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Abstract

Stroke is an urgent public health issue with millions of patients worldwide living with its devastating effects. The advent of
thrombolysis and endovascular thrombectomy has transformed the hyperacute care of these patients. However, a significant
proportion of patients receiving these therapies still goes on to have unfavorable outcomes and many more remain ineligible
for these therapies based on our current guidelines. The future of stroke care will depend on an expansion of the scope of
thrombolysis and endovascular thrombectomy to patients outside traditional time windows, more distal occlusions, and
large vessel occlusions with mild clinical deficits, for whom clinical trial results have not proven therapeutic efficacy. Novel
cytoprotective therapies targeting the ischemic cascade and reperfusion injury therapy, in combination with our existing
treatment modalities, should be explored to further improve outcomes for these patients with acute ischemic stroke. In this
review, we will review the current status of thrombolysis and thrombectomy, suggest additional data that is needed to enhance

these therapies, and discuss how cytoprotection might be combined with thrombectomy.
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Introduction

Stroke remains a substantial public health issue. Worldwide,
it ranks as the second leading cause of death in adults, and
it is a leading cause of long-term physical and cognitive
disability. Over 12 million new strokes occur each year, and
more than 100 million people are living with the effects of
stroke. Economically, the impact is in the trillions of dol-
lars annually [1]. Large vessel occlusions (LVOs) account
for up to 38% of these strokes [2]. Though the hyperacute
care of patients with ischemic stroke has been transformed
by the advent of thrombolysis and endovascular thrombec-
tomy (EVT), many patients continue to have unfavorable
outcomes despite receiving these therapies and many more
remain ineligible for these treatments based on current

Phavalan Rajendram and Asad Ikram contributed equally to this
work and are considered co-first authors.

< Phavalan Rajendram
prajend1 @bidmc.harvard.edu

Division of Stroke and Cerebrovascular Diseases,
Department of Neurology, Harvard Medical School, Beth
Israel Deaconess Medical Center, Palmer Building Room
127, 330 Brookline Avenue, Boston, MA 02215-5400, USA

guidelines. A study analyzing data from the American Heart
Association’s Get with the Guidelines-Stroke registry found
that the rate of EVT for LVOs increased from 2.2% in 2015
to 24.2% in 2018 [3]. However, despite successful recanali-
zation, only approximately 50% of patients undergoing EVT
have a favorable outcome [4]. Herein, we discuss the current
landscape of acute ischemic stroke therapy and a framework
for future directions with a focus on potentially combining
cytoprotection with EVT to improve outcomes.

Overview of the Therapeutic Efficacy
of Mechanical Thrombectomy and Lack
Thereof

Anterior Circulation Ischemic Strokes

The initial landmark trials demonstrating the clinical benefit
of EVT in acute ischemic stroke (AIS) secondary to large
vessel occlusions (LVOs) were MR CLEAN [5] (Multicenter
Randomized Clinical Trial of Endovascular Treatment for
Acute Ischemic Stroke in the Netherlands), ESCAPE [6]
(Endovascular Treatment for Small Core and Anterior Cir-
culation Proximal Occlusion with Emphasis on Minimizing
CT to Recanalization Times), EXTEND IA [7] (Extending
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the Time for Thrombolysis in Emergency Neurological Defi-
cits — Intra-Arterial), SWIFT PRIME [8] (Solitaire with
the Intention for Thrombectomy as Primary Endovascular
Treatment), REVASCAT [9] (Randomized Trial of Revas-
cularization with Solitaire FR Device versus Best Medical
Therapy in the Treatment of Acute Stroke Due to Anterior
Circulation Large Vessel Occlusion Presenting within Eight
Hours of Symptom Onset), and THRACE [10] (Mechani-
cal Thrombectomy After Intravenous Alteplase Versus
Alteplase Alone After Stroke). During the last decade, the
management of AIS with EVT has shown remarkable out-
comes due to the utilization of EVT along with intravenous
(IV) tissue-plasminogen activator (tPA). In summary, these
six clinical trials enrolled 1701 patients in aggregate and
provided level 1A evidence in favor of EVT in AIS patients
with LVO treated at comprehensive stroke centers (CSC).
The numbers needed to treat (NNT) of 3—7 demonstrated
the effectiveness of EVT in providing an independent level
of neurological functioning. The DAWN [11] (DWI or
CTP Assessment with Clinical Mismatch in the Triage of
Wake-Up and Late Presenting Strokes Undergoing Neuro-
intervention with Trevo) and DEFUSE-3 [12] (Endovas-
cular Therapy Following Imaging Evaluation for Ischemic
Stroke) trials included patients with an extended time win-
dow (6-24 h) from stroke-onset for EVT and provided fur-
ther evidence for the efficacy and safety of EVT in AIS
due to LVOs in the anterior circulation in carefully selected
patients. The DEFUSE-3 and DAWN trials provide level
IA and level IIB evidence, respectively, and this is reflected
in current stroke guidelines recommending EVT in the late
window with adherence to the protocols of these two tri-
als. A recently published systematic review and individual
patient data meta-analysis further strengthens the evidence
for the benefit of EVT in patients presenting within 6-24 h
of stroke onset with evidence of reversible cerebral ischemia
[13].

Posterior Circulation Ischemic Strokes

The data on posterior circulation ischemic stroke is scarce,
and there is very limited utility of the Alberta Stroke Pro-
gram Early CT Score (ASPECTS), computed tomography
(CT) perfusion (CTP), and magnetic resonance imaging
(MRI) in these strokes [14]. The BASICS [15] (Basilar
Artery International Cooperation Study) registry could not
exclude a benefit for EVT in basilar artery occlusion (BAO)
related stroke presentations. An earlier trial, BEST (Endo-
vascular Treatment vs. Standard Medical Treatment for Ver-
tebrobasilar Artery Occlusion), failed to show any favorable
outcomes in EVT for BAO. However, this trial was limited
by a small sample size, failure to adhere to the study proto-
col, and early termination [16]. More recently, the BAOCHE
[17] (Basilar Artery Occlusion Chinese Endovascular) trial
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in a Chinese Han population showed an encouraging out-
come for EVT in AIS due to BAO in the extended-time
window (6-24 h). Mortality at 90 days was 31% in the EVT
group and 42% in the control group, with 6% of patients
experiencing bleeding complications in the EVT group com-
pared to 1% in the control group. The trial showed a better
functional outcome at 90 days, but increased hemorrhage
risk in the EVT group. Similar results were also shown in the
ATTENTION [18] (Endovascular Treatment for Acute Basi-
lar Artery Occlusion — a Multicenter Randomized Clinical
Trial) trial where EVT was done within 12 h of BAO-related
strokes in 36 centers across China. These trials were termi-
nated prematurely when the evidence suggested convincing
treatment efficacy of EVT in posterior circulation AIS. The
key features of the trials discussed above are summarized in
Tables 1 and 2 for anterior and posterior circulation strokes,
respectively. It is not known if EVT has a similar safety and
efficacy profile in patients on anticoagulants. A small study
showed better outcomes with EVT in patients on direct oral
anticoagulants (DOACs) as compared to patients taking vita-
min K antagonists (VKAs) [19].

Future Perspectives

In summary, EVT is a safe procedure in carefully selected
patients with a modified Rankin Scale (mRS) score <3
before their stroke. However, in this current era of endo-
vascular treatment of AIS, there is still some hesitancy
among interventionalists in offering EVT to patients with
severe clinical deficits and low ASPECTS or a large core
on CTP imaging. This was primarily due to a lack of sup-
porting data in these patients. An initial retrospective cohort
study of patients with LVO who underwent EVT with a low
ASPECTS score of 2—5 showed good functional outcomes
in 1 of 5 patients [20]. More recently, the SELECT-2 [21]
(Trial of Endovascular Thrombectomy for Large Ischemic
Strokes) and ANGEL-ASPECT [22] (Trial of Endovascu-
lar Therapy for Acute Ischemic Stroke with Large Infarct)
trials demonstrated better functional outcomes with EVT
compared to standard medical care in patients with a low
ASPECTS score of 3-5 presenting within 24 h of stroke
onset. Both of these trials randomized patients with baseline
mRS 0-1land a large core as determined by ASPECTS 3-5 (a
few cases of ASPECTS 0-2 or>5 were include in ANGEL-
ASPECT based on perfusion data) or CTP core > 50 mL
(SELECT-2)/70-100 mL (ANGEL-ASPECT). There are
currently other ongoing “large core” trials that we are aware
of. However, the publication of these recent large core trials
is expected to shift the paradigm toward offering EVT to
patients with larger ischemic cores.

Conversely, there is a lack of data on whether EVT is
beneficial in patients presenting with an LVO and a low
National Institutes of Health Stroke Scale (NIHSS) score.
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Table 1 Summary of landmark endovascular thrombectomy clinical trials for anterior circulation ischemic strokes

Key variables
(EVT/control)

MR CLEAN

ESCAPE EXTEND IA

SWIFT
PRIME

REVASCAT THRACE

DAWN

DEFUSE-3

Median age
(years)

# of patients

Time window
(hours since
symptom
onset)

Median
NIHSS

Median
ASPECTS

Inclusion
criteria
Age (years)
Inclusion

criteria
NIHSS

Inclusion
criteria
ASPECTS
Imaging used
for selection
Patients
receiving
intravenous
alteplase (%)

Median onset
to randomi-
zation (min)

Median onset
to revascu-
larization
(min)

% favorable
TICI score
(2b, 2¢, or 3)

mRS (-2 at
90 days (%)
p-value

NNT

Intracerebral
hemorrhage
(%)

Mortality (%)

66/65

233/267

71770

155/150

6 12

17/18

16/17

9/9 9/9

>2 Any

NIHSS
(disa-
bling)

any 6-10

CTA/CTP

87/91

CTA

72/78

260 185

unreported 241

59 72

33/19
p<0.001

7 4

53/29
p<0.001

7/6 3/3

21/22

10/19

68/70

35/35
6

17/13
Unreported

>18

Any NIHSS

any

CTA/CTP

100/100

210

248

86

71/40
p<0.01

3
0/6

9/20

65/66

98/98
6

1717

9/9

18-80

CTA/CTP/MRI

100/100

224

250

88

60/35
p<0.001

4
1/3

9/12

65/67

103/103
3.7

17/17
7/8

18-80

7-10

CTA/MRI

68/77

269

355

66

43/28
p<0.001

1.7
2/2

18/15

66/68

204/208
4.5

18/17
Unreported

18-80

10-25

any

CTA/CTP/
MRI

100/100

250

303

69

53/42
p<0.028

9
2/2

12/13

70/70

107/99
24

17/17
Unreported

>18

CTA/CTP/
MRI

5/13

720

816

90

49/13
p<0.999

2.7
6/3

17/18

70/71

92/90
24

16/16
8/8

18-90

CTA/CTP/MRI

11/9

660

Unreported

76

45/17
p<0.001

3.6
/4

14/26

ASPECTS Alberta Stroke Program Early CT Score, CTA computed tomography angiography, CTP computed tomography perfusion, MRI mag-
netic resonance imaging, mRS modified rankin scale, NIHSS National Institutes of Health Stroke Scale, NNT number needed to treat, TICI
thrombolysis in cerebral infarction

A pooled analysis of 3 prospective international cohorts
included patients with an LVO presenting within 12 h of
stroke onset and NIHSS < 6. Though EVT and medical
management resulted in similar proportions of excellent
clinical outcomes at 90 days, EVT was associated with an

increased risk of neurologic deterioration at 24 h [23]. Simi-
lar early neurologic deterioration, but without significant
clinical benefit, was reported in two other studies enrolling
patients with an LVO and NIHSS <5 [24, 25]. Currently, the
ENDOLOW [26] (Endovascular Therapy for Low NIHSS
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Table 2 Summary of landmark endovascular thrombectomy clinical trials for posterior circulation ischemic strokes

Key variables (EVT/control) BEST BASICS ATTENTION BAOCHE
Median age (years) 62/68 67/67 66/67 64/63

# of patients 66/65 154/146 226/114 110/107
Time window (hours since symptom onset) 8 6 12 24
Median NIHSS 32/26 21/22 24/24 20/19
Median pcASPECTS 8/8 8/8 9/10 8/8
Inclusion criteria >18 >18 >18 18-80
Age (years)

Inclusion criteria >10 >10 >10 >10
NIHSS

Imaging used for selection CTA/MRA/DSA CTA/MRA CTA/MRA/DSA CTA/MRI
Patients receiving intravenous alteplase (%) 27/32 78179 31/34 15/23
Median onset to randomization (min) 246 120 306 664
Median onset to revascularization (min) 400 264 414 790

% favorable mTICI score (2b, or 3) 71 72 93 88

mRS 0-2 at 90 days (%) p-value 33/28 p<0.48 3530 p<1.17 33/11 p<3.17 43/15 p<0.001
Intracerebral hemorrhage (%) 8/0 4.5/0.7 5/0 6/1
Mortality (%) 33/38 38/43 37/55 34/45

(2b [50 to 99% reperfusion] or 3 [complete reperfusion])

CTA computed tomography angiography, CTP computed tomography perfusion, DSA digital subtraction angiography, MRI magnetic resonance
imaging, mRS modified rankin scale, NIHSS National Institutes of Health Stroke Scale, pcASPECTS posterior circulation Alberta Stroke Pro-

gram Early CT Score, mTICI modified thrombolysis in cerebral infarction

Ischemic Strokes) trial is studying EVT in patients arriving
within eight hours of stroke onset with a proximal LVO and
a low NIHSS of 0-5.

In the future, the development of more advanced stent
systems, especially for the posterior circulation and petrosal
internal carotid artery, may decrease bleeding complications
and other procedural risks [27]. As more CSCs are being
established, nationwide large-datasets and registries can pro-
vide more comprehensive and informative data necessary
to study the safety and efficacy and long-term outcomes of
EVT. Other populations of interest that are currently being
explored and for whom 1-day EVT may be considered stand-
ard of care include late presentations beyond 24 h and those
with medium vessel occlusions (MeVOs) and distal vessel
occlusions (DiVOs).

Thrombolysis Before and After Endovascular
Thrombectomy

Intravenous Tissue-Plasminogen Activator

Since 1995, IV tPA has been the standard of care for patients
arriving within 4.5 h of stroke symptom onset [28, 29]. All
patients who are eligible for IV tPA should receive it regard-
less of whether an indication for thrombectomy exists, as
per the 2019 American Heart Association (AHA)/American
Stroke Association (ASA) guidelines [30]. Furthermore, the
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Society of Vascular and Interventional Neurology (SVIN)
committee recommends against skipping thrombolysis in
otherwise eligible patients presenting with an anterior cir-
culation LVO amenable to EVT [31]. Hence, thrombolysis
with IV tPA remains the standard of care. The SKIP [32]
trial in Japan failed to show non-inferiority of EVT alone
as compared to combining IV tPA and EVT on functional
outcomes in patients with AIS due to LVO. Several other
clinical trials have also supported this notion that EVT alone
is not non-inferior to the combination of EVT and throm-
bolysis [33—36]. In patients with minor clinical deficits and a
low NIHSS score, IV tPA alone was similarly effective to the
combination of IV tPA plus EVT, but the need remains for a
larger randomized clinical trial in these patients to replicate
this finding [25].

Intra-Arterial Tissue-Plasminogen Activator

In large clinical trials and metanalyses, endovascular inter-
ventions including EVT with or without intra-arterial tissue-
plasminogen activator (IA tPA) in patients presenting with
stroke secondary to LVOs demonstrated benefits in survival
and functional neurologic outcomes with a slight risk of
intracerebral hemorrhage (ICH), reperfusion injury, or other
complications [37]. There is an ongoing debate for using
adjunct thrombolysis with [A-tPA after EVT to improve
functional outcomes in patients with reperfusion measured by
thrombolysis in cerebral infarct (TICI) score of 2b or higher.
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The application of IA-tPA is limited due to the concern of
increased risk of ICH and other complications after reperfu-
sion. A recent phase-2 trial in Spain, CHOICE [38] (CHemi-
cal OptImization of Cerebral Embolectomy in Patients With
Acute Stroke Treated With Mechanical Thrombectomy),
found that IA tPA in adjunct to EVT for LVOs in the anterior,
middle, or posterior cerebral arteries improved functional
outcomes at 90 days without significantly increasing the
risk of ICH. However, these results should be replicated in a
larger trial with a more heterogenous population of patients
before being adopted into clinical practice.

Tenecteplase

Tenecteplase (TNK) is a newer thrombolytic that has already
been adapted for use in thrombolysis of myocardial infarc-
tion. More recently, there have been several studies provid-
ing robust evidence to support the use of TNK (0.25 mg/
kg dose, max dose of 25 mg) in acute ischemic stroke as an
alternative to alteplase [39, 40]. TNK is a genetically modi-
fied form of tPA that has a longer half-life and less systemic
coagulopathy effects owing to its increased specificity for
fibrin as opposed to fibrinogen. These factors lead to bet-
ter recanalization rates and fewer bleeding complications
as compared to tPA [41]. For example, the EXTEND-IA
TNK [42] (Tenecteplase Versus Alteplase Before Endovas-
cular Therapy for Ischemic Stroke) trial demonstrated bet-
ter functional outcomes and increased recanalization rate
of LVOs with TNK compared to tPA when administered
within 4.5 h of stroke onset in patients also undergoing EVT.
The safety outcome of symptomatic ICH (~ 1%) was also
similar between the two groups. The role of TNK as an intra-
arterial adjunct after EVT remains unclear. Overall, TNK
is a reasonable alternative to tPA for stroke thrombolysis
with potentially better early reperfusion and other practi-
cal advantages such as rapidity of drug delivery and lower
cost compared to tPA [43]. More recently, the TRACE-2
[44] (Tenecteplase vs Alteplase in Acute Ischaemic Cerebro-
vascular Events) trial demonstrated non-inferiority of TNK
compared to tPA in patients who were ineligible for EVT
and showed reassuring functional outcomes with similar
symptomatic hemorrhage rates and mortality.

Future Perspectives

In the future, TNK is very likely to become the preferred
thrombolytic agent in the standard 4.5-h window with all
the available evidence and its inherent advantages compared
to tPA. Beyond the standard time window, the TIMELESS
[45] (Tenecteplase in Stroke Patients Between 4.5 and 24
Hours) trial is evaluating the safety and efficacy of TNK in
an extended window of 4.5-24 h with the aid of advanced
imaging to detect the ischemic penumbra. As another

potential indication for TNK in stroke, the TEMPO-2 [46]
(Trial of TNK-tPA Versus Standard of Care for Minor
Ischemic Stroke With Proven Occlusion) trial is studying
the role of TNK in minor stroke with distal occlusion up to
12 h after symptom onset after reassuring safety and effi-
cacy data in the smaller TEMPO-1 trial [47]. In an attempt
to further optimize the efficacy of thrombolysis in AIS, the
MOST [48] (Multi-arm Optimization of Stroke Thromboly-
sis) trial is randomizing patients receiving standard-of-care
thrombolysis (IV tPA or TNK) to also receiving an infusion
of argatroban, eptifibatide, or placebo to evaluate if the addi-
tion of these agents will improve functional outcomes as
traditional thrombolysis is only partially (~ <30%) effective
in achieving and maintaining recanalization. Standard-of-
care EVT will also be allowed in patients being enrolled in
this trial.

Cytoprotection Overview

During an ischemic insult, the penumbra is an area with-
out electrical activity and impaired protein synthesis, but
with preserved ion homeostasis, membrane potentials, and
high-energy metabolism [49]. Modern reperfusion strate-
gies, such as thrombolysis and endovascular thrombectomy
(EVT), work by affecting the ischemic cascade via the res-
toration of blood flow supplying oxygen and glucose, and
thereby salvaging part of the ischemic penumbra. However,
despite successful recanalization, only approximately 50%
of patients undergoing EVT have a favorable outcome. This
is primarily because a large portion of the ischemic brain
tissue has already become irreversibly injured at the time
of reperfusion [50]. It is this problem that gives rise to the
concept of “protecting” or “freezing” the ischemic penum-
bra, the area of hypoperfused brain tissue that is at risk of
becoming infarcted [51].

One potential strategy in protecting the ischemic penum-
bra is to directly target components of the ischemic cascade,
termed cytoprotection. However, research spanning several
decades into a number of different cytoprotective therapies
has yet to yield a therapy with a clear benefit despite prom-
ising results in animal models. There are several potential
explanations for why these therapies have failed to show a
benefit in clinical trials (Table 3). One of the most important
explanations is the sheer complexity of the ischemic cascade,
a series of intracellular events triggered after focal brain
ischemia that leads to excitotoxicity, post-ischemic inflam-
mation, oxidative stress, microvascular injury, blood—brain
barrier dysfunction, and eventual cell death [52-54]. Target-
ing only one component of this multifaceted pathophysi-
ological process, as cytoprotection trials have done in the
past, is unlikely to yield a meaningful clinical benefit [55].
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Table 3 Potential explanations for failure of cytoprotective therapies to show a clinical benefit

Drug design
e Inadequate understanding of the mechanism of action of the drug

o Drug only targeted a single component of the complex ischemic cascade

e Animal models were not reproducible

e Animal models were not reflective of the general stroke population (i.e., old age and multiple comorbidities)

o No data on dose—response and appropriate therapeutic time window

e No consideration of reperfusion injury, a phenomenon in the era of modern reperfusion therapies

Trial design

o Investigators and outcome assessors were not blinded to treatment allocation

o Inadequate power to detect a treatment effect

e Poor patient selection (i.e., stroke too mild or severe, stroke already established, strokes involving only the white matter)
e Drug not tested in conjunction with modern reperfusion therapies (i.e., thrombolysis and endovascular thrombectomy)

Targets for Cytoprotection

Historically, targeting a single component of the ischemic
cascade has been an unsuccessful approach. Future therapies
should focus on a multifaceted approach targeting multiple
aspects of the ischemic cascade. This is likely best accom-
plished by targeting the most upstream mechanisms of cel-
lular injury such as glutamate-mediated excitotoxicity, as
is accomplished by nerinetide, a recent promising addition
to the long list of potential cytotherapeutic agents [56, 57].

The advent of thrombolysis and EVT has revolutionized
the hyperacute care of patients of ischemic stroke with more
patients achieving recanalization. Though this recanalization
leads to good clinical outcomes in some patients, it also
gives rise to another potential consequence, reperfusion
injury [58, 59]. This complex pathophysiological process
is mediated by a number of inflammatory cytokines, matrix
metalloproteinases, and endothelial function mediators and
ultimately leads to disruption of the blood—brain barrier [60,
61]. Hemorrhagic transformation is the radiologic manifes-
tation of this process in some patients [62, 63]. Preclinical
models have demonstrated that reperfusion injury can con-
tribute to cortical damage [64]. This gives rise to yet another
important target for the future development and testing of
cytotherapeutic drugs.

Though not strictly a target for cytoprotection and more-
so a target for thrombolysis, the “no-reflow” phenomenon is
relevant in the era of EVT. First described in animal model
in the 1960s and 1970s, it is the absence of tissue perfu-
sion despite complete recanalization of an occluded proxi-
mal vessel and is thought to be secondary to ultrastructural
microvascular damage and resulting microvascular perfusion
[65, 66]. This process is thought to be mediated by obstruc-
tion of the microvasculature via focal endothelial swelling,
neutrophil plugs, platelets, fibrin, and erythrocyte stacking
[67, 68]. The role of the collateral circulation in ischemic
stroke has recently gained more recognition and there has
been a shift from “Time is Brain” to “Imaging is Brain”
[69]. Whether the infarct core is relatively small or of mod-
est size can be approximated on a standard head CT through
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the ASPECTS score [70]. This approach was used in two
recently reported studies that demonstrated beneficial effects
of EVT up to 24 h after stroke onset with ASPECTS of 3-5
[21, 22]. In contrast, the initial studies demonstrating the
benefits of late time-window EVT, DAWN, and DEFUSE-3
used more advanced imaging with CT perfusion or diffu-
sion/perfusion MRI [11, 12]. During focal cerebral ischemia,
an extensive collateral circulation system via leptomeningeal
collaterals and external carotid to internal carotid collater-
als attempts to maintain perfusion, and poor collaterals are
associated with worse outcomes and larger infarct volumes
[69, 71]. However, collateral vessels are often small and
may not be able to maintain blood flow indefinitely. Studies
have examined the evolution of collateral vessels over time
in patients with stroke and have shown that collateral flow
can deteriorate overtime in patients with acute stroke and is
associated with infarct growth [72]. This creates yet another
target for future cytoprotective therapies with a focus on
keeping the collateral circulation open long enough, presum-
ing there are adequate collaterals, for reperfusion strategies
to take effect.

Beyond excitotoxicity, failure of the collateral circulation,
and reperfusion injury, there is abundant evidence that cer-
ebral ischemia leads to a significant inflammatory response
mediated by peripheral leukocytes, endogenous microglia,
and a number of inflammatory cytokines [73]. This process
is also implicated in the no-reflow phenomenon as animal
models have shown neutrophils adhering to distal capillary
segments as one factor in microvascular occlusion, and neu-
trophil depletion via antibodies has been shown to restore
microvascular perfusion in mice without increasing the rate
of hemorrhagic complications [74]. Furthermore, preclini-
cal stroke models have shown that Fingolimod, a disease-
modifying drug approved in relapsing—remitting multiple
sclerosis, increases reperfusion by attenuating microvascular
thrombus formation [75, 76]. In a small clinical trial evalu-
ating tPA with or without fingolimod in a 4.5- to 6-h time
window, fingolimod was found to enhance the efficacy of
tPA by promoting anterograde reperfusion and retrograde
collateral flow as assessed by 4-D CT angiography [77].
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Therapeutic hypothermia (TH), a non-pharmacologic
strategy with the potential to target multiple deleterious
pathways in ischemia (i.e., neuroinflammation, free radical
production, disruption of the blood—brain barrier) [78], has
been show in animal studies to reduce infarct size by up to
44% [79]. However, a systematic review and meta-analysis
of studies implementing TH in acute ischemic stroke did not
find an overall beneficial effect and had increased compli-
cations, though there were individual studies that showed a
shift toward better outcome [80]. One explanation for this is
the time-sensitive nature of implementing TH seen in animal
models, where even a delay of 30 min resulted in inadequate
neuroprotection [81]. Future trials exploring TH in acute
ischemic stroke should aim to implement TH and achieve
target temperature earlier in the time window of ischemia.

New Era of Cytoprotection

Almost all of the cytoprotection studies in ischemic stroke
were completed in the era before modern reperfusion ther-
apy. Therefore, there is minimal to no data on the effect
of these drugs when substantial recanalization has been
achieved. The future of cytoprotection in ischemic stroke
should rely on combining reperfusion and cytoprotec-
tive therapies with the goals of protecting ischemic tissue
before reperfusion, protecting injured cells during and after
recanalization, ameliorating reperfusion injury, keeping the
collateral circulation open, and preventing microvascular
injury and occlusion. This can be through the development
of novel therapeutics or the repurposing of previously failed
cytoprotective drugs.

The phase III ESCAPE-NA1 (Efficacy and Safety of
Nerinetide for the Treatment of Acute Ischemic Stroke)
trial of nerinetide in patients with ischemic stroke undergo-
ing EVT provided promising results and renewed hope that
cytoprotection may have meaningful clinical benefit [82].
Nerinetide, a postsynaptic density-95 (PSD-95) inhibitor,
works by inhibiting the signaling interaction of NMDA
receptors with the PSD-95 submembrane scaffolding pro-
tein. This is believed to inhibit neurotoxic NMDA-receptor
signaling and free radical production without inhibiting
necessary glutamatergic neurotransmission [83]. Several
animal models involving rats and primates demonstrated
significant clinical benefit and provided a strong rationale
to move forward with clinical trials in humans [84]. Prior to
the ESCAPE-NALI trial, the ENACT (Safety and Efficacy
of NA-1 in Patients with latrogenic Stroke After Endovas-
cular Aneurysm Repair) phase II trial studied nerinetide in
patients undergoing endovascular treatment of ruptured or
unruptured intracranial aneurysm. Patients who received
nerinetide had fewer ischemic infarcts as a complication of
the procedure, thus demonstrating that neuroprotection in

humans was possible, although it must be acknowledged that
most of the infarcts seen on MRI were very small [85].

Cytoprotection as an Adjunct to EVT

The ESCAPE-NALI trial heralded a new era of cytoprotec-
tion as it combined it with EVT. In this trial, patients with
moderate-to-good collaterals and a favorable CT scan under-
going EVT were randomized to receive a single intravenous
dose of nerinetide or placebo prior to EVT. A total of 59.2%
of patients in the placebo arm and 60.1% of patients in the
nerinetide arm also received intravenous alteplase. The
primary efficacy outcome, a score of 0-2 on the modified
Rankin scale, did not differ between the two arms (59.2% in
the placebo arm vs. 61.4% in the nerinetide arm; adjusted
risk ratio 1.04, 95% CI 0.96-1.14; p=0.35). However,
there was a statistically significant difference in favorable
outcome based on a subgroup analysis, defined a priori, as
those patients who did not receive tPA prior to randomiza-
tion (adjusted risk ratio 1.18, 95% CI 1.01-1.38). This dif-
ference in outcomes between those who received and did
not receive tPA appears to be explained, at least part, by the
fact that peak serum levels of nerinetide in patients who also
received tPA were significantly lower than those who did not
receive tPA. It was later revealed, through animal models,
that plasmin whose levels are increased by tPA administra-
tion cleaves nerinetide [86]. Other potential explanations for
the negative primary outcome were the facts that advanced
perfusion imaging was not performed to assess the volume
of penumbra and the nerinetide was only administered just
before the patient was taken for EVT. Given the mechanism
of action of nerinetide and what we understand about the
ischemic penumbra, it is safe to presume that the earlier in
the stroke the medication is delivered, the better the poten-
tial outcome. Nonetheless, the results of this trial and its
subgroup analysis are promising for the future of nerinetide
and cytoprotection. A phase III trial of nerinetide in patients
undergoing EVT who have not received tPA is currently
underway (ESCAPE-NEXT; NCT04462536) and should
report results soon.

In addition to nerinetide, other cytoprotective drugs
have been evaluated in conjunction with reperfusion ther-
apy. The recently reported phase Ib/Ila trial of ApTOLL, a
toll-like receptor antagonist, enrolled patients undergoing
EVT within 6 h of stroke onset with an ASPECTS of 5-10
and ischemic core volume of 5-70 mL on advanced imag-
ing [87]. The higher dose of the study drug improved the
90-day outcome on the mRS shift analysis and also reduced
90-day mortality. Nelonemdaz, a cytoprotective drug with
multiple mechanisms of action including reducing cal-
cium permeability of the N-methyl-D-aspartate receptor
and scavenging of oxygen free radicals, was evaluated in a
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phase-2 clinical trial [88]. Two doses of nelonemdaz were
compared to placebo in patients undergoing EVT within 8 h
of stroke onset. No differences were seen in the primary
outcome, mRS 0-2, among the groups. A nonpharmaco-
logical cytoprotective treatment, normobaric hyperoxia, was
studied in patients undergoing EVT [89]. Giving high-flow
oxygen supplementation with EVT was associated with a
reduction of follow-up infarct size on MRI and an improved
90-day mRS outcome in this relatively small trial. Uric acid,
a potent antioxidant, was evaluated in a moderately sized
clinical trial in which all patients also received tPA and a
small percentage (11%) also underwent thrombectomy [90].
The trial did not demonstrate an overall significant differ-
ence between the treated and placebo groups, but interest-
ingly, the female participants who had lower baseline uric
acid levels did have a significantly better outcome with uric
acid, as did patients with elevated glucose levels at stroke
onset. Interestingly, a recent report from the Stroke Pre-
clinical Assessment Network (SPAN) identified uric acid
as the most promising cytoprotective approach in a well-
designed series of preclinical experiments at multiple testing
sites [91]. These results and the prior clinical trial suggest
that uric acid is a promising candidate for future late-stage
clinical trials with EVT, especially in women. In addition to
these agents, a number of other ones are being evaluated in
early phase clinical trials with EVT as outlined in a recent
excellent review of topic [92].

Design of Future Trials

A number of different approaches can be envisioned for
combining cytoprotection with EVT as outlined in Table 4.
The nerinetide clinical trials provide guidance for a trial
that administers cytoprotection just before EVT at a facil-
ity that can perform endovascular treatment. If the current
nerinetide clinical trial in patients who have not received
tPA before thrombectomy, ESCAPE-NEXT, is positive, it
is likely that it will be the first cytoprotective drug to be
approved for use in clinical practice. As discussed before,
patients in the nerinetide clinical trials received the study
drug a short time before undergoing thrombectomy, so it is
unlikely that nerinetide had much effect on ischemic brain
tissue before large artery recanalization occurred. Future
clinical trials with other study drugs can be envisioned in
which randomization and drug initiation occur just prior to

recanalization or shortly thereafter. These trials will be chal-
lenging because patient selection and informed consent will
take place as the patient is being prepared for thrombectomy
which is being performed increasingly quickly after patients
arrive at a thrombectomy capable center.

Two types of clinical trials can be envisioned before
patients arrive at an EVT capable center [93]. One such trial
would enroll patients at a smaller, outlying hospital who is
identified as a likely thrombectomy candidate by the dem-
onstration of a LVO on CT angiography and the exclusion
of a large infarct core on a head CT scan. The addition of
a CTP study could potentially enhance patient selection for
such a trial because CTP can provide an approximation of
the extent of ischemic penumbra and also identify patients
in whom the ischemic core may enlarge more rapidly (i.e.,
“fast progressors”) [94]. Unfortunately, CTP is not widely
available at many smaller hospitals, but there are an increas-
ing number of hub and spoke hospital networks where CTP
is available at spoke hospitals. With the availability of tel-
emedicine consultations and commercial imaging analysis
software, the stroke patients in the emergency departments
of smaller hospitals can be evaluated by stroke specialists
and the acquired CT studies can be accurately evaluated
[95]. These capabilities will enhance enrollment and patient
selection for clinical trials that enroll patients at outlying
hospitals before transfer to a thrombectomy capable center.
The primary goal of such a trial would be to slow down
the progression of the ischemic penumbra into the ischemic
core during transport. Patients will need to be re-imaged
at the EVT center before undergoing thrombectomy with
CTP or MRI to determine the effects of the cytoprotective
drug on ischemic core growth. Demonstrating a reduction of
ischemic core growth would provide strong supportive evi-
dence that the therapy being studied actually was protecting
the brain from ischemic injury during transport. A second-
ary goal would be to determine the percentage of patients
who remain good EVT candidates. Because the primary out-
come of a hub and spoke trial is based on imaging, it will be
most appropriate as a phase II trial, and a similar imaging
endpoint could be used in a phase III trial as a secondary
outcome measure. This type of trial will, however, provide
proof-of-concept data that the study drug is cytoprotective.

A second type of trial evaluating patients during transport
to a thrombectomy center would be in the ambulance. In
such a trial, patients likely to have an LVO can be identified

Table 4 Potential approaches to combining cytoprotection with mechanical thrombectomy

1. A hub and spoke trial where potential thrombectomy candidates are enrolled at outlying hospitals after appropriate imaging

2. An ambulance-based trial utilizing telemedicine, in-ambulance imaging, and mobile stroke units where available

3. Enrolling thrombectomy candidates at a comprehensive stroke center prior to the procedure

4. Enrolling patients after thrombectomy to target reperfusion injury in carefully selected patients

5. Enrolling patients after thrombectomy for trials that evaluate both cytoprotective and recovery enhancing qualities of the study drug
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based upon the severity of the stroke using the NIHSS where
a score of 10 or greater strongly suggests the presence of
a proximal vessel occlusion [96]. Telemedicine consulta-
tion with a stroke specialist would enhance the accuracy of
the clinical evaluation. Additionally, technologies such as
electroencephalography and somatosensory evoked poten-
tials are being developed for use in ambulances that could
provide additional useful information for LVO identification
[97]. Mobile stroke units with onboard imaging capability,
typically CT, are now available in a limited number of loca-
tions [98]. These units would be ideal for ambulance based
clinical trials of cytoprotective drugs before thrombectomy.
The best primary outcome measure for such ambulance-
based trials is uncertain, but one possibility would be to
assess penumbral and infarct core size upon arrival at the
thrombectomy center.

Another approach to clinical trials of cytoprotection with
thrombectomy would be to study molecules that target reper-
fusion injury and to randomize patients after thrombectomy
induced substantial or complete LVO recanalization [4].
Until recently, reperfusion injury did not have much clini-
cal relevance because tPA has only modest recanalization/
reperfusion efficacy, so secondary tissue injury was likely
modest, but now with the advent of effective thrombectomy
induced vessel opening, it has increasing potential impor-
tance. In trials targeting reperfusion injury, the study drug
should be one that has a mechanism of action relevant to
this type of injury. In a reperfusion injury targeted clinical
trial, only patients with confirmed substantial or complete
recanalization should be included (i.e., the TICI score should
be 2b, 2c, or 3). Advanced imaging with CT or MRI should
also be used to evaluate the extent of the ischemic core and
penumbra because patients with large ischemic cores or lit-
tle to no ischemic penumbra are unlikely to benefit from
cytoprotection started after successful reperfusion. Patients
with hemorrhagic transformation after thrombectomy should
also be excluded with either CT or MRI. Such reperfusion
injury targeted trials will be difficult to perform and will
likely require a large sample size because all the patients
randomized will have undergone a successful thrombectomy,
and the treatment effect in the control group receiving pla-
cebo will be substantial. The primary outcome will be clini-
cal efficacy such as the 90-day mRS. A signal of efficacy
in earlier phase trials might be detected on NIHSS at day 7
[99] or the mRS at day 30. Imaging markers of efficacy such
as infarct growth over several days could also be assessed.

Conclusion

Since the advent of thrombolysis in 1995, significant
leaps have been made in our ability to treat acute ischemic
stroke, especially with EVT becoming standard of care in

2015. Despite these advances, many stroke patients still
go on to have unfavorable outcomes. However, the many
ongoing trials of endovascular treatments to expand the
pool of eligible patients and the potential use of adjunctive
cytoprotective therapies provide hope for additional tools
in our fight to improve stroke outcomes.
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