail-
ure should be interpreted primarily as a mismatch between
model-specific injury mechanisms and therapeutic target-
ing, rather than as evidence that candidate interventions are
intrinsically ineffective.

7.2 Implications for Experimental Design

The distinction between global IR and CA/ROSC has
direct implications for experimental design and interpreta-
tion. First, simply matching ischemic duration across mod-
els does not ensure equivalence of injury severity or under-
lying mechanism. Identical ischemic durations can produce
delayed, region-restricted neuronal death in global IR but
early and widespread neuronal dysfunction in CA/ROSC,
reflecting differences in systemic involvement and reperfu-
sion biology [1,7,62].

Second, the selection of outcome measures critically
shapes translational relevance. Global IR studies have
traditionally emphasized histopathological endpoints—
particularly delayed neuronal death in the hippocampal
CA1 region—as primary indicators of injury. While such
measures are well suited for studying selective vulnerabil-
ity, they may fail to capture early, diffuse, or functionally
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relevant impairments that dominate CA/ROSC pathology
[4,6]. In CA/ROSC models and clinical cohorts, functional
outcomes, brainstem integrity, cerebral perfusion, and sys-
temic recovery parameters are increasingly recognized as
more clinically meaningful endpoints than delayed fore-
brain histology alone [24,64].

Third, the temporal alignment between injury mecha-
nisms and therapeutic intervention windows requires care-
ful reconsideration. In global IR, delayed neuronal death
provides an extended window for mechanistic interrogation
and therapeutic intervention. In CA/ROSC, by contrast, in-
jury mechanisms unfold rapidly and overlap during early
reperfusion, resulting in compressed and partially overlap-
ping therapeutic windows [2]. Clinical trials of targeted
temperature management illustrate this principle, demon-
strating that modulation of systemic physiology and pre-
vention of secondary insults may be more critical than pre-
cise temperature targets per se [65,66]. Moreover, clinical
studies conducted within the framework of targeted tem-
perature management indicate that physiological instabil-
ity, hemodynamic requirements, and the timing of prog-
nostic assessment can substantially influence neurological
outcome interpretation, underscoring the limited applica-
bility of delayed-injury paradigms derived from global IR
[67,68].

7.3 Toward Integrative Translational Models of Global
Ischemia

Overall, these considerations argue for a shift toward
integrative experimental strategies that explicitly align
model selection with mechanistic targets. Rather than treat-
ing global IR and CA/ROSC as interchangeable models dis-
tinguished only by ischemic duration, future studies should
instead recognize them as complementary paradigms that
interrogate distinct dimensions of ischemic brain injury.

Global IR models remain indispensable for dissect-
ing delayed neuronal death, selective vulnerability, and in-
trinsic neuronal stress-response pathways under controlled
conditions [69,70]. By contrast, CA/ROSC models are
essential for capturing the impact of systemic ischemia–
reperfusion, brain–body interactions, cerebral hypoperfu-
sion, and early reperfusion-associated injury, features that
dominate clinical cardiac arrest [62,64].

From a translational perspective, this integrative
framework is consistent with contemporary clinical
paradigms emphasizing early hemodynamic optimization,
mitigation of systemic inflammation, and multimodal
neuroprognostication rather than exclusive focus on
delayed neuronal death pathways [71–74]. Effective
neuroprotection after cardiac arrest is therefore likely to
require early mitochondrial stabilization, modulation of
reperfusion biology, and control of systemic inflammatory
responses, rather than delayed interventions extrapolated
from brain-restricted ischemia alone [22,23,48]. In addi-
tion, translational success should be evaluated across the

continuum of recovery, extending from early coma assess-
ment to long-term neurological and functional outcomes,
which are increasingly recognized as critical determinants
of meaningful survival after cardiac arrest [75].

7.4 Neuroprognostication Across Age Groups and Clinical
Contexts

While most neuroprognostication frameworks have
been developed in adult populations, recent evidence indi-
cates that integrated electrophysiological and neuroimaging
approaches may further improve prognostic accuracy in pe-
diatric cardiac arrest, where etiologies, injury patterns, and
recovery trajectories differ substantially from adults [76].
These observations highlight the need for age- and context-
specific prognostication strategies when translating experi-
mental findings or adult-derived paradigms to broader clin-
ical populations.

7.5 Acute Post-ROSC Management and Translational
Constraints

Finally, it should be recognized that early post-ROSC
management decisions, including airway control, circu-
latory stabilization, and metabolic correction, can sub-
stantially influence subsequent neurological injury trajec-
tories. Emergency medicine–oriented analyses empha-
size that these early systemic interventions frequently pre-
cede any opportunity for neuroprotective targeting derived
from experimental ischemia models, thereby highlighting
a critical translational gap between controlled laboratory
paradigms and real-world cardiac arrest care [77].

7.6 Biological Modifiers of Ischemic Vulnerability: Age,
Sex, and Endogenous Neurotoxic Mediators
7.6.1 Age and Vascular Comorbidity

Aging represents a critical biological modifier of is-
chemic vulnerability that is often underrepresented in ex-
perimental global ischemia studies. Experimental evi-
dence indicates that aged animals exhibit exacerbated mi-
tochondrial dysfunction and reduced cerebrovascular and
metabolic resilience following IR, resulting in accelerated
neuronal injury and diminished recovery capacity [78–
80]. Age-related vascular stiffening, endothelial dysfunc-
tion, and baseline inflammatory priming further shift is-
chemic injury thresholds toward earlier failure, particularly
in CA/ROSC paradigms where systemic circulatory col-
lapse is superimposed on pre-existing vascular vulnerabil-
ity [81]. These observations highlight that ischemic dura-
tion equivalence across age groups cannot be assumed and
underscore the importance of incorporating age as a critical
stratification variable in translational ischemia research.

7.6.2 Sex Differences and Hormonal Modulation
Sex-dependent differences in ischemic vulnerability

have been consistently reported in both experimental and
clinical studies. Female animals, particularly during re-
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productive age, often demonstrate relative resistance to is-
chemic injury compared with males, an effect attributed in
part to estrogen-mediated suppression of mitochondrial ox-
idative stress and modulation of cerebrovascular and in-
flammatory responses [82–84]. Conversely, loss of en-
dogenous sex hormone protection following ovariectomy
or aging abolishes this protective phenotype and shifts
ischemic thresholds toward increased vulnerability [82].
These findings suggest that sex and hormonal status rep-
resent biologically meaningful modifiers of ischemic out-
come that interact with systemic physiology and reperfu-
sion biology, further complicating duration-based injury
prediction across experimental models.

From a contemporary perspective, sex differences in
ischemic brain injury are increasingly recognized as reflect-
ing not only differences in injury magnitude but also di-
vergence in dominant injury pathways [85]. Recent stud-
ies indicate that male and female brains exhibit distinct mi-
tochondrial stress responses, microglial activation profiles,
and inflammatory resolution dynamics following global is-
chemia and cardiac arrest, which may differentially influ-
ence reperfusion injury and delayed neuronal death [86,87].
These sex-specific biological responses suggest that uni-
form neuroprotective strategies may obscure clinically rel-
evant heterogeneity and contribute to translational failure
when sex is not explicitly incorporated into experimental
design and data interpretation.

7.6.3 Endogenous Neurotoxic Metabolites and Systemic
Biochemical Modifiers

Beyond classical inflammatory mediators, endoge-
nous neurotoxic metabolites such as homocysteine have
emerged as additional contributors to ischemic vulnerabil-
ity. Elevated homocysteine levels are associated with en-
dothelial dysfunction and excitotoxic signaling and have
been linked to oxidative stress–related pathways, all of
which may exacerbate IR injury [88,89]. Experimental and
clinical evidence further suggests that hyperhomocysteine-
mia may lower neuronal injury thresholds and worsen post-
ischemic neurological outcomes, with potential relevance
to systemic IR settings [89,90]. These biochemical mod-
ifiers further emphasize that ischemic outcome reflects a
complex interaction between systemic metabolic status and
cerebral vulnerability rather than ischemic duration alone.

From a contemporary viewpoint, endogenous neuro-
toxic metabolites such as homocysteine should be consid-
ered dynamic systemic modifiers that may lower effective
ischemic injury thresholds, rather than static vascular risk
markers [91,92]. In the context of CA/ROSC, where sys-
temic metabolic derangement and reperfusion stress coex-
ist, such metabolites may amplify mitochondrial dysfunc-
tion, endothelial injury, and neuroinflammatory cascades,
thereby accelerating neuronal injury even under compara-
ble ischemic durations [93,94].

8. Conclusions and Future Directions
Experimental studies of global cerebral ischemia have

long relied on ischemic duration as a central determinant of
neuronal injury severity. However, the evidence synthe-
sized in this review indicates that ischemic duration alone
is insufficient to reliably predict neuronal outcome, par-
ticularly when comparing brain-restricted global IR mod-
els with CA/ROSC models. Instead, neuronal fate reflects
an integrated interplay among energy failure, reperfusion
biology, cellular stress handling, and systemic physiolog-
ical context. Global IR models are characterized by par-
tial energy preservation, controlled reperfusion, and de-
layed, region-restricted neuronal death, most prominently
affecting selectively vulnerable populations such as hip-
pocampal CA1 pyramidal neurons. These models have pro-
vided invaluable insights into delayed neuronal death, se-
lective vulnerability, and intrinsic neuroprotective stress re-
sponses. By contrast, CA/ROSC models impose complete
systemic ischemia followed by a biologically hostile reper-
fusion environment, marked by mitochondrial collapse, in-
flammatory amplification, and microcirculatory dysfunc-
tion. As a consequence, nominally identical ischemic du-
rations can exceed multiple injury thresholds more rapidly
in CA/ROSC, producing earlier, broader, and mechanisti-
cally heterogeneous neuronal injury. This distinction car-
ries important translational implications. The repeated fail-
ure of neuroprotective strategies in cardiac arrest settings
should not be interpreted solely as a lack of therapeutic
promise, but rather as a consequence of misalignment be-
tween experimental model mechanisms and the timing of
therapeutic intervention. Interventions optimized in global
IR paradigms often target delayed injury mechanisms that
are already overwhelmed or bypassed in CA/ROSC. Rec-
ognizing these differences is therefore critical for improv-
ing preclinical study design and aligning experimental out-
comes with clinical realities.

With respect to future research directions, several pri-
orities can be identified. Importantly, biological modi-
fiers such as age, sex-related hormonal status, and endoge-
nous neurotoxic metabolites further shape ischemic vulner-
ability and injury thresholds, reinforcing the need for bi-
ologically stratified experimental designs in translational
neuroprotection research. From a contemporary perspec-
tive, these biological modifiers should not be regarded as
secondary covariates but as integral determinants of is-
chemic injury thresholds that interact with systemic physi-
ology and reperfusion biology. Failure to incorporate age-
, sex-, and metabolically stratified frameworks may con-
tribute to persistent translational failure, particularly in car-
diac arrest–related neuroprotection where biological het-
erogeneity is pronounced. Future experimental designs
should therefore move beyond duration-centric and biologi-
cally uniform models toward stratified, mechanism-aligned
paradigms that more accurately reflect clinical complex-
ity. First, experimental model selection should be explic-
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itly guided by the mechanistic question under investiga-
tion, rather than by ischemic duration alone. Global IR
and CA/ROSC should be treated as complementary, not
interchangeable, paradigms that probe distinct dimensions
of ischemic brain injury. Second, greater emphasis should
be placed on early reperfusion biology and systemic mod-
ifiers of neuronal injury, particularly in CA/ROSC mod-
els. Approaches targeting mitochondrial stabilization, mi-
crocirculatory recovery, and systemic inflammatory con-
trol may hold greater translational relevance than strategies
focused exclusively on delayed neuronal death pathways.
Third, outcome measures should extend beyond delayed
forebrain histopathology to include functional assessments,
brainstem integrity, and indices of whole-body recovery,
especially in CA/ROSC paradigms. Suchmultidimensional
endpoints are more likely to capture clinically meaningful
injury and recovery trajectories.

Finally, integrative frameworks that incorporate
brain–body interactions and dynamic ischemic thresholds
are required to bridge experimental and clinical perspec-
tives. By reframing ischemic duration as one compo-
nent within a broader pathophysiological continuum, future
studies may achieve more accurate mechanistic insight and
improved translational success.

In summary, understanding why identical ischemic
durations yield divergent neuronal outcomes requires mov-
ing beyond duration-centric paradigms toward a systems-
level view of IR injury. Adoption of this integrative per-
spective may ultimately guide the development of more ef-
fective and context-appropriate neuroprotective strategies
for global cerebral ischemia and cardiac arrest.

Future translational efforts will benefit from experi-
mental frameworks that integrate systemic physiology, bi-
ological heterogeneity, and reperfusion biology, thereby
enabling more accurate prediction of therapeutic efficacy
across preclinical and clinical settings.
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