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Abstract

The ischemic penumbra defined four decades ago has been the main battleground of ischemic
stroke. The evolving ischemic penumbra concept has been providing insight for the development
of vascular and cellular approaches as well as diagnostic tools for the treatment of ischemic
stroke. rtPA thrombolytic therapy to prevent the transition of ischemic penumbra to core has
been approved for acute ischemic stroke within 3 hours and was later recommended to extend

to 4.5 hours after symptom onset. Mechanical thrombectomy was introduced for the treatment
of acute ischemic stroke with a therapeutic window of up to 24 hours after stroke onset.

Multiple modalities brain imaging techniques have been developed that provide guidance to define
ischemic penumbra for reperfusion therapy in clinical practice. Cellular and molecular dissection
of ischemic penumbra has been providing targets for the development of neuroprotective therapy
for ischemic stroke. However, the dynamic nature of ischemic penumbra implicates that infarct
core eventually expands into penumbra over time without reperfusion, dictating relative short
therapeutic windows and limiting the impact of current reperfusion intervention. Entering the 5t
decade since the introduction, ischemic penumbra remains the main focus of ischemic stroke
research and clinical practice. In this review, we summarized the evolving ischemic penumbra
concept and its implication in the development of vascular and cellular interventions as well

as diagnostic tools for acute ischemic stroke. In addition, we discussed future perspectives on
expansion the campaign beyond ischemic penumbra to develop treatment for ischemic stroke.
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Introduction

1duosnuey Joyiny

The ischemic penumbra, the curious zone surrounding infarct, was conceptualized 4 decades
ago as hypoperfused brain tissue at the level within the thresholds of functional impairment
and structural integrity, which has the capacity to recover if blood flow is improved [1-3].
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By paired measurements of regional cerebral blood flow (CBF), evoked potential, pH, and
extracellular potassium in a baboon model of middle cerebral artery occlusion, Astrup et

al identified two thresholds: one of electrical silence when CBF was reduced about 70%
and the other of massive release of intracellular K+ when CBF was further decreased to
around 10% of the baseline. The ischemic penumbra was defined as “the ischemic brain
with the CBF between the upper threshold of electrical failure and the lower threshold

of energy and ion pump failure” [2]. Soon after its introduction, ischemic penumbra has
become the diagnostic and therapeutic target for ischemic stroke [4]. Looking back since the
introducing, the evolving ischemic penumbra concept has been providing the foundation for
the development of vascular and cellular interventions for acute ischemic stroke as well as
for the development of diagnostic tools to guide reperfusion therapy (Figure 1).

Vascular approach targeting ischemic penumbra: from rt-PA fibrinolytic therapy to
mechanical thrombectomy

The ischemic penumbra concept predicts that part of the brain region after ischemic stroke is
potentially salvageable and that the transition of reversible ischemia to irreversible infarct is
a dynamic process as the tolerance of brain tissue to ischemia depends on both the residual
blood flow and duration of blood flow disturbance [5]. Ischemic penumbra exists for a

short period even in the center of ischemic region, where irreversible necrosis propagates to
neighboring tissue over time, indicating that timely reperfusion therapy is the most effective
treatment for ischemic stroke.

Recombinant tissue plasminogen activator (rt-PA) is currently the only FDA approved drug
for treatment of acute ischemic stroke. The discovery of rt-PA thrombolytic therapy for
acute ischemic stroke could be traced back to 1947 when an agent in animal tissues,
originally called fibrinokinase, was found to be able to activate plasminogen [6]. However,
it has not been extensively studied until the identification and purification of tPA from
Bowes melanoma cells in 1977 [7-9]. tPA is the most physiologically active plasminogen
activator that predominately produced and secreted from endothelial cell. In the presence of
fibrin, both tPA and plasminogen can bind, tPA cleave plasminogen into active plasmin that
further induce fibrinolysis and restoration of blood flow. tPA represents one of the greatest
success of translation research in the modern medicine. It took less than 10 years from the
identification of tPA in the bench to a FDA approved life-saving drug for the treatment of
heart attack in 1987 [10-12, 9]. Administration of rt-PA fibrinolytic reperfusion therapy in a
timely manner was a major advance in the treatment of acute myocardial infarction although
it was lately dominated by percutaneous coronary intervention which has demonstrated
superiority over fibrinolytic reperfusion therapy [13].

Reperfusion therapy for ischemic stroke is distinctive and complex given the uniqueness of
brain in high-energy expenditure, limited energy storage, complex cellular components, and
sophisticated brain structure and functions. tPA thrombolytic therapy was quickly introduced
into ischemic stroke with the first clinical trial in 1991 [14, 15]. The subsequent NINDS and
ECASS trials demonstrated that intravenous administration of rt-PA treatment within 3 hours
after onset has significantly improved morbidity and mortality of ischemic stroke patients
[16, 17]. Encouragingly, the results of all neurological rating scales showed approximately
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a 50% improvement for rt-PA-treated patients as compared to controls [17, 16]. rt-PA
thrombolytic intervention has been the most effective therapy for acute ischemic stroke [18,
19]. Nonetheless, the 3-hour therapeutic window dramatically limits the clinical application
of rt-PA in ischemic stroke. Great effort has been invested to extend the therapeutic window
of rt-PA in ischemic stroke [19, 20]. More than 10 years after the FDA approval of rt-PA for
the treatment of acute ischemic stroke, AHA/ASA acute stroke guidelines recommended 3
to 4.5-hour window of intravenous rt-PA treatment in selected ischemic stroke patients based
on the results from ECASSIII and SITS-ISTR analysis [21-23].

Even with extended time window, as few as 10% of ischemic stroke patients can be
eligible to intravenous rt-PA treatment [24]. Recent studies have indicated that penumbral
imaging-based thrombolysis with rt-PA might be feasible up to 24 hours after symptom
onset [25, 26]. The narrow therapeutic window, potential hemorrhagic transformation, and
low recanalization rate, especially in large arteries, have driven scientists and clinicians

to explore alternatives for the treatment of acute ischemic stroke, including intra-arterial
reperfusion therapies and mechanical thrombectomy [27, 28]. Similar as percutaneous
coronary intervention for acute myocardial infarct, after initial failure, mechanical
thrombectomy has been found to be effective with a longer therapeutic window for acute
ischemic stroke [29-31]. With the most recent results of DAWN and DEFUSE 3 trials,
FDA approved the use of Trevo clot retrieval device in selected ischemic patients within 24
hours after onset in 2018 [32-35]. As compared with rt-PA fibrinolytic therapy, mechanical
thrombectomy has a longer therapeutic window with higher reperfusion rate and better
functional outcome for acute ischemic stroke. It is still not clear whether it will replace
intravenous rt-PA fibrinolytic therapy as the gold standard treatment for acute ischemic
stroke in the similar way of percutaneous coronary intervention for acute myocardial infarct.
Nonetheless, the slowly expanding therapeutic window for acute ischemic stroke treatment
upon the development of novel vascular interventions has been continually improving our
knowledge of ischemic penumbra. “Time is brain”, a term coined even before rt-PA trials,
emphasizes that the brain tissue is rapidly and irreversibly lost as ischemic stroke progress
and that therapeutic interventions should be emergently pursued [36]. However, it is getting
clear that the time is not an exclusive factor that dictates the fate of ischemic penumbra.
The exact time of stroke onset can be difficult to ascertain in many patients [37]. Accurate
identification of patients with salvageable ischemic penumbra is critical for the selection of
reperfusion therapy.

Cellular approach targeting ischemic penumbra: from neurocentric focus to integrated
view of neurovascular unit and multifunctional actions

In ischemic stroke, occlusion of cerebral arteries dramatically compromises the blood supply
of oxygen, glucose, and other nutrients to the brain tissue that leads to subsequent crisis of
cellular energy metabolism and loss of neuronal function. The brain is far more vulnerable
to ischemia than other organs. Even in the brain, heterogeneous threshold to ischemia has
been identified in different species and brain regions [38, 39]. It is plausible that cellular
mechanisms underlying heightened vulnerability to ischemia could be identified and blocked
[40]. Hibernating mammals have unique capacities to tolerate extreme metabolic challenge,
a similar reduction of blood flow caused by ischemic stroke, providing further evidence
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that support cellular intervention for the treatment of acute ischemic stroke [41]. With the
limited impact of reperfusion therapy for acute ischemic stroke, cellular approach has been
extensively explored in the last 3 decades.

Ischemic penumbra was first observed based on the relation of evoked potential and CBF.

It is not a surprise that the cellular approach was originally focused on neuron exclusively
as a neurocentric approach of neuroprotection. It was anticipated that neuroprotection could
delay or reverse irreversible neuronal damage in ischemic penumbra hence to provide a cure
for acute ischemic stroke or extend the short therapeutic window of reperfusion therapy.
Neuroprotection, including pharmacological and non-pharmacological interventions, to
attenuate or block pathological cascades and salvage neuronal damage has been investigated
in the setting of acute ischemic stroke. Elucidation of ischemic penumbra at molecular and
cellular level has been providing insight for the development of cellular intervention for
acute ischemic stroke. Glutamate excitotoxicity was among the first identified and most
intensively studied ischemic neuronal death mechanisms [41]. Targeting excitotoxicity has
been the first explored neuroprotective therapy for ischemic stroke [42]. The subsequent
dissection of intricate molecular signaling involving oxidative stress and programmed cell
death in ischemic penumbra have yielded additional targets for neuroprotection against
ischemic stroke. Nonetheless, the dynamics and potential biphasic roles of these molecular
signals have not been fully determined [43]. Most of neuroprotection approaches so far
with a single molecular target in a single cell type have been inevitably failed to provide
any cure for ischemic stroke in clinical setting [44]. At the cellular level, dissecting the
pathophysiology of ischemic penumbra have led to a shift in perspective from a focus on
neurons alone to a focus on the complex of neurons, microvessels that supply them, and
supportive cells of astrocyte, microglia, and pericyte, defined as the neurovascular unit [45,
46]. Furthermore, mounting evidence in the last decade has demonstrated that peripheral
innate and adaptive immune cells such as neutrophils and T cells might play important
roles in the pathophysiology of ischemic stroke [47-50]. The original neuroprotective
strategy has evolved from targeting a signal pathway in neurons to a holistic multifunctional
approach of protecting neurovascular unit and improving cell-cell and cell-extracellular
matrix interaction that might ultimately rescue ischemic penumbra and benefits the brain
recovery after ischemic stroke [51-53]. Unfortunately, 4 decades after conceptualization,
cellular approaches targeting ischemic penumbra has not translated into any success in
clinical practice for the treatment of acute ischemic stroke.

The cellular approaches targeting ischemic penumbra have to overcome the same challenge
of short time window for reperfusion therapy. In addition, the compromised blood flow

in ischemic territory impedes efficient drug delivery for cellular interventions without
reperfusion. Nevertheless, the therapeutic agents have potential to reach ischemic penumbra
given the relative higher residual CBF in the penumbra than in the core. In addition, the
metabolic shift in ischemic penumbra might provide unique environment for penumbral
drug delivery for the treatment of acute ischemic stroke [54, 55]. Furthermore, cellular
interventions might be combined with vascular interventions to attenuate reperfusion injury
and hemorrhagic transformation.
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Ischemic penumbra was initially described as tissue of evolving injury surrounding a
homogenous central core destined for infarction [3]. Considerable studies in animal models
and stroke patients have indicated that infarct core and ischemic penumbra can be of
heterogeneity with multiple ‘mini-penumbras’ scatted among and within the evolving infarct
core and normal tissue in the complex territory-at-risk, rather than with ischemic penumbra
being usually peripheral in location [56]. There is increasing evidence indicating a more
complex of ischemic penumbra [43]. Ischemic penumbra is not only passively dying but
also actively recovering over time. Activation of NMDA signaling plays a key role in
excitotoxic neuronal death after ischemic stroke as well promotes endogenous neurogenesis
[57]. Cells that express markers associated with newborn neurons have been found in
ischemic penumbra in patients of ischemic stroke [58]. In addition, ischemic stroke can
induce long-lasing cellular and hemodynamic changes beyond ischemic penumbra [59]. It
is known that focal cerebral ischemia could induce stem cell proliferation in subventricular
zone (SVZ) and dentate gyrus, areas beyond ischemic territory [60]. Future dissection of
ischemic penumbra and beyond may lead to discovery further treatment to improve function
recovery after ischemic stroke.

Multiple modalities neuroimaging to map ischemic penumbra

The goal of stroke treatment is to prevent the transition of ischemic penumbra to infarct,
hence, reduce infarct size and improved function outcome of ischemic stroke patients.

It is critical to identify ischemic penumbra and map its evolution. Neuroimaging are
breakthrough technologies for diagnosis of CNS disorders. There have been remarkable
developments in imaging of ischemic penumbra since its original description, using
computed tomography (CT), positron-emission tomography (PET), and magnetic resonance
imaging (MRI) [61]. The application of these neuroimaging modalities detecting ischemic
penumbra has been shedding light on acute management of ischemic stroke patients.

Ischemic penumbra was originally defined by invasive assessment of neuronal function
(evoked potential), hemodynamics (CBF), and bioenergetics (pH and potassium level) of

the ischemic brain. The development of neuroimaging technologies enables us to evaluate
the similar parameters in a noninvasive way. The hemodynamic imaging provided by PET,
perfusion CT, and perfusion-weighted MRI (PWI1) predicts the brain tissue at risk and
possible future of lesion evolution. While the bioenergetic insight provided by PET and
diffusion-weighted MRI (DWI) reflects cellular consequence of hemodynamic abnormalities
and state of ischemic brain tissue with respect to reversible or irreversibly damage [62,

63]. The mismatch between hemodynamic and bioenergetic imaging has been extensively
explored for defining ischemic penumbra in the setting of ischemic stroke.

PET was the first neuroimaging used to study ischemic penumbra. Ischemic penumbra is
defined as the brain tissue with reduced CBF but preserved oxygen consumption (CMRO2)
and raised oxygen extraction fraction (OEF). PET procedures is still considered the best for
recognition of ischemic penumbra [62, 61]. Nonetheless, PET is limited by high operating
cost, radioactive tracers, and complex logistics involving a multidisciplinary team that
prevent it from clinical practice [63, 61].
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Potential clinical application of water diffusion MRI was suggested in 1986 [64]. In 1990,
DWI was introduced into ischemic stroke in a cat middle cerebral occlusion model [65,

66]. The reduction of apparent diffusion coefficient (ADC) of water shortly after cerebral
ischemia is thought to reflect cytotoxicity, intracellular water accumulation, due to high-
energy metabolism failure and loss of ion homeostasis. The mismatch of abnormalities on
DWI and PWI has been the most practical in emergency setting for ischemic stroke patients
[67]. However, DWI and PWI mismatch only approximates the distinction between infarct
core and ischemic penumbra. DWI abnormalities may not necessary represent infarct core as
modest ADC declines can be reversed with timely reperfusion therapy [68]. More recently,
the intensity of fluid-attenuated inversion recovery (FLAIR) lesion in region of diffusion
restriction has been indicated to be associated with time from symptom onset in patients
with acute ischemic stroke [69, 70]. DWI-FLAIR mismatch has been suggested for selection
of reperfusion therapy in acute ischemic stroke patients [71].

Perfusion CT, a serial CT imaging with an administration of iodinated contrast media, has
been increasingly performed for evaluation of the brain parenchyma in the setting of acute
ischemic stroke [72]. The cerebral blood volume (CBV), CBF, mean transit time (MTT), and
time-to-maximum (Tmax) images derived from perfusion CT has been shown to accurately
measure ischemic penumbra and infarct core in patients with acute ischemic stroke [73].
However, there is a lack of consensus and standardization of perfusion CT techniques.
Mismatch perfusion CT imaging may not predict ischemic penumbra, thus, have limited
impact on reperfusion therapy selection and predicting the outcome in acute ischemic stroke
[67].

Clinical-imaging mismatches, such as clinical-diffusion and clinical-CT mismatch, have
been developed to predict ischemic stroke outcome based on structure-function correlation
between concurrent neuroimaging and clinical findings [74, 75]. However, there is still a
lack of a well-validated threshold to define PWI, DWI, and perfusion CT abnormalities.
There might be no single perfusion threshold that could accurately distinguish salvageable
ischemic penumbra from the brain tissue destined to infarct [76-78]. Nonetheless,
neuroimaging techniques have contributed enormously and will continually contribute to
improve our understanding of ischemic penumbra.

Targeting territories beyond ischemic penumbra for the treatment of ischemic stroke

When ischemic penumbra was first introduced 4 decades ago, the concept of oligemia was
proposed as tissue with low blood flow but unaltered function [1]. Oligemic stage with
reduced CBF, elevated oxygen extraction fraction (OEF) and normal CMRO?2 has been
demonstrated after acute arterial occlusion decades ago [79]. A benign oligemia zone within
or surrounding ischemic penumbra has been indicated by neuroimaging that either recovers
spontaneously or is under perfused but functioning normally and would survive irrespective
of blood flow restoration [80, 81]. The existence of benign oligemia area has also been
suggested by sequential neuroimaging study in ischemic stroke patients in which no new
ischemic lesions evolved even in the presence of persistent arterial occlusion despite a
DWI/PWI indicated acute cortical infarct [82]. The absence of a pH-weighted MRI deficit
in benign oligemia regions within PWI hypoperfusion area indicates that energy requirement
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for normal aerobic metabolism was maintained in the pH-WI-PWI mismatch area [83-85].
It was assumed that the brain tissue in benign oligemia zoon would maintain function for
a protracted time and would unlikely convert to ischemic core. Thus, benign oligemia is
excluded from reperfusion intervention. Nonetheless, there has been indication that not all
oligemia is benign. Viable but metabolically lethargic and non-functional idling (dormant)
neurons have been observed in peri-infarct zone at more than 10 years after stroke [86,
87]. Indeed, some of the oligemia tissue, particularly the one due to large artery occlusion/
stenosis, may remain dysfunction for a prolonged period without evolving to infarct core
[88].

While much attention has been drawn to ischemic penumbra, our understanding of infarct
core has been slowly improved over the last several decades. Traditionally, cell death
induced by ischemic stroke has been considered exclusively necrotic in nature. Apoptosis
and hybrid cell death have also been detected in infarct core [89, 90]. In addition, the core

is not just passively dying over time but actively surviving and recovering. In a mouse

model of permanent middle cerebral artery occlusion, long term survival of neuronal and
vascular cells, regenerative activities and newly generated neuronal cells have been observed
in the core region [91]. Consistently, evidence of angiogenesis has been identified in the core
[92, 93]. It is speculated that angiogenesis would be essential for brain recovery and repair
process including neurogenesis and axonal out-growth [93].

The ever yet slow extending therapeutic window of reperfusion therapy for ischemic stroke
and the increasing case reports of beneficial outcome of delayed recanalization beyond 24
hours after stroke symptom onset suggest that delayed recanalization at the chronic stage of
ischemic stroke might be effective for some patients (see review [94, 95]). The existence of
oligemia zone and the dynamic feature of ischemic penumbra and core after ischemic stroke
provide insight for potential mechanisms underlying the delayed reperfusion intervention
for ischemic stroke patients. The oligemia tissue with neurological dysfunction may recover
if blood flow was restored by reperfusion intervention eventually. Reperfusion intervention
even delayed may re-establish function of the surviving neuronal and vascular cells in
ischemic core. It is also plausible that delayed reperfusion may improve the neurovascular
niche for functional recovery enabled by neurogenesis and angiogenesis (Figure 2). Further
investigations are warrant to determine the roles of infarct core, oligemia, and ischemic
penumbra dynamics in the outcome of delayed reperfusion intervention for ischemic stroke.

Summary and future perspective

In the last 4 decades, ischemic penumbra has been the main battleground of ischemic
stroke that has brought great success for ischemic stroke management (Figure 3). rt-PA
thrombolytic therapy has been introduced for acute treatment of ischemic stroke with

a therapeutic window of 4.5 hours after symptom onset. Mechanical thrombectomy has
been established for acute ischemic stroke treatment with a therapeutic window up to 24
hours after stroke onset. Multiple modalities brain imaging technique has been developed
to provide guidance for reperfusion therapy in clinical practice. Cellular and molecular
dissection of ischemic penumbra has been providing insight for developing of cellular
intervention for ischemic stroke. Without a doubt, ischemic penumbra will still be the
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main target of ischemic stroke in the near future for research and clinical practice.
High-resolution metabolic neuroimaging techniques need to be developed to precisely
define ischemic penumbra; rapid and highly effective reperfusion intervention is needed

to restore blood flow for the treatment of ischemic stroke with minimal side effect; further
understanding of metabolic and cellular/molecular dynamics of ischemic penumbra and

cell death pathways is warranted for the development of effective cellular intervention to
preserve and reverse ischemic penumbra [96, 97]; combined intervention of cerebrovascular
and cellular approach is up to be explored for the treatment of ischemic stroke patients with
longer therapeutic window.

Entering the 5" decade since ischemic penumbra was defined, there is increasing evidence
to explore therapeutic targets beyond ischemic penumbra. Increased proliferation of
neuronal progenitor cells has been observed in areas beyond ischemic territory after stroke
in experimental focal cerebral ischemia models and ischemic stroke patients [98, 99].
Dysfunctional oligemia tissue may remain for a long period without evolving to infarct core
and restore function if sufficient blood flow was re-established by reperfusion intervention
eventually [88]. Long-term survival neuronal and vascular cells as well as neurogenesis and
angiogenesis have been observed in infarct core [91, 93]. The mounting evidence supports to
expand the campaign beyond ischemic penumbra, which might ultimately break the curse of
ischemic penumbra for ischemic stroke patients.
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Figure 1.

The evolving ischemic penumbra as the target for the development of vascular and cellular
treatments and multiple modalities neuroimaging technologies to define the ischemic
penumbra and provide potential guidance for clinical interventions.
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Figure 2.

The schematic depicts three possible outcomes after ischemic stroke. In the center, severe
and prolonged ischemic stroke without timely blood flow restoration leads to transition of
the ischemic penumbra into infarct core, progressive deterioration of cells in the ischemic
penumbra to irreversible cell death through necrosis and apoptosis, and ultimately the loss
of function. In the left, reperfusion within the therapeutic window prevents the conversion of
ischemic penumbra into infarct core, restores function of inactive neurons in the penumbra,
re-establishes function of dormant neuron and neurovascular niche for the neurogenesis and
angiogenesis in the core, and thus ultimately leads to full or partial functional recovery.

In the right, delayed reperfusion intervention at subacute/chronic phase beyond therapeutic
window might restore neuronal function of oligemia brain tissue, re-establishes function of
dormant neuron and neurovascular niche for the neurogenesis and angiogenesis in the core,
and potentially leads to full or partial functional recovery.
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Figure 3.

Timeline of major developments of ischemic stroke interventions in related to the
introduction of ischemic penumbra concept. AMI, acute myocardial infarction.
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