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REVIEW ARTICLE
Can restoring incomplete microcirculatory reperfusion improve

stroke outcome after thrombolysis?

Turgay Dalkara'? and Ethem Murat Arsava?

Substantial experimental data and recent clinical evidence suggesting that tissue reperfusion is a better predictor of outcome after
thrombolysis than recanalization necessitate that patency of microcirculation after recanalization should be reevaluated. If indeed
microcirculatory blood flow cannot be sufficiently reinstituted despite complete recanalization as commonly observed in coronary
circulation, it may be one of the factors contributing to low efficacy of thrombolysis in stroke. Although microvascular no-reflow is
considered an irreversible process that prevents tissue recovery from injury, emerging evidence suggests that it might be reversed
with pharmacological agents administered early during recanalization. Therefore, therapeutic approaches aiming at reducing
microvascular obstructions may improve success rate of recanalization therapies. Importantly, promoting oxygen delivery to the
tissue, where entrapped erythrocytes cannot circulate in capillaries, with ongoing serum flow may improve survival of the
underreperfused tissue. Altogether, these developments bring about the exciting possibility that benefit of reperfusion therapies
can be further improved by restoring microcirculatory function because survival in the penumbra critically depends on adequate
blood supply. Here, we review the available evidence suggesting presence of an ‘incomplete microcirculatory reperfusion’ (IMR)
after focal cerebral ischemia and discuss potential means that may help investigate IMR in stroke patients after recanalization
therapies despite technical limitations.
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The best conceivable treatment for acute ischemic stroke is
restoration of blood flow to the ischemic region, which is currently
provided by thrombolysis. Unfortunately, a short time window
limits the use of recanalization therapies, and not infrequently,
thrombolysis is complicated by hemorrhage and edema because
of increased vascular permeability.' There is also a not well-
recognized potential drawback associated with recanalization
therapies, which is characterized by incomplete restoration of the
microcirculatory flow in some parts of the ischemic tissue after
reopening of the occluded blood vessel; the so-called ‘no-reflow
phenomenon’*” This phenomenon enjoyed considerable
scientific interest after its first description in the 1970527 '° later,
it lost its popularity because of the claims that it might be an
experimental artifact,"' ~'* in addition to the concerns that it might
be an epiphenomenon of the established tissue injury.”'®
However, substantial experimental data accumulating since the
past decades'®%° and the recent clinical evidence suggesting that
tissue reperfusion (restoration of microcirculatory blood flow) is a
better predictor of outcome after thrombolysis than recanalization
(reopening of the occluded artery)?'?? necessitate that this
phenomenon should be reevaluated. If indeed the micro-
circulatory blood flow cannot be sufficiently reinstituted after
brief focal cerebral ischemia despite complete recanalization as
commonly observed in the coronary circulation,® it might be one
of the factors decreasing the efficacy of cerebral thrombolysis
done within the time window when penumbral cells are still
viable but microcirculatory obstructions have emerged. In

addition to its potential use as a negative prognostic factor,
understanding the conditions of reversibility of microvascular
occlusions may create the possibility of improving recovery after
recanalization therapies.

Here, we review the available evidence and discuss the
potential means that may help investigate the presence and
significance of incomplete microcirculatory reperfusion in throm-
bolysis patients. We also suggest to reserve the term ‘no-reflow’
for the impaired perfusion of the microvessels seen after long-
lasting global ischemia and after prolonged or severe focal
ischemia when microvessel occlusions are irreversible and prevent
recovery from injury. The term ‘incomplete microcirculatory
reperfusion’ (IMR) can be used to describe the potentially
reversible ‘no-reflow’ observed after brief focal ischemia when
there is still salvageable penumbral tissue. This formulation is
based on the assumption that the microvascular responses are
heterogeneous within the mini-cores and mini-penumbras at the
territory-at-risk after focal ischemia as proposed by del Zoppo and
colleagues.?® Although the evidence is yet insufficient and the
ischemic thresholds (severity, duration, etc) determining the
reversibility of microvascular injury remain to be clarified, this
distinction may be of clinical significance because the IMR can
reduce the success of recanalization therapies as will be discussed
below. The aim of this review is to bring this potentially important
subject to the attention of stroke researchers with the hope of
finding the imaging correlates of IMR having satisfactory resolu-
tion, and of developing therapeutic interventions.
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IMPAIRED MICROVASCULAR PATENCY AFTER ISCHEMIA

An impaired reflow because of loss of microvascular patency (no-
reflow) was first noted by Ames et al® after global cerebral
ischemia. A similar microvascular impairment was subsequently
reported after focal ischemia.”'2* Carbon tracer techniques and
fluorescent-labeled intravascular markers showed that parts of the
microcirculation were not perfused after reopening of the middle
cerebral artery (MCA).”>%° Histologic evaluation of the ischemic
tissue with light and electron microscopy showed that microvessel
lumina were narrowed and obstructed with blood cells and
fibrin.”>2” Notwithstanding technical concerns such as improper
osmolarity of perfusion fluids may cause endothelial swelling,
reports agree with regard to the histologic changes observed at
various segments of the microvascular bed despite some
differences possibly caused by varying duration of ischemia or
recirculation and by experimental conditions (see excellent
reviews by del Zoppo et al'®?®%°). Briefly, precapillary arterioles
generally remain open,®® although circular constrictions have
been observed after prolonged permanent ischemia.>® Capillaries
show constrictions and luminal narrowing, which are attributed to
compression by swollen astrocyte endfeet.”’® Their narrowed
lumina are filled with entrapped erythrocytes, leukocytes, and
fibrin-platelet deposits.”*'9?’213% |t has been proposed that
increased blood-brain barrier (BBB) permeability also contributes
to microvascular occlusion by promoting fibrin deposition via
exposure of plasma constituents to tissue factor in the perivascular
spaces.>® The lumina of postcapillary venules are surrounded with
adherent leukocytes and may contain cellular aggregates made of
fibrin, platelets, and leukocytes.”'”2>31-3¢

CAN INCOMPLETE MICROCIRCULATORY REPERFUSION
UNFAVORABLY AFFECT TISSUE SURVIVAL AFTER
RECANALIZATION?

The incomplete microcirculatory reperfusion after prolonged focal
ischemia could be an epiphenomenon of the established tissue
injury; therefore, its reversal may not be of functional significance.
In contrast, incomplete restoration of microcirculatory blood flow
may negatively affect tissue recovery if reopening of the occluded
artery is achieved early when there is still salvageable penumbral
tissue. Considering that microvascular obstructions are already
present 1 hour after MCA occlusion,®”® and that a salvageable
penumbra may exist at least 4.5 hours in some stroke patients,’
improving microcirculatory reperfusion seems to be a promising
strategy after recanalization therapies despite the lack of direct
evidence connecting the microvasculature obstructions to the
evolution of tissue injury as well as the findings in animal models
to patients.

Parallel to observations in other tissues® the idea that
incomplete microcirculatory reperfusion could compromise
tissue recovery after focal cerebral ischemia was primarily put
forward by del Zoppo et al.”“® Based on ultrastructural studies
showing narrowed and clogged capillary lumens with entrapped
blood cells, Garcia®’ also emphasized the possibility of an
impaired microcirculation after focal ischemia, and proposed
that the microcirculatory collapse could account for expansion
of the ischemic lesion. It is likely that coalescence of the
multiple  hypoperfused foci can contribute to this
process. 2?4142 Although patent arterioles may provide
sufficient O, to the immediate tissue surrounding them
(~50um in the rat cortex),”® the tissue where O, supply is
dependent on capillaries may have hypoxia because of impaired
circulation of erythrocytes. Unlike blood cells, plasma may
continue to flow through the narrowed capillaries and promote
anaerobic glycolysis and lactate formation because of
unsatisfactory oxygen delivery to the tissue while glucose is
supplied by way of serum. Supporting this view,
in ischemic MCA area in primates, extracellular glucose levels
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were correlated with regional cerebral blood flow, whereas
heterogeneous tissue lactate levels varied with the cerebral
metabolic rate of O, (CMRO,).** When assessed globally with
electron paramagnetic resonance oxymetry in the rat cortex, the
recovery of penumbral interstitial pO, was found to be incomplete
after recanalization, possibly because the compromised micro-
circulation did not match the increased oxygen consumption.*
Reinforcing the idea that a uniform tissue oxygenization is critical
for survival, the mean distance of the center of neuronal somata to
the closest microvessel is 15 um in the rat cortex,*® and neurons
distant from microvessels are the ones first injured during focal
ischemia,”” whereas regions surrounding penetrating arterioles
are spared from hypoperfusion-induced injury.*® Supporting the
idea that microvascular obstructions can directly lead to neuronal
injury, a reduction in microtubule-associated protein-2 immuno-
reactivity, a marker of neuronal injury, was reported to be spatially
linked to local microvascular obstruction and flow after 1 hour
of MCA occlusion®® It has also been shown that secondary
microvascular obstruction resulting from compression by the
swollen astrocyte endfeet contributed to the evolution of
disseminated selective neuronal necrosis after temporary
unilateral carotid occlusion in Mongolian gerbils.** A BBB-
impermeable nitric oxide synthase inhibitor (L-N5-(1-iminoethyl)-
ornithine) decreased microvascular clogging and reduced the
infarct volume, suggesting that restoring microvascular
patency may improve stroke outcome without direct
parenchymal neuroprotection.®® Conforming with the above
arguments, the ischemic area has been shown to be
metabolically heterogeneous in both rodents and humans,?*>'>2
and the infarct evolves by coalescence of multiple discrete
foci where cell death advances before the neighboring less
severely ischemic areas.?”>* Finally, pharmacological agents and
genetic manipulations reducing microvascular clogging by
inhibiting leukocyte adherence, platelet activation, or fibrin-
platelet interactions have been shown to restore microcirculation
and improve stroke outcome in animal models, suggesting,

although indirectly, that IMR unfavorably affects recovery
of the ischemic tissue after reopening of the occluded
arte I,y.25,33,40,50,54—57

DO PERICYTES CONTRIBUTE TO INCOMPLETE
MICROCIRCULATORY REPERFUSION?

Endothelial swelling as well as compression caused by swollen
astrocyte endfeet were postulated as the mechanism of narrowing
of capillary lumina that, together with mechanisms that involve
endothelial cell adhesion, promotes aggregation of blood cells
and fibrin in capillaries.”>'®?” Recently, it has been shown that
pericytes on microvessels contract during ischemia and remain
contracted despite reopening of the occluded artery in a mouse
model of focal ischemia®® (Figure 1). This mechanism may
significantly contribute to microvascular clogging because the
active contraction of pericytes is likely to increase the micro-
circulatory resistance far greater than compression of the lumen
by swollen endfeet because large volume changes at the
periphery of a cylindrical structure causes relatively smaller
changes in diameter. Moreover, segmental constrictions giving a
sausage-like appearance to ischemic capillaries (see also Morris
et al**) are more compatible with an active contraction rather than
passive compression by the astrocyte endfeet covering capillaries
all along their longitudinal course. Indeed, the constricted nodes
were found to be colocalized with the contracted pericyte
processes intermittently located along microvessels.>® It might
be interesting to reevaluate whether the constricted capillaries
illustrated in electron microscopy studies might have been caused
by contracted pericytes, and the swollen endfeet then passively
have filled the distorted spaces.”'> Because capillary luminal size
hardly allows passage of one row of erythrocytes and, leukocytes,
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because of their size and inflexibility, are not easily able to
negotiate capillaries, small decreases in capillary radius typically
caused by pericyte contractions (by 17% in vivo>®) as well as by
endfeet compression and endothelial swelling may lead to blood
cell entrapments.>®>° For example, half of the superficial cortical
microvessels (visualized through a cranial window) were still
clogged 2hours after recanalization after 2hours of MCA
occlusion in the mouse cortex.>>®° Considering the fact that the
level of local cerebral blood flow within the first hours of ischemia/
reperfusion is the most critical factor determining penumbral
tissue survival,®! the failure of erythrocyte circulation is expected
to play a detrimental role in determining the tissue fate after
recanalization therapies. Pericyte cytoplasm and mitochondria
were shown to swell soon after ischemia with electron
microscopy.”®> The pericyte dysfunction may be caused by
oxygen and nitrogen radicals that are intensely generated on
the microvascular wall during ischemia/reperfusion®*®* because
the unregulated pericyte contraction can be reversed by inhibiting
oxidative and nitrative mechanisms.>® Reversing pericyte
contraction  with  these agents administered  during
recanalization restored microcirculatory patency and promoted
tissue survival, reinforcing the idea that microcirculatory
obstructions may unfavorably affect recovery after recanalization
as discussed above. However, the potential role of pericytes in IMR
requires more compelling and direct evidence because this
hypothesis is currently based on a synthesis of ex vivo studies of
brain sections and intact retina as well as in vivo observations
through a cranial window. The recent in situ demonstration of
pericyte contraction with vasoactive agents in transgenic mouse
harboring green fluorescent protein-expressing pericytes®®
unequivocally shows that brain pericytes have contractile
capability as seen in vitro>®®> However, the link between
observations in the superficial pial circulation and those in the
deep subcortical beds, where ‘no-reflow phenomenon’ has been
described, still remains indirect. In addition to their role in
regulation of capillary blood flow by changing the capillary
diameter with various chemical stimuli originating from
neighboring astrocytes and neurons,’®%> pericytes also play an
important role in maintenance of the BBB integrity.?®®” Therefore,
it would be interesting to investigate whether pericyte
dysfunction could also contribute to the ischemia/reperfusion-
induced BBB leakiness. These developments might bring about
the exciting possibility that effective suppression of oxidative/
nitrative stress during recanalization therapies may not only
restore BBB integrity (hence, bleeding and edema), but may also
improve impaired microcirculation (hence, recovery).

CAN INCOMPLETE MICROCIRCULATORY REPERFUSION HAVE
CLINICAL SIGNIFICANCE?

Although the above reviewed evidence supports a role for IMR in
stroke pathophysiology, the direct evidence is still missing
because of the technical limitations, both experimentally and in
clinical imaging. Technical insufficiencies also preclude the
investigation of microcirculatory dynamics and associated meta-
bolic changes in required resolution, especially in patients. Recent
developments in multiphoton microscopy,***® optical coherence
tomography, and phosphorescence quenching,®®’° as well as
magnetic resonance imaging (MRI), may provide further insight
and help to assess the potential impact of this interesting
phenomenon on the outcome of recanalization therapies.
Contrary views reported in the past were mostly based on
examination of capillary patency with Evans blue,'"""® which may
have filled the periphery of microvessel lumen with circulating
serum and created the illusion of a patent lumen despite the
presence of entrapped blood cells.'® Indeed, capillary patency was
found to be significantly compromised 1hour after MCA occlu-
sion when a tracer with different characteristics (e.g. fluorescein
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isothiocyanate-dextran  2,000kDa) was used.>”?®  Similarly,
detection of regional cerebral blood flow with iodoantipyrine or
laser Doppler flowmetry showed varying results ranging from
clear local reperfusion deficits to near-normal recovery after MCA
recanalization.'®”'™7* Relatively free circulation of the radioactive
tracer with serum may have caused the iodoantipyrine technique
to underestimate the microcirculatory deficit caused by capillary
cellular aggregates. Doppler shifts created by erythrocytes
bypassing through patent capillaries and arteriolo-veneous
anastomoses or thoroughfare channels may have led to
pseudonormalized signal after recanalization.”> Therefore,
labeling erythrocytes might be a more reasonable approach to
study the microcirculatory occlusions in vivo as well as ex vivo
(Figure 1). In conclusion, it appears that the resistance increase in
some capillaries because of intraluminal cell aggregates, which
aggravates capillary flow heterogeneity and reduces oxygena-
tion,”®”” may not be reliably assessed by some cerebral blood flow
detection methods depending on experimental factors such as
the tracer used, circulation time of the tracer, sampling of region
of interests, and tissue processing protocols. In fact, MRI perfusion
studies, which evaluated the transit time of the water molecules
through a given slice of brain tissue, have clearly disclosed that
tissue reperfusion is incomplete even after MCA occlusion as
brief as 35 minutes, and further deteriorates with prolonged
ischemia’®%° (Figure 2).

CAN WE IMPROVE THE STROKE OUTCOME AFTER
THROMBOLYSIS?

Unlike the situation in most stroke patients, the arterial occlusion
was not produced with a clot, and recanalization was not attained
with thrombolytic agents in most of the animal studies reviewed
above. This may be of clinical significance because protracted
recanalization as typically seen during thrombolysis may differ-
ently affect the microcirculation from prompt recanalization
induced by the release of mechanical occlusion. However, a few
studies in which MCA was embolized with autologous clots and
tissue plasminogen activator (tPA) was used for recanalization
reported that tissue reperfusion was only partly restored despite
complete recanalization.”® 8! This finding conforms to the idea of
an impaired microcirculation despite recanalization and also raises
the possibility that microemboli originating from the disintegrated
thrombus could contribute to the clogging of microvessels. In
stroke patients, clots occluding the arteries fragment, either
spontaneously or by thrombolytics, may move downstream to
obstruct distal arterial branches and sometimes arterioles
(>50 um).&*® Microthrombi have also been found in brain
microvessels of stroke patients who died within a month after
the ictus.®* Microthrombi may originate from proximal clots or be
formed in situ within the microvessels.>®> Moreover, Hossmann and
his colleagues® proposed that low perfusion pressure during slow
recanalization process might hinder clearance of microthrombi
from microcirculation. An elegant study has recently shown that
part of the microemboli (8 to 20um) are cleared from
microcirculation within 2 hours after their infusion into the
carotid artery in mice.®® Yet, a substantial number of emboli are
retained in the microvasculature and interrupt the blood flow.
Obstructed microvessel lumina reopen after extravasation of the
clot to the perivascular area within the following days. Although
this study has revealed an interesting and novel mechanism, the
clinical relevance of such massive microembolism observed in
superficial pial vessels under conditions of normal flow to the
acute arterial occlusion with a large clot and subsequent
fragmentation is hard to predict. In fact, all cortical microvessels
were found to be perfused 1 to 3 hours after clot injection to the
origin of the MCA in rats, suggesting that cerebral circulation has
the capacity to rapidly and effectively lyse fibrin.®® However, the
latter study assessed microvascular patency with Evans blue,
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which may have failed to detect microvascular cell aggregates as
discussed above. In conclusion, the available evidence, although
indirect, suggests that microcirculation may remain clogged by
cellular aggregates as well as fibrin and microthrombi after
opening of the occluded artery with thrombolysis. Therefore,
therapeutic approaches aiming at reducing microvascular
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obstruction might improve the success rate of recanalization
therapies.#?>3340503457 1mnortantly, promoting oxygen delivery
to the tissue where erythrocytes cannot circulate by means
of ongoing serum flow (e.g., with hyperoxia or oxygen carriers)
may decrease lactic acidosis and improve survival of the
underreperfused tissue.'®” However, current approaches also
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have down sides; for example, hyperoxia may cause vascular and
tissue injury, whereas oxygen carriers like perfluorocarbons
may induce alterations in coagulation and endothelial cell
activation 2”28

CLINICAL EVIDENCE SUGGESTING A ROLE FOR INCOMPLETE
MICROCIRCULATORY REPERFUSION IN RECANALIZATION
THERAPIES

Although recanalization is vital for the treatment of stroke, a
subset of patients do not show any clinical improvement despite
recanalization®® Among many other factors, incomplete
reperfusion at the microcirculatory level might be one of the
reasons for this discrepancy. Despite the well-established nature

of IMR in experimental models of cerebral ischemia, the incidence
and relevance of this phenomenon in the clinical setting has not
been analyzed systematically. One major reason for the paucity of
human data in this regard was the absence of clinical tools that
provided temporal information regarding the status of recanali-
zation and reperfusion in patients with acute ischemic stroke.
Moreover, the current imaging techniques are far from to match
the spatial resolution obtained by neuropathologic examination
of microvascular bed in experimental animals. However, with
the advent and widespread use of modern neuroimaging tools
like computed tomography (CT) angiography, CT perfusion, MRI
angiography, and MRI perfusion, together with more common
application of intravenous and intraarterial thrombolysis in the
acute stroke setting, we have started to get a better picture of the
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Figure 2. Temporal evolution of cerebral blood flow changes on magnetic resonance image-derived lesion volumes after (A) 35 minutes, (B)
60 minutes, (C) 95 minutes, and (D) permanent middle cerebral artery occlusion. Tissue reperfusion is incomplete even after MCA occlusion as
brief as 35 minutes, and further deteriorates with prolonged ischemia. ¥*P<0.0001 compared with postreperfusion values. Adapted from
Bardutzky et al”® with permission.

<

Figure 1. Cerebral ischemia induces intermittently spaced capillary constrictions, among which erythrocytes are entrapped. Brain sections in
upper panels illustrate the cortical capillaries filled with horseradish peroxidase (HRP) injected before killing the mouse. In contrast to
uninterruptedly filled nonischemic microvessels (A), the luminal HRP column is interrupted by nodal constrictions in the ischemic hemisphere
(B). Differential interference contrast (DIC) images (C-G) illustrate that erythrocytes are entrapped between the constricted segments and that
the nodal capillary constrictions are colocalized with a-smooth muscle actin (2-SMA) immunopositive pericytes (green). (A-G) Images were
captured from the frontal cortex at 6 hours after 2 hours of middle cerebral artery occlusion (MCA) occlusion. Ischemia-induced capillary
constrictions and erythrocyte entrapment can also be observed in vivo through a cranial window in mice under anesthesia (H-J). Microvessels
made visible with systemically given fluorescein isothiocyanate (FITC)-dextran become better delineated after ischemia because of sluggish
blood flow (allowing more fluorescence emitting), and numerous capillary constrictions appear (arrowheads) starting 1hour after MCA
occlusion (). (H, 1) Images were captured from the same cortical area before and during ischemia. Similarly, erythrocytes, which are hardly
detectable under bright-field microscopy in vivo because of rapid blood flow, become visible and entrapped around the capillary constrictions
during ischemia (J, arrowheads). Although it is difficult to show in vivo that all microvascular constrictions are colocalized with pericytes,
processing of these brains ex vivo with NaBH,, which renders hemoglobin fluorescent (K, red), confirmed that constricted capillaries imaged
during intravital microscopy were filled with trapped erythrocytes (arrows) and the capillary constrictions were colocalized with «-SMA
immunopositive pericytes (green, arrows in inset). Reproduced from Dalkara et al®® with permission. The color reproduction of this figure is
available at the Journal of Cerebral Blood Flow and Metabolism journal online.
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tPA +IA MT or
standard treatment
Overall

Table 1. Studies serially analyzing recanalization and reperfusion in ischemic stroke patients
Type of treatment Time to Tool for Tool for Time of Number of patients  Percentage (95% Cl)
initiation of assessing assessing evaluation with successful of patients without
treatment reperfusion  recanalization recanalization reperfusion
Baird et al”® IA SK 4 to 24 hours SPECT CA 24 to 48 hours 4 25% (13-78%)
Yasaka et al®’ IV SK or placebo <4 hours SPECT TCD 24 hours 8 50% (17-83%)
Khatri et al®? IV+1A tPA <3hours CA CA Completion of 43 23% (12-39)
angiography?
Tomsick et al®®> IV tPA or IV +IA tPA <3hours CA CA Completion of 26 19% (7-40%)
angiography®
Albers et al”* IV tPA 3 to 6 hours MRP MRA 3 to 6 hours 19 21% (7-46%)
after tPAP
De Silva et a® IV tPA or placebo 3 to 6 hours MRP MRA 3 to 5 days 13 31% (10-61%)
Soares et al*' IV tPA or IA MT or IV <5 hours CcTP CTA 24 hours 13 38% (15-68%)

26% (19-35%)

sonography) infusion that lasted for a maximum of 2 hours.
*The median door to needle time was 328 minutes in the study.

CA, conventional angiography; Cl, confidence interval; CTA, computed tomography angiography; CTP, computed tomography perfusion; IA, intraarterial; IV,
intravenous; MRA, magnetic resonance imaging angiography; MRP, magnetic resonance imaging perfusion; MT, mechanical thrombolysis; SK, streptokinase;
SPECT, single-photon emission computed tomography; TCD, transcranial Doppler ultrasonography; tPA, tissue plasminogen activator.

“Intravenous tPA had to be started within 3 hours of symptom onset; this was followed with initiation of intraarterial tPA (with or without intraarterial

relationship between recanalization and reperfusion in humans
(Table 1). The development and standardization of new imaging
modalities that enable repetitive monitoring of tissue perfusion
status, like arterial spin labeling MRI perfusion or transcranial
Doppler ultrasound perfusion, will hopefully help us to better
understand the nature of these complex pathophysiological events
in humans in the near future.

The first hints regarding the presence of impaired reperfusion
despite successful recanalization in humans came from studies
that carried out serial single-photon emission CT studies
combined with transcranial Doppler ultrasound or digital subtrac-
tion angiography in patients receiving streptokinase as part of
clinical trials.”>®" In one study, out of five patients with an initial
perfusion defect on serial single photon emission CT together with
an intracranial artery occlusion, one patient had no cerebral
reperfusion despite partial recanalization of MCA with intraarterial
streptokinase.”® Recanalization and reperfusion status were fairly
correlated in the other three patients, and one additional
patient had undergone partial reperfusion despite unsuccessful
recanalization.”® In another study, which compared the efficacy
of intravenous streptokinase against placebo, out of 10 patients
with initial vessel occlusion, 4 had successful recanalizaton,
yet impaired reperfusion.’’ Reperfusion and recanalization
were correlated in the remaining eight patients; six attained
successful recanalization and reperfusion, whereas the remaining
two reached neither end point®’ Both studies showed that
perfusion status, rather than successful or unsuccessful
recanalization, had a significant impact on clinical outcome at
follow-up.”%®!

These studies were followed by analyses carried out in cohorts
of patients receiving intravenous or intraarterial tPA in the acute
ischemic stroke setting. In the International Management of
Stroke-l (IMS-l) trial, which tested the efficacy and safety of
intravenous and intraarterial tPA combination therapy, digital
subtraction angiography was used for assessing both recanaliza-
tion and reperfusion.”® The analyses have indicated that despite a
partial or complete recanalization of the proximal occlusion
(graded as arterial occlusive lesion (AOL) score Il or lll), there was
no evidence of distal branch filling (graded as Thrombolysis in
Myocardial Infarction (TIMI) score of 1) in 10 out of 43 patients.”
In the following IMS-II trial, the same treatment approach was
combined with low-energy sonography applied by a micro-
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catheter. Similar to IMS-I, an AOL score of Il or lll was observed in
26 patients, but optimal reperfusion was achieved (graded as
Thrombolg/sis in Cerebral Infarction (TICI) score of 2 or 3) in only 21
patients.”® Both studies showed, once again, that clinical outcome
was better correlated with reperfusion status rather than
recanalization.’>®® Although angiography by itself cannot be
considered as an appropriate tool for assessing tissue perfusion,
these results highlight that there is a discordance between
proximal and distal vascular beds in terms of vascular patency in a
subset of stroke patients after recanalization.

More recent studies, using noninvasive tools like CT or MRI to
assess vessel status and tissue reperfusion, have also identified the
presence of patients with discordant recanalization and reperfu-
sion. In the Diffusion and Perfusion Imaging Evaluation for
Understanding Stroke Evolution (DEFUSE) trial, there were 4
patients out of 19 who did not show evidence for reperfusion on
MRI after 3 to 6 hours of intravenous tPA despite recanalization.”
The correlation between recanalization and reperfusion was
significant, but moderate with a « value of 0.58°* In the
Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET),
among 18 patients receiving intravenous tPA and with
technically adequate serial angiography and MRI perfusion
studies, recanalization was attained in 13 cases at days 3 to 5, 4
of whom with no success in reperfusion.?? In multivariate analyses,
reperfusion but not recanalization was significantly associated
with good neurologic and functional outcome.?? Consistently,
another study has shown that reperfusion was a significant
predictor of both clinical and tissue outcomes, whereas none of
these outcome parameters were related to recanalization.”’ Out of
13 patients in this study, 5 had impaired reperfusion despite
recanalization®' (Figure 3). Although the supporting data continue
to accumulate, we still do not know the exact mechanism of these
observations in humans. Multiple mechanisms, ranging from
fragmentation and migration of thrombotic particles into distal
arterial beds to disturbed flow within the capillaries secondary to
IMR, might be related to impaired perfusion on CT or MRI studies,
despite restored patency in proximal arteries (hence, recanaliza-
tion).”> One promising aspect regarding the potential role of IMR
in humans is that both the no-reflow phenomenon and most of
the phenomena that are now considered critical in acute ischemic
stroke, like the penumbra concept, have been shown to be
present in non-human primates.”?®

© 2012 ISCBFM



Incomplete microcirculatory reperfusion in stroke
T Dalkara and EM Arsava

B Admission
(1 hour)

6 hours

Figure 3. Absence of reperfusion, even in the setting of complete recanalization, may result in a large follow-up infarct volume. (A) Axial
noncontrast computed tomography (CT) carried out on admission (2.5 hours after onset of symptoms) shows subtle hypoattenuation of the
right putamen but no sulcal effacement in the right middle cerebral artery (MCA) territory. (B) Axial maximum-intensity projection image from
computed tomography angiography (CTA) carried out admission shows occlusion of the M1 segment of the right MCA (arrow). Perfusion CT
(PCT) maps show decreased cerebral blood volume (CBV) and cerebral blood flow (CBF) in the right frontal and temporal lobes and a larger
region of prolonged mean transit time (MTT) that also involves the right anterior cerebral artery (ACA) territory. The region of decreased CBV
corresponds to the infarct core, whereas the surrounding mismatch region of prolonged MTT represents the ischemic penumbra. The patient
received endovascular thrombectomy with a MERCI device. (C) Axial maximum-intensity projection image from CTA and PCT carried out
6 hours after admission show that, despite complete recanalization of the right MCA, PCT maps show that the region of decreased CBV and
CBF has expanded to include the right anterior ACA territory that was previously considered tissue at risk. MTT is still abnormally increased in
the right superficial MCA territory and in a portion of the right ACA territory. (D) Axial noncontrast CT carried out 48 hours after admission
shows marked hypoattenuation and edema in the territories matching the perfusion deficit on the reperfusion PCT. Reproduced from Soares
et al*' with permission.

In conclusion, clinical studies suggest that a state of incomplete 7 del Zoppo GJ, Schmid-Schonbein GW, Mori E, Copeland BR, Chang CM. Poly-
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and development of therapeutic strategies to restore microcircu-
lation should become one of the priorities of stroke research in the
near future as both tissue and clinical outcomes heavily depend
on successful reperfusion.
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