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Abstract

When treating acute ischemic stroke patients in our daily clinical practice, we strive to achieve recanalization of the occluded
blood vessel as fast as possible using pharmacological thrombolysis and mechanical clot removal. However, successful
recanalization does not equal successful reperfusion of the ischemic tissue due to mechanisms such as microvascular obstruc-
tion. Even if successful reperfusion is achieved, numerous other post-recanalization tissue damage mechanisms may impair
patient outcomes, namely blood—brain barrier breakdown, reperfusion injury and excitotoxicity, late secondary changes,
and post-infarction local and global brain atrophy. Several cerebroprotectants are currently evaluated as adjunctive treat-
ments to pharmacological thrombolysis and mechanical clot removal, many of which interfere with post-recanalization
tissue damage pathways. However, our current lack of knowledge about the prevalence and importance of the various
post-recanalization tissue damage mechanisms makes it difficult to reliably identify the most promising cerebroprotectants
and to design appropriate clinical trials to evaluate them. Serial human MRI studies with complementary animal studies in
higher order primates could provide answers to these critical questions and should be first conducted to allow for adequate
cerebroprotection trial design, which could accelerate the translation of cerebroprotective agents from bench to bedside to

further improve patient outcomes.
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Introduction: What Is Acute Ischemic Stroke?

Acute ischemic stroke (AIS) is caused by a blood clot block-
ing blood flow in a brain artery, and results in ischemia of
the downstream brain tissue. The classic theory is that of a
central area of irreversibly damaged tissue (“infarct core”),
which is surrounded by ischemic tissue that could in theory
still be salvaged if reperfusion were to occur quickly (“tissue
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at risk” or “penumbra”). Recanalization of the occluded
artery and, more importantly, reperfusion of the ischemic
brain tissue downstream to the occlusion are the goal of
both medical and interventional treatments in the setting of
AIS. Intravenous thrombolysis (IVT), i.e., dissolving the
blood clot through administration of intravenous thrombo-
lytics, was the first approved curative treatment for AIS,
but its utility remains limited due to its brief window of
efficacy and the extensive list of contraindications. In 2015,
endovascular thrombectomy (EVT) in addition to IVT was
proven beneficial over and above IVT alone in patients with
large vessel occlusions (LVO), the most disabling form of
AIS. As a result, outcomes for LVO patients have improved
significantly and EVT is now the standard of care for LVO
stroke [1], with more and more patients being considered
for EVT even outside the guideline recommendations [2].
Despite major advancements in EVT and IVT in recent
years, clinical outcomes vary, and approximately half of
all AIS patients with LVO do not achieve functional inde-
pendence. Notably, while we are getting better and better at
achieving recanalization (i.e., re-opening of the blood ves-
sel) due to technological innovations in EVT technology and
techniques [3] and more effective thrombolytic agents [4],
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in some patients, outcomes remain poor even when success-
ful recanalization of the occluded blood vessel is achieved.

There are many potential explanations for this apparent
discrepancy between technical treatment success and clini-
cal outcomes. On the clinical side, patient factors such as
chronic illnesses and co-morbidities and post-stroke com-
plications such as urinary tract infections, pulmonary embo-
lism, post-stroke pneumonia and post-stroke depression, can
cause poor outcomes despite technical EVT success [5, 6].
Incomplete reperfusion at the tissue level and numerous
other tissue injury pathways constitute additional reasons for
patients suffering poor outcomes despite successful recanali-
zation. Our current understanding of the temporal evolution
and exact nature of these post-recanalization tissue damage
mechanisms, their temporal evolution, imaging correlates,
and exact impact on clinical outcomes is limited.

Recanalization vs. Reperfusion: What Is
the Difference?

The terms “recanalization” and “reperfusion” are often
conflated and erroneously used interchangeably. Reca-
nalization is defined as the re-opening of a blocked vessel,
either through pharmacological intravenous thrombolysis
(IVT) or by mechanical clot removal (EVT). Recanaliza-
tion restores blood flow at a macrovascular (arterial) level.
The ultimate goal behind recanalization, however, is reper-
fusion, i.e., re-establishing oxygen and nutrient supply to
previously ischemic tissue at the distal capillary and tissue
level. The terms recanalization and reperfusion are often
used synonymously in clinical practice, but they are not the
same. While successful recanalization is virtually always
needed for successful reperfusion to occur, its presence does
not guarantee reperfusion [7]. Microvascular obstruction
describes impaired reperfusion, i.e., persistent occlusion
of microscopic vessels (arterioles and capillaries), despite
macroscopic recanalization. Microvascular obstruction
is one of the main reasons for reperfusion failure despite
successful recanalization. While microvascular obstruction
has been a well-known poor prognostic marker in myocar-
dial infarction for many years [8], it has been recognized
only recently that it is also one of the key drivers in post-
recanalization tissue damage in acute ischemic stroke [9].
Microvascular obstruction occurs in up to one-fourth of
acute ischemic stroke patients [10] and can occur as a result
of persistent microthrombi, endothelial damage, astrocyte
swelling, and pericyte constriction [9]. To date, it is not
entirely clear which of these mechanisms is the dominant
one, or whether there are different dominant mechanisms
in different patient subgroups. By imaging reperfusion on
a tissue level, microvascular obstruction could be visual-
ized. Therefore, those imaging modalities that are able to
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visualize true reperfusion, rather than recanalization, as
discussed in Table 1, are potentially suitable to assess for
microvascular obstruction. Furthermore, some attempts have
been made to indirectly image microvascular obstruction by
measuring microvascular resistance on transcranial Doppler
ultrasonography [9].

How Is Recanalization Measured?

In patients undergoing IVT, recanalization is not typically
assessed in clinical routine although it can in theory be
assessed by MRA or CTA. However, it is routinely assessed
in patients undergoing EVT, either in addition to IVT or
as a standalone treatment. EVT is performed using digi-
tal subtraction angiography (DSA), during which the clot
is removed with aspiration catheters or stent retrievers. On
the final DSA run after clot retrieval, the degree of arterial
revascularization in the middle cerebral artery territory (the
most common location of vessel occlusions) is evaluated
using the expanded Thrombolysis in Cerebral Infarction
scale (eTICI; see Fig. 1). Note that there is inconsistency
in the literature about what eTICI is supposed to describe—
recanalization or reperfusion [11-13]. Others avoid those
terms altogether and prefer to use “revascularization” instead
[11]. However, since eTICI relies on assessment of arterial
and arteriolar vessels after injection of a purely intravascular
contrast agent that does not pass the blood-brain barrier, it
is probably accurate to say that eTICI, for the most part, rep-
resents recanalization, rather than true reperfusion, and this
is the terminology that we will use in the following. At the
very least, one needs to admit that eTICI is not an accurate
reflection of brain reperfusion because it includes a substan-
tial recanalization component. Similar scores are used for
the anterior and posterior cerebral artery [14]. The goal of
EVT is to achieve eTICI 2¢ or eTICI 3 recanalization [15],
which represent the so-called near-complete or complete
recanalization, or 90-99% to 100% opacification of vessels
in the affected territory [16]. “Successful recanalization,”
another EVT success metric, is defined as eTICI 2b, 2c, or
3, that is > 50% opacification of vessels in the affected terri-
tory. Due to improvements in EVT tools and techniques, suc-
cessful and near-complete recanalization are now achieved
in approximately 86% and 46% of LVO patients respectively
[17]. As EVT technology continues to evolve, recanalization
rates are likely to improve further.

The eTICI score is commonly used to predict patient out-
come. However, “technical success” is variably defined, and
eTICI assessment is subject to substantial interrater vari-
ability [18]. Furthermore, because successful recanalization
does not always lead to successful reperfusion, and the latter
is needed for tissue survival, clinical outcomes in patients
with successful recanalization still vary considerably [19].
Reperfusion is the more meaningful parameter for overall
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Fig. 1 Recanalization assess-
ment on digital subtraction
angiography using the expanded
Thrombolysis in Cerebral
Infarction (eTICI) score. The
images show lateral intracranial
angiograms after intra-arterial
contrast injection into the inter-
nal carotid artery. eTICI 0—no
vessels in the middle cerebral
artery territory are opacified.
eTICI 1—only very limited
opacification of the proximal
middle cerebral artery, with no
filling of any distal branches is
seen. eTICI 2a—normal vascu-
lar opacification in < 50% of the
middle cerebral artery territory.
eTICI 2b—normal vascular
opacification in 50-90% of the
middle cerebral artery territory.
eTICI 2c—normal vascular
opacification in 90-99% of the
middle cerebral artery territory.
eTICI 3—normal vascular
opacification in the complete
middle cerebral artery territory
(100%)

patient outcome compared to recanalization, and the latter
has only a moderate association with good outcome [20].

How Is (Re-)Perfusion Measured?

Reperfusion is not routinely measured in clinical practice.
The reason is that (a) current imaging methods do not allow
us to reliably and accurately assess brain perfusion but rather
provide a rough estimate at best and (b) these methods that
are used to grossly estimate perfusion are either radiation-
intensive, impractical, or both.

CT perfusion

CT perfusion (CTP) is often used at baseline, i.e., prior to
EVT, to estimate the size of the infarct core and penumbra,
which is used for treatment decision-making by some phy-
sicians. The principle of CTP is as follows: After an intra-
venous injection of iodinated contrast, the brain is scanned
continuously over 45-90 s to image contrast flow in arter-
ies, its distribution into the arterioles and capillary bed,
and its venous outflow through the venous system [21].

@ Springer

Post-processing algorithms are then used to create color
maps that display several parameters, namely cerebral
blood flow (CBF), cerebral blood volume (CBV), mean
transit time, time-to-peak, and time-to-maximum (Tmax)
of the residue function (Fig. 2). CBV and CBF thresholds
are then often used to determine the infarct “core” of irre-
versibly damaged tissue and the penumbra (brain tissue
at risk) [22] (see Fig. 2). In theory, many angiography
suites are equipped with CT capabilities (“hybrid” or “flat-
panel CT” angio suites), so from a technical standpoint,
CTP could easily be performed after recanalization/EVT
[23]. The 2 key reasons why this is not done are as fol-
lows: (1) CTP relies on many assumptions and is based on
the dynamic behavior of an intravascular contrast agent,
rather than the distribution of oxygen and other nutrients
to the brain parenchyma itself [24]. Thus, CTP is prob-
ably a reflection of recanalization, rather than true rep-
erfusion, and its accuracy in assessing perfusion is lim-
ited. (2) Performing CTP requires a substantial amount of
ionizing radiation [21]. It is thus not routinely performed
post-recanalization because of concerns about radiation-
related risks.
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Fig.2 CT perfusion obtained before EVT in an acute stroke patient.
The 3 color-coded maps on the left show time-to-maximum of the
residue function (Tmax), cerebral blood flow (CBF), and cerebral
blood volume (CBV). These parameters are often dichotomized and

Multiphase CT Angiography

Multiphase CT angiography (mCTA) is a faster, less radi-
ation-intensive, and simplified version of CTP, and has
the additional advantage of requiring no post-processing
[21] (Fig. 3). mCTA is used in many centers as an alterna-
tive to CTP in the baseline imaging protocol, i.e., prior to
EVT. However, when it comes to measuring reperfusion
after recanalization/EVT, similar problems as with CTP
occur: just like CTP, mCTA is also based on intravascular
contrast distribution and thus primarily measures reca-
nalization rather than true reperfusion. Furthermore, it
also adds to the patient’s iodinated radiation dose and is
therefore not routinely performed after EVT, although the
additional radiation dose is much lower compared to CTP.
Lastly, although CTP-like parametric maps can be gener-
ated with mCTA as well [25], their accuracy is probably
lower since the brain is imaged at fewer time points.

Maghnification

'

s —

Fig. 3 Multiphase CT angiography obtained before EVT in an acute
stroke patient. The first phase (P1) shows an M1 segment occlusion
of the left middle cerebral artery (arrow, magnified image shown on
the left). The second (P2) and third (P3) phases show delayed col-

Penumbra

Core'
'y

used to generate infarct core and penumbra maps (shown on the
right). The maps show a large apparent “perfusion delay” in the left
middle cerebral artery territory, suggestive of a proximal occlusion in
the left middle cerebral artery territory

Magnetic Resonance Imaging

Diffusion-weighted MR imaging (DWI) measures restric-
tion of water molecule movement in tissues, characteriz-
ing the extent of cytotoxic edema, which mostly occurs
in case of severe hypoperfusion that has already led to,
or will invariably lead to, infarction. This translates into a
decreased apparent diffusion coefficient (ADC) on imaging
(Fig. 4). Although diffusion restriction is usually thought to
represent irreversible tissue damage, which may be caused
either by lack of reperfusion or by other post-recanalization
tissue damage mechanisms, reversal of DWI lesions has
been observed in few patients [26]. Availability of MRI is
limited, costs are higher compared to CT, and numerous
contraindications may prevent the patient from undergo-
ing an MR. Just like CTP, MRI is not routinely performed
directly after recanalization mostly due to cost and avail-
ability issues, and because it is often hard for acute stroke

lateral filling and washout (black circles in P2 and P3). As opposed to
CT perfusion, in which the brain is imaged 45-90 times, mCTA relies
on 3 time points only (P1, arterial phase; P2, peak-venous phase; and
P3, late-venous phase)

@ Springer
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Fig.4 Diffusion-weighted (DWI) MRI and corresponding apparent
diffusion coefficient (ADC) maps. Areas with cytotoxic edema, i.e.,
areas with insufficient tissue perfusion that are infarcted or invariably
going to infarct, can be seen as hyperintense signal on DWI with a
corresponding decrease (hypointense signal) on the ADC map. The
image pair shows a right-sided acute infarct in the lentiform nucleus

patients to lie still during the time of MRI acquisition,
which is slightly longer compared to CT. MRI is however
often used to assess the infarction size and complications
such as intracranial hemorrhage at 24 h. Radiation safety
is not a concern with MRI, since it is a completely iodi-
nated radiation-free imaging method. Therefore, MRI, par-
ticularly DWI-MRI, may be the most promising imaging
tool for post-recanalization reperfusion assessment. Fur-
thermore, additional, complementary MRI sequences, such
as hemorrhage-sensitive sequences (gradient echo imaging
and susceptibility-weighted imaging), can provide addi-
tional useful information about post-recanalization tissue
damage mechanisms, as described in detail previously by
our group [27]. MR perfusion, although rarely used due to
MR contraindications in some patients (e.g., pacemakers),
as well as longer scan duration, higher cost, and less avail-
ability compared to CTP, may reflect brain perfusion more
accurately than CT perfusion, because MR contrast media
are able to leave the intravascular compartment and enter
the brain tissue itself to some extent [28].

Other Novel Techniques

More advanced measures have been proposed to measure
perfusion and particularly reperfusion after recanalization/
EVT: DSA source images can be used to generate the so-
called DSA perfusion (DSAP) to recreate maps of mean tran-
sit time, which could routinely be performed on the angio
table, after successful EVT [29]. The two main advantages
of this type of reperfusion assessment are that (1) it would be
based on intra-arterial contrast injections that are performed
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to assess eTICI anyway, i.e., there are no additional risks,
and (2) it would be much more practical compared to CT- or
MR-based reperfusion assessment since the patient would
not have to be transferred from the angio table to the CT or
MR scanner for reperfusion assessment. However, it is not
clear yet to which extent these DSA-derived maps represent
recanalization vs. reperfusion, and they are not available for
clinical routine use yet.

Is Complete Reperfusion the Only Determinant
of Post-recanalization Tissue Fate?

After this extensive discussion on the importance of reperfu-
sion and reperfusion assessment, the question arises whether
complete reperfusion is everything that is needed for brain
tissue to survive after recanalization. Are there mechanisms
that can cause tissue damage even if successful reperfusion
has been achieved? [7, 30, 31]. The answer is yes, and the
mechanisms that are responsible for sustained tissue damage
despite successful reperfusion are shown in Fig. 5 and will
be discussed in the following.

What Are the Imaging Physiological and Cellular
Mechanisms of Tissue Damage?

Ischemic tissue damage mechanisms in AIS are complex, non-
linear, and discontinuous, involving multiple cell-signaling
pathways which differ based on tissue and cell type and the
duration of ischemia [27, 32, 33]. Many of these tissue dam-
age mechanisms continue even after recanalization has been
achieved, and some, such as reperfusion hemorrhage, occur
primarily after recanalization. These mechanisms that con-
tribute to post-recanalization tissue damage in addition to
microvascular obstruction/incomplete reperfusion have raised
the interest of both basic scientists and clinical researchers.
It is however challenging to isolate and evaluate them due
to large overlap in their pathophysiology and imaging cor-
relates. Those imaging modalities that seem most capable
of accurately reflecting the different mechanisms, such as
¥Fluoro-deoxy-glucose positron emission tomography (FDG-
PET) or Xenon-CT, are impractical, expensive, radiation-
intensive, and therefore not used in clinical routine [34, 35].
Since MRI is radiation-free and available in most hospitals,
serial MRI post-recanalization could in theory be performed,
and researchers are increasingly trying to find MRI “imag-
ing signatures” of different post-recanalization tissue damage
mechanisms [27, 36]. Key post-recanalization tissue damage
mechanisms other than incomplete reperfusion/microvascular
obstruction and their respective imaging correlates are dis-
cussed in the following (see also Figs. 5 and 6) [27].
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No successful recanalization

Entire penumbra \ i ﬁ

irreversibly damaged

- Penumbra

Infarct core
(already irreversibly
damaged at baseline)

Successful
recanalization

Microvascular obstruction

Y

Some additional
irreversible tissue
damage

No additional
irreversible tissue
damage

Blood brain barrier breakdown
j—— | Reperfusion injury

(Later: brain atrophy)

Entire penumbra +
irreversibly
damaged

Ideal scenario

Patients who could benefit from post-

recanalization cerebroprotection

Fig.5 Possible outcomes after acute ischemic stroke. In the initial
state, the infarct core, i.e., the tissue that is already irreversibly dam-
aged at baseline, is shown in red, and the penumbra (i.e., the tissue
at risk that could still be salvaged if recanalization and reperfusion
were to occur) is shown in yellow. In case no recanalization, and thus,
no reperfusion, is achieved, the entire penumbra will eventually turn
into infarct core (left image, “worst-case scenario”). In case success-
ful recanalization is achieved, different scenarios are possible. If suc-
cessful recanalization translates into successful reperfusion and no
other tissue damage mechanisms prevail, no additional irreversible
tissue damage will occur over and beyond the infarct core that was
already present at baseline (“ideal scenario”). If recanalization results
in partial, but not complete reperfusion of the previously ischemic
tissue due to some degree of microvascular obstruction, or other,

Blood-Brain Barrier Breakdown

The blood-brain barrier (BBB) is formed by a neuroglio-
vascular complex that includes tight junctions between
endothelial cells, the basal membrane, pericytes, and
astrocytes [37]. It constitutes a barrier between the intra-
vascular compartment and the brain tissue itself. BBB
disruption in acute ischemic stroke results from lost
homeostasis within supporting cells and can cause vaso-
genic edema and hemorrhagic transformation in the early
reversible phase and a hyper-inflammatory response in
the late phase. A compromised BBB results in inability
to regulate flow appropriately, and the introduction of

additional tissue damage mechanisms prevail, some additional irre-
versible tissue damage will occur. In other words, some, but not all,
of the penumbral tissue will suffer irreversible damage. If success-
ful recanalization does not result in any reperfusion due to extensive
microvascular obstruction, or massive tissue damage is caused by
other mechanisms, the entire penumbra will eventually sustain irre-
versible damage, similar to a scenario in which no recanalization was
achieved in the first place. Cases in which successful recanalization
does not translate into complete reperfusion, and/or in which addi-
tional tissue damage mechanisms prevail, may constitute targets for
post-recanalization cerebroprotection therapies, which aim to reduce
the post-recanalization tissue damage. Please note that the very rare
scenario in which unsuccessful recanalization is followed by com-
plete or near-complete reperfusion is not shown in this diagram

both high pressure (due to recanalization of the previ-
ously occluded vessel) and damaging ischemic metabo-
lites like reactive oxygen and nitrogen species most likely
perpetuate the initial damage caused by BBB breakdown.
As opposed to other post-recanalization tissue damage
mechanisms, BBB disruption is easily recognized on rou-
tine imaging, since it results in parenchymal enhance-
ment on contrast-enhanced MRI, and sometimes even
contrast-enhanced CT, in the days following AIS as
parenchymal enhancement. If hemorrhagic transforma-
tion or frank mass hemorrhage occurs as a result, this can
be recognized as either petechial or mass-like hemor-
rhage on non-contrast CT and hemorrhage-sensitive MR

@ Springer
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Mitochondrial
dysfunction

Release of Cytochrome C
[ & and Apoptotic factors

Ca?"ions influx Apoptosis

Reperfusion and Excitotoxicity
related injuries

Blood Brain barrier breakdown

Blood Brain Barrier breakdown and
inflammatory injuries

‘ Distal emboli

A

Neutrophil stalling

\ncyﬂcs

Microthrombosis
and microclots

Vessel constriction

L=

Microvascular obstruction

Astrocyte
) y

Microglial activation

Post infarction secondary
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Fig.6 Key contributing mechanisms to post-recanalization tissue
damage (in no particular order): (1) incomplete reperfusion/micro-
vascular obstruction, i.e., persistent obstruction on a capillary level
(lack of reperfusion) despite recanalization of macroscopic vessels
due to microthrombi and endothelial damage; (2) blood—brain barrier

sequences [38]. The vasogenic edema that often results
from BBB breakdown [39] is also easily visualized as
hypodense white matter changes on non-contrast CT,
or hyperintense white matter changes in T2 and fluid

@ Springer

breakdown with resulting hemorrhagic complications and inflamma-
tory changes; (3) reperfusion- and excitotoxicity-related injury (for
example via calcium influx, mitochondrial dysfunction, and apoptosis
through cytochrome C pathways); and (4) secondary changes post-
infarction including brain atrophy

attenuation inversion recovery MR sequences. Further-
more, arterial spin labeling (ASL) has been proven to
be a useful contrast-free method to image BBB perme-
ability in ischemic stroke, both in animal models [40]
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and humans [41]. As opposed to cytotoxic edema, which
mostly represents irreversible infarction and affects both
gray and white matter, vasogenic edema is restricted to
the white matter only.

Reperfusion Injury and Excitotoxicity-Related Injury

Reperfusion injury is a loose term which most commonly
refers to tissue damage that occurs in previously ischemic
tissue when oxygen is re-introduced through recanaliza-
tion. As a consequence, reactive oxygen species (ROS)
form. Mitochondria further contribute to ROS formation,
creating a state of “oxidative stress,” which leads to per-
oxidation of cell membranes and subsequent damage of
different cell types in the brain tissue. ROS also further
accelerate ongoing pro-inflammatory cell signaling path-
ways, including glutamate-induced excitotoxicity [27, 42].
Owing to the complex, multifactorial mechanisms of reper-
fusion injury, and the heterogeneity in the use of the term
itself, there are no well-established imaging markers for
reperfusion injury at the time being. However, it has been
suggested that serial MR imaging, and particularly MR
perfusion, may provide a framework for better character-
izing reperfusion injury [42].

Secondary Changes and Post-infarction Atrophy

Excitotoxicity is not only part of the acute reperfusion injury
phase, but it also mediates late (i.e., days to weeks after reca-
nalization) infarct growth and brain atrophy because the ini-
tial level of cellular damage and debris initiates a sustained
inflammatory response in the days and weeks following the
initial ischemic event. Much later, secondary changes occur
in brain regions that were connected to the infarcted tis-
sue, but not initially damaged by the infarct itself (Wallerian
degeneration). These secondary changes are mediated by
astrocytes and microglia, whereby infarction leads to micro-
scopic and eventually also macroscopic tissue loss in adja-
cent areas connected to the infarct, eventually resulting the
formation of dense, non-functional, or dysfunctional gliotic
tissue outside the actual infarct [43]. Wallerian degenera-
tion is characterized by an initial increase in signal on T2
and FLAIR MR sequences, followed by subsequent volume
loss. Stroke survivors also suffer from accelerated global
brain atrophy, particularly in the first few months after the
stroke [44]. While Wallerian degeneration is relatively easy
to recognize on MRI, global brain atrophy often only results
in subtle changes in the early stages, which may only be
reliably captured when using automated software solutions
that have already been developed as complementary imaging
tools for neurocognitive disorders [45] and multiple sclerosis
[46].

Can Post-recanalization Tissue Damage Be
Prevented, and How?

Numerous cerebroprotectants for human AIS have been
investigated, many of which have pleiotropic effects that
target both pre- and post-recanalization tissue damage
mechanisms, and a few have aimed to primarily prevent
post-recanalization tissue damage. However, to date, no
post-recanalization cerebroprotectant is approved for use
in human AIS. One reason for this is the lack of a robust,
conceptual framework for post-recanalization cerebropro-
tection trials. In order to effectively investigate treatments
that specifically target post-recanalization tissue damage,
four key questions need to be answered first (see also
Table 3):

1. What is the relative importance of the different post-
recanalization tissue damage mechanisms? For exam-
ple, if hypothetically reperfusion injury were to be very
rare, then it may not be worth investing in finding a
treatment that prevents it. The same applies if reperfu-
sion injury were to be very common but does not sub-
stantially influence patient outcome. We currently know
very little about the relative importance of the various
post-recanalization tissue damage pathways when com-
pared to each other.

2. What is the inter-individual variability in the importance
of these mechanisms between patients? Some mecha-
nisms may play a more dominant role in certain patients
than in others. For example, hyperglycemia is known
to destabilize the BBB, so BBB stabilizers may be
more effective in patients with diabetes/hyperglycemic
patients, since BBB breakdown is likely to be a more
dominant tissue damage mechanism in diabetic patients.

3. What is the appropriate timing of administration for
post-recanalization cerebroprotectants? Administra-
tion before EVT may be beneficial when it comes to
agents that have additional cerebroprotective effects in
the pre-recanalization time period. On the other hand, if
the half-life of the cerebroprotectant under investigation
is short, and its main effects are related to prevention of
post-recanalization tissue damage mechanisms, it may
be better to wait until after recanalization to achieve
the maximum concentration of the cerebroprotectant at
the time at which the target tissue damage mechanism
occurs. A cerebroprotectant that diminishes late second-
ary changes and Wallerian degeneration may need to be
administered even later and repeatedly over a period of
time, days to weeks after the index stroke.

4. What is an appropriate outcome to measure the efficacy
of post-recanalization cerebroprotectants? While clini-
cal outcomes are the most meaningful of all outcome
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measures, conducting studies with clinical endpoints is
time-, cost-, and labor-intensive. Furthermore, post-acute
complications such as post-stroke pneumonia, pulmonary
embolisms, and other unexpected events introduce noise
that may dilute the treatment effect. Imaging outcomes
can be obtained immediately after treatment, but while
the risk of confounding is lower, the clinical relevance
of such imaging surrogate outcomes may be questioned.
Therefore, it may be advantageous to use a combination
of both imaging surrogate outcomes and clinical out-
comes in early phase II/proof-of-principle studies.

Where Are We at and Where Are We Going?

We know that tissue death post-recanalization occurs due
to several pathophysiologic pathways in the setting of AIS.
Cerebroprotectants are drugs aiming to prevent or diminish
tissue damage through these pathways and could in theory

improve outcomes in human AIS [17]. Several promising
post-recanalization cerebroprotectant candidates have been
identified for each of the key tissue damage mechanisms.
Many cerebroprotectants seem to have pleiotropic effects
and interfere with several, rather than just one, tissue dam-
age pathways, and some aim to prevent tissue damage both
before and after recanalization. Exemplary cerebroprotectant
candidates with their corresponding target tissue damage
mechanisms and imaging signatures are shown in Table 2.
Some have already been tested in humans, but to date,
no cerebroprotectant is approved as for clinical use as an
adjunct to EVT yet. The Stroke Academic Industry Round-
table (STAIR) has recognized cerebroprotection as one of
the top priorities in stroke research and provided expert
consensus recommendations on phase 2 cerebroprotection
studies [47].

Hitherto, almost all of the above post-recanalization
cerebroprotectant candidates are stuck in the pre-clinical
phase, because fundamental questions with regard to the

Table 3 Challenges when conducting post-recanalization cerebroprotection trials

Challenge

Explanation

Limited understanding of the preva-
lence of post-recanalization tissue
damage mechanisms

Limited understanding of the impor-
tance of post-recanalization tissue
damage mechanisms

Limited understanding of the inter-
individual variability of post-recanal-
ization tissue damage mechanisms

Uncertainty regarding imaging cor-
relates for certain tissue damage
mechanisms

Lack of histology proof for tissue dam-
age mechanisms in humans

Uncertainty regarding the temporal
evolution of tissue damage mecha-
nisms

Problems with differentiating the
different cerebroprotective effects in
pleiotropic agents

Uncertainty regarding the appropriate
outcome for cerebroprotection studies

We currently do not know how often the different post-recanalization tissue damage mechanisms
occur after AIS and which variables influence their prevalence. We also have a limited understanding
about which factors influence their prevalence (e.g., it is roughly known that BBB breakdown occurs
more often if the time to recanalization is longer, but it would be desirable to quantify this in greater
detail). Cerebroprotection trials should investigate agents that tackle common tissue damage mecha-
nisms, while little, if any, effort should be spent on investigating cerebroprotectants that prevent tissue
damage pathways which occur only in rare cases

Some tissue damage mechanisms may have a more detrimental effect on patient outcomes than others.
It would be desirable to invest in trials assessing those cerebroprotectants that address the tissue dam-
age mechanisms with the greatest impact on patient outcomes

Some tissue damage mechanisms may be more prevalent, or may be more harmful for that matter,
in some patients than in others. When assessing a cerebroprotectant in a clinical trial, in order to
enhance the treatment effect, only those patients should be included in the trial that are most likely
to suffer profoundly from the specific tissue damage mechanism(s) that the cerebroprotection under
investigation aims to prevent

It would be desirable to use imaging criteria for patient enrolment that allow us to choose those patients
in which the tissue damage mechanism targeted by the cerebroprotectant under investigation is most
prevalent. In order to do so, distinct imaging signatures for certain tissue damage mechanisms need to
be established

Histology proof for tissue damage mechanisms postulated on imaging cannot be obtained in human
acute ischemic stroke since whole brain histology cannot be performed. Thus, no reliable radiology-
pathology correlation is available for human post-recanalization tissue damage mechanisms

We do not exactly know the temporal evolution of the various tissue damage mechanisms and when
they cause the most harm. Thus, there is uncertainty about the appropriate timing of cerebroprotect-
ant administration

While it is known that some cerebroprotectants, such as DI-3-n-butylphthalide, have pleiotropic effects,
there is currently no reliable way to find out which effect contributes to what degree to the overall
effect

There is no consensus on what should be chosen as an outcome measure for cerebroprotection studies.
While clinical outcomes are most relevant to patients, using clinical outcomes is prone to treatment
effect dilution by post-stroke complications and other unrelated events. Imaging outcomes are more
immediate outcome measures but their clinical relevance is not always entirely clear, and thus, their
acceptability among clinicians, policymakers, and regulatory bodies is lower

AIS acute ischemic stroke, BBB blood—brain barrier
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exact prevalence, importance, and inter-variability of the
post-recanalization tissue damage mechanisms they are
supposed to prevent have not been solved yet. Uncertainty
regarding the most appropriate outcome measure and treat-
ment timing constitute additional challenges. How can we
choose the most promising cerebroprotectants to prevent
post-recanalization tissue damage and design an appropriate
clinical trial to prove its efficacy, if we lack the basic knowl-
edge about the prevalence and timing of this particular tissue
damage mechanism, its impact on clinical outcomes, and
how this differs between patients, etc.? Key challenges and
questions with regard to cerebroprotection trial design are
outlined in Table 3 and summarized elsewhere in more detail
[62]. None of these challenges is however unsurmountable,
and many of the questions could be answered through lon-
gitudinal, observational prospective imaging studies. For a
more detailed discussion on how such a longitudinal imag-
ing study could be designed, we refer to a previous paper by
our group [27]. In short, a standardized protocol of serial
post-treatment MR imaging or, at the very least, an immedi-
ate post-procedure and one delayed time point MRI could
provide valuable information regarding the prevalence and
timing of post-recanalization tissue damage mechanisms,
and a clinical outcome assessment at 24 h and 3 months
would complement the study. This combination would also
allow us to identify surrogate imaging outcomes with clini-
cal relevance that could be used in future cerebroprotection
trials. Complementary radiology-pathology correlation stud-
ies in animals, ideally higher order primates, using the same
imaging protocol, would allow us to finally obtain histol-
ogy proof for the various tissue damage imaging signatures.
Animal models have successfully been used in AIS research
for a long time [63, 64]. As an example, Zivin et al. proved
efficacy of intravenous alteplase in a rabbit model in their
1985 landmark paper [65]. Such a hybrid animal-human/
radiology-pathology study design would ultimately enable
us to design cerebroprotection trials in an informed, thought-
ful, and appropriate manner and thereby accelerate the trans-
lation of post-recanalization cerebroprotection from bench
to bedside to further improve patient outcomes. Indeed, this
hybrid design has already successfully been used in some
instances, for example in the pre-clinical evaluation of Tat-
NR2B9c, whereby a cynomolgus macaque stroke model was
used to prove reduced infarct numbers and volumes follow-
ing Tat-NR2B9c administration [66]. This animal model
accurately anticipated the results of a corresponding human
trial. It would however be wise to conduct hybrid studies to
better understand the evolution of post-recanalization tissue
damage first and improve our knowledge about the underly-
ing pathophysiological mechanisms and their imaging cor-
relates before proceeding to therapeutic trials. Otherwise,
we continue to conduct cerebroprotection trials in the same
haphazard manner and set ourselves up for failure.

@ Springer

Conclusion

Cerebroprotectants hold great potential as adjunctive treat-
ments to further improve patient outcomes by preventing
post-recanalization tissue damage. However, our current
knowledge about the various post-recanalization tissue dam-
age mechanisms, their prevalence, relative importance, and
inter-individual variability is limited, thereby preventing
us from accurately and reliably evaluating the efficacy of
cerebroprotectants in clinical trials. To answer these funda-
mental questions, serial MRI is currently the best available
imaging modality, as it is radiation-free and provides the
most information of all currently used routine imaging meth-
ods. Serial MRI studies with complementary animal studies,
ideally in higher order primates in order to identify radiol-
ogy correlates of histological tissue damage patterns through
histology-radiology correlation, should be first conducted
before further investing into clinical cerebroprotection trials.
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