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Large artery recanalisation in stroke

ABSTRACT

Large cerebral artery occlusion accounts for 40-46% of ischemic strokes. These strokes are characterized by
extensive neurological deficit, poor functional outcome, and increased mortality (up to 40-80% in the most
severe clinical syndromes). Intravenous thrombolysis is approved treatment across severity grades, except for
the extremely severe, although alternative strategies are under evaluation, such as mechanical thrombectomy.
The aim of the present thesis was to study the occurrence and impact of recanalisation in a large cohort of
ischemic stroke patients with documented large cerebral artery occlusion treated with intravenous thrombolysis.
Data were collected through the internet-based Safe Implementation of Treatment of Stroke - International
Stroke Thrombolysis Register (SITS-ISTR).

Study |

We explored baseline factors associated with middle cerebral artery occlusion, as determined by presence of
hyperdense middle cerebral artery sign (HMCAS) on admission CT scan, and its relation to functional outcome
and symptomatic intracranial hemorrhage in stroke patients treated with intravenous thrombolysis. HMCAS
patients (n=1905, 19% of the whole study population) were younger, but had severer stroke at baseline and
less favorable outcomes at 3 months compared to non-HMCAS patients. Intravenous thrombolysis treatment in
patients with HMCAS on admission CT scans did not increase the rate of symptomatic intracranial hemorrhage
after treatment, though asymptomatic hemorrhagic transformation was increased. We conclude that the
presence of HMCAS on baseline CT is not a reason to exclude patients from treatment with intravenous
thrombolysis.

Study I

We analysed the association of HMCAS disappearance after intravenous thrombolysis, which implies vessel
recanalisation, with early neurological improvement, stroke functional outcome, and symptomatic intracranial
hemorrhage, and attempted to find predictors of HMICAS disappearance from baseline. The admission HMCAS
disappears on 22-36h CT scans after intravenous thrombolysis in almost half of all cases (n=831). The
proportion of functionally independent patients in the HMCAS disappearance subgroup was more than double
(42% vs. 19%) and mortality was less than half (15% vs. 30%) compared with the HMCAS persistence
subgroup. A higher prevalence of infarct-related parenchymal haemorrhage in the HMCAS disappearance
subgroup did not influence overall favorable 3 month outcome. The prognosis in patients with MCA occlusion
that persists after intravenous thrombolysis is poor; this finding strengthens the appeal for alternative treatment
approaches in this subgroup.

Study Il

We examined the impact of early neurological improvement, defined in various ways according to the previous
literature, on functional outcome in patients with large vessel occlusion on admission CT- or MR angiography
(n=798), and its ability to predict vessel recanalisation. Early neurological improvement at 2h and 24h was
associated with vessel recanalisation at 22-36h but also with functional independence at 3 months. Early
neurological improvement by 20% at 2h was the best predictor of 3 months functional outcome and
recanalisation after thrombolysis. Fairly accurate, it may serve as a surrogate marker of recanalisation, if
imaging evaluation of vessel status is not available. If recanalisation status is required after intravenous
thrombolysis, vascular imaging is recommended despite neurological improvement.

Study IV

We investigated the importance of recanalisation status in stroke patients (n=5324) with and without early
neurological improvement after intravenous rtPA. Recanalisation of an occluded artery in acute stroke was
associated with favorable functional outcome both in patients with and without neurological improvement after
intravenous thrombolysis. Combination of vessel recanalisation and early neurological improvement was by far
the most favorable clinical scenario. In future evaluations of mechanical thrombectomy and other additional
strategies, recanalisation strategy should be considered in patients with persisting occlusion after intravenous
thrombolysis even in case of significant neurological improvement.

In summary, the present thesis demonstrates satisfactory effect of intravenous thrombolysis in approximately
half of the patients with large cerebral artery occlusion, and poor prognosis for those who are lacking early
treatment response. Our findings support the search of alternative treatment approaches aimed to achieve
vessel recanalisation for the latter group, based on early objective evaluation of vessel status.
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INTRODUCTION

General background

Ischemia, originally the Greek word meaning shortage of blood supply, is a universal
pathophysiological factor of any disorder which involves the vascular system of the human
body. Cerebral ischemia implies localized reduction of blood flow to brain tissue due to
arterial obstruction or systemic hypoperfusion. Acute or chronic restriction of blood flow in
a given vascular territory may result in local tissue damage, in unfavourable circumstances
to the extent of irreversible death (necrosis, brain infarction). Acute focal ischemia of the
brain results in ischemic stroke, the clinical syndrome characterized by a focal (or at times
global) neurological impairment of sudden onset, and lasting more than 24 hours (or
leading to death), and of presumed vascular origin (standard World Health Organization
(WHO) definition) .

The consequences of severe stroke are devastating. 16 million first-ever strokes
registered all over the world result in 5.7 million deaths annually . Recent statistics
demonstrate that the death rate in cerebrovascular diseases per 100000 population can
reach up to 250.3-352.7 (males and females, respectively, Russian Federation, 2006) >,
exceeding mortality from neoplasms in the same country and preceded only by ischemic
heart disease. Of survivors over 40 years old, 21-24% die within the first year, and 47-51%
die within the next 5 years (men and women, respectively) *. The incidence of stroke is
expected to increase with the growing life expectancy, since rates of stroke increase with
age.

The strategies, which were shown to improve stroke survival and prevent severe
disability, include: proper management of underlying diseases, building of specialized
stroke units, early medical management, and rehabilitation and pharmacological
enhancement of functional recovery. Early management remains the keystone of acute
stroke care in accordance with the “therapeutic window” concept, which implies that the
benefit from any treatment may be gained only if the treatment starts within the first few
hours after the onset of ischemic stroke. At the moment, the only effective acute stroke
treatment is the method which aims to recanalize the occluded vessel in ischemic stroke
and provides restoration of blood supply. This treatment is thrombolysis with recombinant

tissue plasminogen activator (rtPA). Evidence supporting the intravenous use of
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recombinant tissue plasminogen activator in the early phase of ischemic stroke comes
from 2955 cases recruited into randomized controlled studies, main of those are NINDS
rtPA stroke trial >, ECASS (European-Australian randomised stroke thrombolysis studies) |
and Il ® 7, ATLANTIS (Recombinant Tissue-Type Plasminogen Activator (Alteplase) for
Ischemic Stroke 3 to 5 Hours After Symptom Onset) ®. Intravenous thrombolysis has been
shown to improve outcomes of ischemic stroke if applied early enough °. The net benefit
from intravenous rtPA within 3 hours after stroke onset is approximately 1 fewer dead or
disabled per ten patients treated. Intravenous thrombolytic therapy with alteplase (rtPA) is
the only approved evidence-based treatment for acute ischemic stroke in USA and
Europe. Safety and efficacy of alteplase in clinical routine treatment has been documented
by the SITS-MOST study '°''. Recently, evidence of a benefit of alteplase within 3-4.5 h
after stroke onset has been provided by the ECASS IlI study ' and the SITS-ISTR 3-4.5 h
study ',

However, there are still unresolved problems of thrombolytic therapy; in particular,
patients with large-vessel arterial occlusions are likely to demonstrate poor recanalisation
rates (6-44%) after intravenous thrombolysis '°. More complex algorithms may be needed
for this specific subgroup of patients. Further controlled studies are needed to identify
which categories of patients with acute ischemic stroke are most likely to benefit and which
are harmed or demonstrate lack of treatment response from intravenous rtPA ® 7. In
addition to controlled studies, large observational studies may answer to the previously
disputable questions of stroke management, and show the ways to improve stroke care for
those in whom conventional intravenous thrombolysis results in poor outcomes. Studies
based on large clinical registries have shown their ability to provide important data to
improve thrombolysis care in the situation when implementation of randomized trials is

complicated by the existence of an approved treatment "%,
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Occlusion of major cerebral vessels

Large cerebral vessel occlusion is usually implied when terminal part of internal
carotid artery (ICA), basilar artery (BA) and, sometimes, vertebral arteries, anterior
cerebral artery (ACA), or M1 or M2 segments of middle cerebral artery (MCA) are involved
(Figure 1). These locations of occlusion are observed in up to 40-46% of unselected

population of patients with ischemic stroke %' %

, of those MCA stroke is predominant, while
ICA and BA occlusion are less prevalent ?°. A particular case of large vessel occlusion is
the so-called tandem occlusion, the simultaneous thrombosis of terminal ICA and MCA on

the same side, which is identified in 17-20% of MCA strokes %* %°.
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Figure 1. Circle of Willis and major cerebral arteries.
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Ischemic stroke caused by large artery occlusion is associated with extensive

2227 \which, even

neurological deficit 2°, poor functional outcome and increased mortality
treated with thrombolysis, reaches 80% in malignant MCA infarction 2%, 57% in terminal
ICA occlusion #°, and 40-42% in reports of small series of BA thrombosis ***'. The optimal
approach to the stroke patients with large vessel occlusion at baseline (conventional
thrombolysis, intraarterial thrombolysis or mechanical thrombectomy, or combined

systemic treatment + local intervention) is still a matter of discussion.

Aetiology and risk factors of major vessel occlusion

The most prevalent risk factors that cause major cerebral vessel occlusion and lead
to ischemic stroke are intracranial atherosclerotic disease and atrial fibrillation; diabetes
mellitus and smoking predispose to large cerebral artery occlusion by exaggeration of
atherosclerotic vascular damage. Arterial hypertension is one of the main risk factors for all
types of stroke; however, its pathogenetical mechanisms directly lead to lacunar infarcts,
while risk of large vessel occlusion is mediated by acceleration of large vessel
atherothrombosis and hypertensive damage of the endothelium of cerebral vessels.

Various diseases represent less frequent causes of stroke, among them arterial
dissection, specific genetic disorders *?, pregnancy 3, hypercoagulation disorders,
paradoxical embolism via patent foramen ovale **, other cardiogenic causes of embolism,
including myocardial infarction *°, migraine * . The particular association of the most of

these disorders with large vessel occlusion was not clearly established.

Extra- and intracranial atherosclerotic disease

Close association of atherosclerosis and large vessel occlusion is evident yet from
the fact that atherosclerotic plaques tend to be situated at the sites of vessel branching,
which are typically found along the walls of large arteries. The favourite location of the
plaque is the carotid bifurcation and the proximal part of the internal carotid artery, where
the character of blood flow predisposes to reduce shear stress *%. By histological criteria,
each atherosclerotic plaque develops through a sequence of several stages. Stages I-llI
are not thrombogenic and do not produce clinical symptoms; the lesions of these stages
are observed in children and young adults *. Stage IV is the first stage of the advanced
atherosclerosis process, represented by a lipid necrotic mass covered by a fibrous tissue
cap. Type V plagues are the lesions with excessive fibrous tissue growth, above the lipid
core, sometimes in multiple layers (type Va), with calcification (type Vb), or with minimal
amount of lipid fraction, when all constituents, including intima, are substituted by fibrous
connective tissue (type Vc). The complicated plaque, i.e. disrupted, causing thrombosis, or

12
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containing haematoma which is a consequence of intramural haemorrhage, is sometimes
allocated into stage IV °.

In a clinical perspective, several mechanisms within the course of plaque
development may cause symptoms of cerebral ischemia. Increasing lesion narrows the
vascular lumen and reduces blood flow via the involved artery, leading to hemodynamic
insufficiency. Stage IV atheroma with a soft lipid rich core which is covered by a thin
fibrous cap, is known as a vulnerable plague, which is particularly inclined to a rupture. As
soon as fibrous cap disrupts in its weakest part, the highly thrombogenic contents of the
core contacts with blood constituents and produces immediate platelet activation and
thrombus formation, the so-called atherothrombotic process *'. It was shown that plaque
rupture accounts for the majority of sudden coronary deaths ** and ischemic strokes in the
carotid circulation *®. Ulceration and erosion of the plaque surface, with the formation of
small (usually non-occlusive) thrombi are the other possible mechanisms of causing

cerebral ischemic events *

. Intraplaque haemorrhage, which happens with stage V
lesions, is another pathogenetic process that contributes to plaque progression, thus
increasing degree of stenosis or promoting plaque rupture s Any progression of the
plaque is accompanied by inflammation; as a consequence inflammatory cells migrate into
the intimal layer and produce endothelium damage, decrease antithrombotic properties of
the endothelium and weaken the fibrous cap of the plague, conducting to its rupture and/or

intraluminal thrombosis *'.

Atrial fibrillation and other sources of cardiac embolism

About 80% of embolism-related deaths in atrial fibrillation arise from stroke #°.

Several mechanisms exist that are responsible for prothrombotic state in atrial fibrillation or
flutter. Rudolf Virchow, the physician from Germany, was the first who explored in 1856
the phenomenon of deep vein thrombosis and published factors that contribute to the
prothrombotic state: abnormal state of the vessel wall, abnormal blood flow, and
alterations of blood constituents. A contemporary interpretation of the Virchow triad is the
following: endothelial or endocardial damage or dysfunction (and related structural
abnormal changes); abnormal blood stasis 4. and imbalance of haemostasis, platelets,
and fibrinolysis *’. Atrial fibrillation fulfils all three criteria *®.

1. Fibrosis, hypertrophy, degeneration and/or necrosis of the atrial myocytes,
fibrillolysis (suggestive of myocarditis or noninflammatory localized cardiomyopathy) was
found in atrial tissue biopsies of patients with atrial fibrillation both with and without mitral
valve defect *°°°. Endothelial damage in atrial fibrillation was also described as the “rough
myocardium” phenomenon, characterized by oedema, fibrous thickening, erosions, and
parietal thrombosis °'.

13
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2. Absence of atrial systole in atrial fibrillation leads to blood stasis inside the left
atrium. Increased rate of ventricular contractions, which is often a consequence of atrial
fibrillation, reduces effective ventricular filling and worsens the stasis. The anatomical
structure of left atrium is also conductive to blood stasis, since left atrial appendage is long
with a narrow inlet. Reduced flow velocity in the left atrium was confirmed by a Doppler
study 2.

3. All intravascular factors of thrombus formation, i.e. platelets and soluble proteins of
the coagulation cascade and fibrinolytic system, are recognized to contribute to the
abnormal procoagulation state in atrial fibrillation. Evidence of platelets activation is
supported by reports of increased levels of vascular endothelial growth factor which is
produced by activated platelets >, B-thromboglobulin (a platelet-specific blood protein that
indicates platelet activation) **, and platelet microparticles amount (though attributed rather
to underlying cardiac pathology than to atrial fibrillation itself) *°. Elevation of plasma
markers of coagulation activation (prothrombin fragments 1+2 (F1+2), thrombin-
antithrombin complexes, and D-dimer, the product of fibrin degradation) have been
reported in patients with chronic atrial fibrillation, as well as over-expression of von
Willebrandt factor in the atrial endothelium in patients with a history of cardiogenic
thromboembolism *¢-8,

It is important to note that pathophysiological changes in atrial fibrillation might
depend on associated co-morbidities (ischemic heart disease, hypertension, and diabetes
mellitus) which may have independent impact on the endothelium and balance of serum
procoagulant and anticoagulant factors.

Hypertension, diabetes, and smoking

These three maijor risk factors for stroke have no direct mechanism to facilitate large
vessel occlusion, but aggravate the impact of other conditions, especially the progression
of intracranial atherosclerotic disease, which, in turn, predisposes to large vessel
occlusion. It was shown that relationships between plaque components are consistent with
single risk factors: the fibrous carotid plaque correlated with aging and diabetes, the
granulomatous plaque with hypertensive females, plaques complicated by mural
thrombosis with smoking.

Arterial hypertension is a well-known risk factor of all types of stroke. Mechanisms
of ischemic stroke arising from major vessel occlusion in hypertension include large vessel
stenosis, acceleration of atherosclerosis development and hemodynamic factors
increasing vulnerability of the plague. Increased intraluminal pressure causes disruption of
the endothelial barrier functions and direct damage of the endothelium °°. Endothelial
injury provokes excessive deposition of lipids in the intima (injury hypothesis of

14
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atherosclerosis) °° and progression of plaque growth. Increased intravascular pressure
induces adaptation processes in cerebral arteries, namely remodelling and stiffening °'.
Hypertrophic remodelling means that smooth muscle cells undergo hypertrophy or
hyperplasia and grow inwards, increasing the wall thickness; thus the lumen of the vessel
is reduced. Eutrophic remodelling means that smooth muscle cells rearrange without
changing their amount and wall thickness, but with reduction of the vessel lumen. Vascular
stiffening results from increase of collagen content and rigidity of the vessel wall. Finally,
excessive mechanical forces during repeated cycles of distensions and elastic recoils of
the arterial wall in the setting of hypertension lead to the mechanical fatigue of the
atherosclerotic plaque with its microfissuring, rupture, and haemorrhage ®2. In addition,
arterial hypertension predisposes to cardiac problems, including atrial fibrillation and
myocardial infarction, which can be the potential sources of thromboembolism.

Relative risk of cerebral infarction associated with tobacco smoking is 1.9 (95% ClI
1.7 — 2.2), with dose-response effect ®. Aggravation of carotid artery atherosclerosis by
smoking was demonstrated by several studies ®+°°. Smoking causes direct damage of the
endothelium; elevated amount of circulating endothelial cells was found in smokers versus
non-smokers in early studies ®. Nicotine exposure is directly related to ischemic stroke in
humans ®. Cigarette smoking is associated with a hypercoagulable state (increased
release of thromboxane A2), which probably is not directly related to nicotine, but possibly
to other combustion products ®; this effect is even more prominent in women taking oral
contraceptives & Long-term administration of nicotine decreases the amount of nitric
oxide (NO), an endogenous endothelium-released vasodilator, and impairs endothelium-
dependent vasodilatation ”' 2. On the contrary, serum concentration of one of the most
potent endogenous vasoconstrictors, endothelin, in increased by the intake of nicotine 73,
that may result in decreased cerebral perfusion.

In diabetes mellitus, relative risk for stroke ranges between 1.36 — 4.1 in men, and
2.25 — 6.8 in women "*. The typical subtypes of ischemic stroke in diabetic patients are
considered to be lacunar and posterior circulation infarcts; at the same time, the
prevalence of atherosclerotic carotid stenosis in diabetic patients is twice as high in
diabetic vs. non-diabetic subjects (26% vs. 53% °). In an early report large vessel stroke
was found twice more frequently in diabetic patients with atherosclerotic large artery
disease than in non-diabetics ’®, indicating greater risk of atherosclerosis progression on
diabetes. Diabetes mellitus was shown to be an independent risk factor of both small

artery and large artery occlusive stroke '’

. From the pathophysiological perspective,
diabetes is accompanied by a chronic state of low-grade inflammation, endothelial
dysfunction, hypercoagulability, and dyslipidaemia “®, all directly related to macrovascular

complications. Hypercoagulation state in diabetes is maintained by glycosylation of
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collagen and platelet adhesion proteins and increased levels of plasma fibrinogen and
plasminogen activator inhibitor-1 °.

Other causes

Among the unusual aethiologies of ischemic stroke, large vessel occlusion is
predominantly associated with intracranial arterial dissection and migraine.

The precise mechanisms by which migraine may lead to ischemic stroke are
currently unknown. Several mechanisms are hypothesized *® ®: direct ischemic event as a
result of vessel spasm (migrainous infarct); endothelial damage caused by migraine
pathophysiological mechanisms or exacerbated by them; hypercoagulation state in
migraine. Alternatively, association of migraine and stroke may be indirect, linked to
higher prevalence of stroke risk factors in patients with migraine, migraine-specific drugs,
or genetic predisposition to both conditions. With regard to ischemic stroke, congenital
heart defects, in particular patent foramen ovale, have also been discussed as potential
biological mechanisms.

Arterial dissections ®'

arise from a tear of intimal layer with the subsequent
development of intramural haematoma. Dissections are usually associated with a
traumatic force that causes mechanical stretching of the artery. The majority of all cases
involve extracranial sections of carotid and vertebral arteries. Ischemic stroke symptoms
are caused by either hemodynamic insufficiency secondary to narrowing of the vessel

lumen, or by thromboembolism distal to the injury site 8 %.

Sources of occlusion

Thrombosis is a process of blood clotting which includes the stages of thrombus
formation, propagation, migration, and dissolution. For the formation of thrombus,
activation of platelets and formation of fibrin from its precursors in the coagulation system
are required. The platelet-fibrin ratio in the composition of the thrombus may vary
depending on the local development of fibrin, platelet activation, and the specific features
of regional blood flow. At the sites with high blood flow rates thrombi are usually platelet
rich, while at the sites of lower shear rates fibrin component is predominant; this
mechanism may explain the difference between the thrombi that take shape in
atherosclerotic intracranial disease and those in atrial fibrillation.

The process of thrombus formation

The physiological process of thrombus formation starts from the injury of blood vessel
wall, which means the loss of the endothelial cell barrier between extracellular matrix

16



Large artery recanalisation in stroke

components and flowing blood. The response of platelets to this stimulus develops in three
conjugated phases: adhesion, activation and aggregation. Platelets contact with
subendothelial layer and adhere to the constituents of the exposed tissue, i.e. collagen,
von Willebrandt factor, fibronectin, laminin, and thrombospondin. This adhesion leads to
platelet activation. Another cellular initiator of blood coagulation is tissue factor (tissue
thromboplastin), which activates the coagulation protease cascade, resulting in fibrin
deposition and activation of platelets 3. Activated platelets change their shape and start
signalling to recruit new platelets to aggregate; these signals are ADP and thromboxane
A2. The membrane of aggregating platelets is a basis of for the generation of thrombin,
which, in turn, promotes fibrinogen conversion to fibrin. Fibrin monomers create a network
that serves as frame for growing thrombus, later on forming polymers (mature thrombi
contain fibrin trimers and tetramers) . Embolization of thrombus-atheroma material may
lead to downstream occlusion. At the same time, spreading of thrombus beyond the injury

site is restricted by antitrombotic components of endothelial cells ¢, activation of

circulating anticoagulants (antitrombin, activated proteins C and S) ¥

, and endogenous
fibrinolytic system, especially an inactive proenzyme plasminogen which converts to active
serine protease plasmin. The role of plasmin is to degrade fibrin into its soluble products of
its degradation. The mechanism of conversion of plasminogen to plasmin is launched by
the two types of plasminogen activators: tissue-type plasminogen activator (t-PA) and
urokinase-type plasminogen activator (u-PA) 8 Function of plasminogen activators is
regulated by its inhibitors, which modulate their activity, such as plasminogen activator

inhibitor type 1 (PAI-1).

Thrombogenesis in atherosclerosis and atrial fibrillation

The two main sources of large vessel occlusion, i.e. atherothrombosis and cardiac
thromboembolism, are characterized by slightly different mechanism of thrombus
formation and, as a result, variety in composition of the thrombotic mass.

In atherosclerotic vascular disease, the process of thrombus formation starts from the
plaque rupture of fissuring of its surface. It was clearly demonstrated that components of
human atherosclerotic plaques induce aggregation of washed platelets, platelet-rich
plasma, and platelets in whole blood, primarily through activation of collagen receptors .
Of importance, the stimulation of platelet adhesion and aggregation in anticoagulated
blood 2°, supporting the primary role of platelet component in atherothrombosis. The size
and the shape of thrombus depend on the extent of plaque disruption, the degree of
stenosis, and the properties of the surface exposed to the circulating blood % Disruptions
of advanced plaques which expose highly thrombogenic lipid core triggers the formation of
thrombi few times larger than thrombi generated by exposure of other components of the
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arterial wall ®'. The most active platelet aggregation is observed at the narrowest part of
the stenotic vessel; vasoconstriction and continued narrowing of the lumen by thrombotic
process promote further growth of the thrombus up to the complete vessel occlusion by a
dense platelet-rich clot %2

In cardiac embolism, especially in lone atrial fibrillation, thrombus formation seems to
be triggered rather by activation of various components of the coagulation system due to
blood stasis in heart chambers, rather than by platelet activation, though platelet function
is still impaired . Supporting this assumption, absence of platelet activation in patients
with cardioembolic stroke due to non-valvular atrial fibrillation was reported *. On the
contrary, fibrin was found to be the main component of thrombi extracted both from heart
chambers (during the cardiac surgery) and from the lumen of embolized blood vessels
(during vascular interventions) ®. The contribution of abnormal stasis in atrial fibrillation,
resulting from reduction of cardiac blood flow during episodes of atrial fibrillation, in the
thrombus formation is of primary importance. In a clinical transesophageal Doppler study,
it was shown that the risk of stroke increases proportionally to the decrease of atrial
velocity during atrial fibrillation °* ®. Aberrant blood flow is associated with increased
interaction between fibrinogen and erythrocytes, the phenomenon which is visible as
spontaneous echocardiographic contrast on transesophageal echocardiograms and was
correlated to hyperfibrinogenemia %. Combination of the aforementioned factors with the
activation of the proteins of coagulation cascade, as reflected by the increased

% 9 and hypofibrinolysis '® determines the

concentration of prothrombotic markers
formation of fibrin-rich thrombi in left atrium, predominantly in its appendage. As for platelet
function in atrial fibrillation, some data demonstrate that platelets are activated, but direct

relation of their state to the increased thrombotic risk is uncertain %% 101,

Consequences of cerebral vessel occlusion

Normal cerebral circulation and metabolism

Cerebral vascular territories may be principally subdivided into two parts: the anterior
(carotid), and the posterior (vertebro-basilar) circulation. Within both territories, three major
levels exist: extracranial arteries, large intracranial arteries, and the small superficial and
deep penetrating arteries. Large cerebral arteries which enter the skull branch into smaller
arterioles that run along the surface of the brain (pial arteries) '%2. The wall of pial arteries
has three layers: an endothelial cell layer, a smooth muscle cell layer and adventitia (an
outer layer of leptomeningeal cells). Arterioles are surrounded by the so-called Virchow-
Robin space '®. Along with the penetration of arterioles deeper from the surface, this
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space disappears and the vascular basement membrane comes into direct contact with
the astrocytic end-feet. Within this structure, neuronal processes are coupled with cerebral
blood vessels. Pial arteries lumen is regulated by perivascular nerves that originate from
autonomic and sensory ganglia and contain vasodilators and vasoconstrictors %,
Regional flow is managed by precapillary arteriolar constriction due to neural firing or by
autocrine activities '°°. This mechanism guarantees shunting of blood (if necessary) and
protection of the tissue from ischemia.

Cerebral blood flow is the rate of blood passing the unit of the brain tissue (100 g) per
minute. Under normal physiologic conditions, the average cerebral blood flow in a healthy
young adult is approximately 45 + 6.5 ml per 100g of brain tissue per minute '®. Cerebral
blood flow is much higher in gray matter (approximately 80 ml per 100g per minute) than in
white matter (approximately 20 ml per 100 g per minute) '%. Cerebral metabolism is
reflected by cerebral metabolic rate of oxygen (CMRO;), and the fraction of oxygen
extracted from blood by the brain (oxygen extraction fraction, OEF), measured by positron
emission tomography (PET). In a healthy adult, CMRO2 is approximately 3.3 + 0.5
ml/100g/min, and OEF is 0.44+0.06 % n a resting state of the brain, regional blood flow
is closely matched to the resting metabolic rate of the tissue, as shown by PET images of
constant relationship or coupling between the local CBF and local CMRO02 values '%.

Blood-brain-barrier (BBB) '°° is a specific structure responsible for isolation of brain
tissue from immunoactive blood components with the simultaneous preservation of oxygen
and nutrient delivery. During the ontogenesis microvasculature of cerebral hemispheres
develops in parallel to the neurons, evolving into a system of the so-called “neurovascular
units”, a theoretical concept which describes neuron-microvascular interactions 1o,
Neurovascular unit consists of microvessels that are functionally coupled with the
neighbouring astrocytes, neurons and their axons, and other supporting cells (microglia
and oligodendroglia). Astrocytes and endothelial cells interact to form the basal lamina of
the capillary. Endothelial cells of the cerebral capillaries differ from endothelial cells in the
rest of the body by the absence of fenestrations and extensive tight junctions. Inter-
endothelial tight junctions regulate the permeability of BBB for hydrophilic molecules.
Pericytes are another type of cells of the microvessels that wrap around the endothelial
cells; their function is structural support and vasodynamic capacity of the microvessels.
Extracellular matrix protects BBB from the entry of blood cells (erythrocytes leakage or
leukocytes migration in response to inflammatory stimuli).

Brain response to ischemia

The immediate result of major vessel occlusion is an abrupt decrease of blood supply
in the area corresponding to the basin of the involved artery, with subsequent series of
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metabolic and morphologic changes involving cerebral microvascular network and tissue.
Ischemic state is characterized by reduction of CBF, reduced CMRO,, and increase of
OEF with its subsequent decrease corresponding to the death of brain cells. Cerebral
microvessels are considered to be more resistant to ischemia than the neurons they
supply because of higher stability of endothelial cells against oxygen deficiency '".
Alterations of the microvasculature, however, start as early as in 30 min — 2h after
experimental focal brain ischemia. The responses of the microvessels to ischemia include
the following "2 loss of the capillary permeability barrier function; loss of the integrity of
basal lamina and extracellular matrix; derangement of cell adhesion and expression of
leukocyte adhesion receptors on the surface of endothelial cells. Loss of the barrier
function leads to endothelium swelling, underlying tissue oedema and narrowing of the
lumen with subsequent loss of capillary patency and, sometimes, its rupture. Loss of basal
lamina and extracellular matrix integrity facilitates hemorrhagic transformation "3,
Expression of leukocyte adhesion receptors promotes migration of pro-inflammatory cells
into brain tissue, which results in local inflammation in the ischemic zone. As a substantial
part of this neuroinflammatory response, abnormal expression and activation of matrix
metalloproteinases (MMPs) occurs '**. MMPs are proteolytic enzymes, which take part in
remodelling of the extracellular matrix in a normal metabolic state. However, in the setting
of ischemia MMPs-2 and MMPs-9 attack the components of the basal lamina (collagen,
laminin and fibronectin), thus contributing to capillary wall and matrix degradation **°.

As for the intravascular compartment of the cerebral microvasculature, reduction of
the patency of the distal capillary bed results in the so-called “no-reflow” phenomenon '°.
The term means obstruction of the downstream capillary bed after reperfusion of the
previously occluded supply artery "' This phenomenon is constituted by endothelial cell
swelling, external compression from perivascular glial oedema, slowing down of blood flow
with intravascular activation of platelets, leukocytes and factors of coagulation (associated
with formation of fibrin deposits). These factors prevent the potential restoration of blood
supply both from reperfusion of the previously occluded artery and collateral circulation.

For the neurons, sudden oxygen deficiency brings devastating effects, since brain
metabolism is dependent on oxidative phosphorylation and is characterized by high
demand of oxygen and glucose without any storage of nutrients. Deficiency of energetic
substrates inhibits the work of K'/Na* ATP-ase, an ionic pump which serves to maintain
ionic gradient inside/outside of the cell membrane. As a result, depolarization occurs,
when excitatory synaptic potential of neurons is lost, as well as membrane potential of glial
cells ", Two important processes follow this alteration of ionic pump function. First, due to
activation of presynaptic voltage-dependent Ca®*-channels Ca**, the universal secondary
messenger, initiates release of excitatory amino acids (glutamate, aspartate) into
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extracellular compartment (and, moreover, a series of alterations in the cytoplasm and cell
nucleus that produce damage of cell outer membranes and internal structures) ''?. Over-
activation of postsynaptic glutamate and aspartate receptors (i.e. N-methyl-D-aspartate
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors) is
termed “excitotoxicity” ''®. Excitotoxicity causes direct cell damage by stimulation of
Ca2+ influx into both neurons and glia, which causes activation of enzymatic cascade of
reactions, resulting in proteolysis and lypolysis, formation of reactive oxygen species,
membrane damage and cell destruction. Second, influx of Na* ions into the cell, in the
absence of K/Na exchange from a K/Na pump followed by passive transport of water in the
same direction, results in cellular oedema, which, in turn, deteriorates the perfusion on the
adjacent zones; eventually, cytotoxic oedema may result in local brain swelling, increase
of intracranial pressure and brain herniation.

Failure of energy metabolism is an immediate ischemic response of cerebral tissue,
which occurs within minutes; of importance, the processes that lay behind the crash of
energetic metabolism (especially, formation of oxygen reactive species and excitotoxicity)
not only lead to cell destruction, but also trigger more-delayed ischemic responses, which
develop within hours and days.

Inflammation. In the ischemic area, a number of pro-inflammatory genes are
expressed, and pro-inflammatory cytokines and cell adhesion molecules are synthesized
"9 Acting together with the pro-inflammatory mechanisms arising from microvascular
damage, these processes lead to further cellular injury and progression of cerebral
infarction. First the neutrophils adhere to the endothelium, cross the damaged vascular
wall and enter the brain parenchyma, followed by macrophages and monocytes in a few
days. Astrocytes and microglial cells are also involved into the inflammatory response '%°.
Contribution of inflammation into ongoing brain damage consists in the production of toxic
mediators by both inflammatory cells and neurons, among those are nitric oxide (NO),
cyclooxygenase 2 (COX2), tumor necrosis factor (TNF)-a, as well as reactive oxygen
species.

Apoptosis '?'. Apoptosis is a delayed pathway of programmed cell death, contrary to
necrosis, which is an acute destruction. Mechanism of cell death in this pathway is
activation of genes that augment intrinsic mechanisms of cell death; the main component
of those is a proteolytic system called caspases '%. Activated caspases modify key factors
of homeostasis and repair proteins in the way that leads to cell destruction. Expression of
corresponding genes is known to be activated by excessive glutamate receptor activation,
Ca?* overload, free oxygen radicals, and by mitochondrial and DNA damage. Caspase
activity may be detected as early as at 9 h after experimental cerebral ischemia, and

apoptotic cell death reaches its peak between 24-72 h %,
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The ischemic penumbra

The degree of critical reduction of cerebral blood flow in acute stroke is uneven over
the ischemic area; existence of the gradient of CBF decline leads to the formation of
several different tissue structures. Generally, neurological dysfunction occurs in a tissue
after CBF falls below approximately 18-22 ml/100g/minute '?*. The centre of ischemic area
usually becomes a zone of the most compromised blood supply, where CBF falls below
10-12 ml/100g/min (10-25% from the normal value) '?*; this zone is termed the infarct core.
The core is surrounded by the zone where reduction of blood flow is sufficient to cause
functional impairment but the tissue is still viable, without immediate irreversible failure of
energy metabolism and cell death — the ischemic penumbra '?® '?°. Reduction of CBF in
this area is reported as between 10-17 ml/100g/min '?*. At this level of energy failure,
protein synthesis is inhibited, but glucose utilization is still retained; which results in
functional (loss of electrical activity) but not morphological (membrane degradation)
damage.

Penumbra, in turn, is surrounded by the zone of benign oligemia, where CBF
reduction is not so severe and constitutes approximately 17-18-20 ml/100g/min; the most
part of neurons in this zone survive stroke. It should be noted, however, that CBF
thresholds for infarct core and penumbra show a considerable variation in different reports
depending on methodological considerations '?" %8,

Histologically, the core of the infarct is characterized by morphological injury with total
necrosis of all tissue structures, both neurons and glia. In penumbral zone, functional
damage is prevalent over morphological, and neuronal injury is scattered, which is
sometimes termed as “incomplete infarction”; for the initial few hours after an artery
occlusion, tissue at risk has uncertain chances of infarction or recovery. The reversibility of
metabolic alterations in the penumbral area depends on the duration of ischemia. If blood
supply is not restored quickly, i.e. in 2-3 hours from animal studies and approximately 4-6h
(and even up to 48 h in small series) from human imaging studies '?°, tissue damage
proceeds to irreversible state. Evolution of stroke is characterized by propagation of
neuronal injury over time and infarct core expansion with gradual disappearance of
penumbra. The penumbra concept is a basis of stroke clinical pathophysiology, since
penumbra has become a theoretical target for therapeutic attempts of neurological deficit
reversal in acute ischemic stroke.

Collateral blood flow

Collateral circulation is a term that refers to a system of complementary blood
vessels, which are capable of providing blood supply when the main passage is
compromised. The first level of collateral circulation is the circle of Willis, where anterior
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and posterior communicating arteries provide the bridges between the main vascular
territories. The second level is represented by distal leptomeningeal vessels and
extracranial-intracranial anastomoses connected with ophthalmic artery, middle meningeal
artery, and occipital artery (Heubner's anastomoses) "*°. Collaterals are not functioning
under physiologic conditions, but are recruited by diminished blood pressure in

31 Development of smaller collateral

downstream vascular bed in the setting of stroke
pathways takes time, and is likely to start after larger blood flow channels from Willis circle
fail 2. The capabilities of collateral circulation depend on patient's age, duration of
ischemia, and associated conditions that bring additional cerebrovascular risk. In acute
cerebral ischemia, collateral circulation compensates reduced blood flow at the border

zone of the infarct and contributes to viability of penumbral tissue ™.

Clinical presentation of large vessel occlusion "*

Carotid circulation

Anterior cerebral artery (ACA) '

ACA is a paired artery which originates from internal carotid artery and advances
forward. The area of its blood supply is anterior part of frontal lobe and anteriormedial part
of the cerebral hemisphere, including medial parts of frontal and parietal lobes, and, via
deeper penetrating arteries, anterior portion of subcortical white matter and corpus
callosum. ACA occlusion in typical cases leads to infarction of frontomedial cortical area.

Clinical signs may include:

— the motor deficit in the contralateral leg with predomination in the distal part;
sometimes less marked motor deficit in the arm is also present (precentral gyrus)

— mild sensory deficit in the leg (anterior part of the precentral sensory cortex)

— frontal lobe features: urinary incontinence (paracentral gyrus),
apathy/abulia/akinetism/mtuism (mediobasal cortex),

— apraxia (frontocerebellar tracts)

Middle cerebral artery (MCA) '3 '%

MCA is the main vascular basin of the carotid circulation, which serves as a blood
supply for the largest part of the cerebral cortex. It originates from internal carotid artery
and, compared to ACA, runs laterally and inferiorly. Branches of MCA give blood supply to
the cortex of posterior and lateral parts of frontal lobe, temporal lobe, and the most of
parietal lobe, and to the most of subcortical white matter. MCA occlusion may result either
in the whole MCA territory infarct (usually devastating), or involve one or several of its
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branches, which are subclassified into superficial (cortical and medullary perforating) and
deep (lenticulostriate) arteries.
Clinical presentation, depending on the certain areas involved, may include:
— contralateral hemiparesis of leg, arm, and mimic muscles (precentral gyrus, motor
cortex)
— contralateral sensory loss (postcentral gyrus, sensory cortex)
— motor (temporal lobe of a dominant hemisphere) or sensory ( aphasia
— apraxia, agnosia, alexia, acalculia, agraphia (hon-dominant parietal lobe)
— homonymous hemianopia (white matter in the deep portion of temporal lobe)
— conjugate eye deviation (deep frontal lobe)
— deep penetrating arteries: isolated movement disorders
— medullary perforating arteries: pure motor deficit, pure sensory deficit, sensory-
motor deficit, ataxic hemiparesis

Syndrome of malignant middle cerebral artery occlusion 2

is characterized by large

infarction within MCA territory and progressive development of brain oedema and

herniation with deterioration of consciousness in the next 24-48h; prognosis is poor.
Internal carotid artery (ICA) '

ICA arises from carotid bifurcation, runs up and enters the skull through foramen
ovale. On its way it passes through the petrous part of temporal bone, where gives small
branches, which may anastomose with the internal maxillary artery. Further on it forms the
S-shaped structure ( carotid siphon), which is located near the venous plexus of cavernous
sinus; after that ICA gives one of its most important branches, ophthalmic artery, as well
as small branches to the hypophysis, hypothalamus and optic chiasm. The next important
branches are posterior communicating artery (if present), and anterior chorioidal artery.
Finally, ICA bifurcates into ACA and MCA, where MCA is usually the direct continuing
branch.

Extracranial portion of ICA is a classical site of atheroma location.

Since ICA bifurcation constitutes a part of Willis circle, occlusion of its proximal part
may be transient, of mild severity, or even asymptomatic due to compensation from
primary collateral circulation or from anastomoses with ipsilateral external carotid artery

» 139149) or tandem occlusion

branches. On the contrary, distal ICA occlusion (“T-occlusion
(ICA+MCA ?*%°), may result in a large hemispheric infarction.
Signs of symptomatic ICA occlusion, in addition to symptoms of ACA and MCA
involvement, may include:
— monocular blindness (ophthalmic artery occlusion)

— ocular + cerebral hemisphere ischemic signs (ophthalmo-pyramidal syndrome)
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— mild to moderate contralateral motor, sensory and visual field deficit (anterior
chorioidal artery)

— syncope episodes

Vertebrobasilar circulation

Vertebral artery (VA)

Two symmetrical vertebral arteries originate from ipsilateral subclavian arteries, run
along the vertebral column, enter the skull, and join. Before joining each of VA gives off the
posterior inferior cerebellar artery, which feeds inferior part of cerebellum and lateral part
of medulla. Analogously to ICA, occlusion of VA may be asymptomatic, but in some cases
results in large infarction involving cerebellum and lateral medulla. Occlusion of posterior
inferior cerebellar artery is associated with clinical Wallenberg syndrome (ipsilateral Horner
syndrome, bulbar syndrome, facial paresis, ipsilateral limbs ataxia, hemisensory
disturbances, dizziness, nausea/vomiting, and nystagmus — all together or in variations).

Basilar artery (BA)

BA is the main arterial trunk of vertebrobasilar circulation, which is formed by the
joining of two symmetrical vertebral arteries. It gives many symmetrical branches to supply
blood to brainstem and cerebellum, and bifurcates again in the end of its course. Terminal
branches that are located close to the connection of BA and posterior communicating
arteries feed thalamus. Due to symmetry of branching, total BA occlusion leads to bilateral
damage of brainstem and cerebellum (“locked-in” syndrome). Distal occlusion of BA below
its terminal bifurcation involves blood supply of posterior cortical areas and deep branches
which feed thalamus and upper brainstem. Partial occlusion of BA or its branches causes
various symptoms of cranial nerve dysfunction and cerebellar symptoms:

— cranial motor nerves: facial palsy, disarthria, dysphagia, dysphonia, various eye
movement disorders and dyplopia

— cranial sensory deficits: facial sensory loss, loss of taste

— autonomic nuclei of the brainstem: Horner syndrome, dysfunction of respiratory and
cardiovascular regulatory structures

— involvement of VIII cranial nerve nuclei: vertigo, tinnitus, hearing disorders

— cerebellum: ataxia, nausea, vomiting, dizziness, nystagmus, tremor

— brainstem white matter: decreased level of consciousness, hemiplegia,
hemisensory deficits

— “locked-in”, or isolation, syndrome: tetraplegia, bilateral palsy of facial and bulbar
muscles, loss of horizontal eye movements, with spared consciousness
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“top of the basilar” syndrome: decreased level of consciousness, amnesia, cortical
blindness (due to bilateral PCA occlusion, see below), abnormal papillary response,
paresis of vertical gaze, ptosis, pathologic involuntary movements (hemiballismus)
In the most unfavourable clinical scenario, thrombosis of the basilar artery results in
severe motor deficit (quadriplegia), bulbar symptoms, and impaired consciousness (coma);
prognosis is poor in terms of both survival and functional recovery.
Posterior cerebral artery (PCA) '’
PCA is a symmetrical artery, and the two PCAs are normally the terminal branches of
BA. In approximately 20% of individuals, however, PCA originates from ICA (the so-called
fetal variant). In a typical variant, it connects with the carotid vascular territory via posterior
communicating artery. In relation to this communication point, vascular territory of PCA is
subdivided into precommunicating and postcommunicating segments. PCA gives blood
supply to occipital lobe (postcommunicating part) and medial temporal lobe and adjacent
structures, including thalamus (mostly precommunicating part).

— occlusion of precommunicating portion of PCA: drowsiness (thalamus), loss of
upward gaze, contralateral motor deficit (white matter), ataxia (white matter),
sensory disturbances accompanied by pain (thalamus), ; if bilateral — coma and
tetraplegia due to extensive brainstem infarction

— occlusion of postcommunicating portion of PCA: homonymous hemianopia,
quadrant hemianopia (visual cortex of the occipital lobe), cortical blindness (if
bilateral); memory loss, agnosia, amnestic aphasia (medial temporal lobe).

Clinical classification of stroke syndromes

Stroke patients constitute a group widely heterogeneous by disease severity. For this
reason, many attempts to develop clinically applicable classifications were made, in first
order, to give individualized prognosis for certain cases and to stratify patients for different
therapeutic approaches, in second order, to use in health economy calculations and
academical research. Of importance, clinical classification of acute stroke is supposed to

be rapidly applicable in the setting of limited time frame, preferably without a need for time-

142

consuming investigations and laboratory tests Classification based on stroke

aetiological mechanism '*

4

is logical but demonstrates modest accuracy in the acute
clinical setting ™* and requires extensive patient evaluation. Classification based on
vascular topography is less useful in clinical practice, since isolated occlusion of a certain
major artery with its classical clinical presentation is not so frequent, and variations of
anatomy may bring much diversity into the variations of symptoms. The widely used
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clinical Oxfordshire Community Stroke Project classification is based on the practical
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approach to vascular topography, with regard to classical neurological syndromes;

however, clinical subtypes still predict underlying vascular pathology to a certain extent.

Syndrome

Total anterior
circulation
infarct (TACI)

Partial anterior
circulation
infarct (PACI)

Lacunar infarct
(LACI)

Posterior
circulation
infarct (POCI)

Clinical presentation

Higher cerebral dysfunction + homonymous visual
field defect + ipsilateral motor and/or sensory
deficit of at least two areas of the face, arm, and
leg (if unconscious, higher cortical deficit and
visual field deficit presumed)

Two of the three components of the TACI
syndrome (higher cerebral dysfunction alone, or
motor/sensory deficit less extensive)

Pure motor stroke

Pure sensory stroke

Ataxic hemiparesis

Acute isolated movement disorders

Ipsilateral cranial nerve palsy + contralateral motor
and/or sensory deficit

Bilateral motor and/or sensory deficit

Disorder of conjugate eye movement

Cerebellar dysfunction without ipsilateral long-tract
deficit

Isolated visual field defect
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Primary association with
underlying cause 2

Cardiac embolism
Large artery
atherosclerosis, but less
common

Large artery
atherosclerosis
Cardiac embolism, but
less common

Small artery disease

All mechanisms
approximately equally
important, including
unusual causes
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Recanalisation

Natural course of cerebral artery occlusion

Mechanisms of physiological fibrinolysis

The formation of thrombus in a human organism is tied to the triggering of the
intrinsic mechanism of endogenous fibrinolysis . Thus, the natural history of cerebral
artery occlusion is reperfusion. The physiological fibrinolytic mechanism takes part in the
limitation of thrombus formation and prevents excessive thrombus growing, as well as in
maintenance of a patent vasculature after thrombus formation. The endogenous fibrinolytic
system consists of plasminogen, plasminogen activators (PA), and their inhibitors. Active
thrombin, catalyzing the conversion of fibrinogen to fibrin, at the same time stimulates
release of plasminogen activators from endothelial cells '¢. PAs convert an inactive
proenzyme, plasminogen, to the active enzyme, plasmin, which degrades fibrin and
fibrinogen. Plasmin formation takes place both in the plasma and on suitable reactive
surfaces, like thrombi or endothelial cells. Both components of thrombus formation
contribute to plasminogen activation: the fibrin network serves as the frame, while platelets
(together with endothelial cells) express receptors for plasminogen binding 147,

Both types of endogenous PAs, tissue-type and urokinase-type, are secreted from
cellular sources, but tPA is considered to play primary role in intravascular setting. Tissue-
type PA is known to have high affinity to fibrin due to its enhanced binding to fibrin-bound
plasminogen and its activation of plasminogen in association with fibrin 8. Half-life of
plasminogen activators is short (5-8 min for tissue-type PA and 9-16 min for urokinase-
type PA ™9 in order to keep the balance between haemostasis and fibrinolysis.

To emphasize, the process of thrombus dissolution occurs at the surface of it, where
fibrin and cell receptors anchor plasminogen and its activators in the close proximity to
their substrates. Rate of clot lysis depends on the magnitude of thrombus burden and its
inner structure, including the relative amount of fibrin content and extent of fibrin cross-
linking. Fresh newly formed thrombi are more susceptible to lysis than the old thrombi,
which contain fibroblasts and collagen fibers. It is postulated that thrombi which are
organized in arteries are composed largely of densely packed platelets and leucocytes
connected by fibrin strands, and on the whole are comparatively stable against lysis, while
thrombi originating from venous system and heart chambers are composed mainly of fibrin
and red cells with a minor platelet component; for this reason, they are more susceptible to
lysis. Local flow of blood perfusing the thrombus may contribute to the augmentation of
fibrinolytic process '*°.
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Disorganization of the thrombus

The phenomenon of thrombus dissolution is well-known from the early reports **' '°2,

It was shown by angiographic studies that vascular occlusion in acute stroke is present in
80% of cases in the first hour, but only in 20% by 24 hours . At the same time, the clot
fragments generated by the process of thrombus disorganization may move to peripheral
arteries and occlude downstream blood vessels. Distal migration of clot fragments were

| %4155 and in human studies '°%-1%8 159

shown both in anima , in a recent study " occurring in
up to 16% of cases. Thus, distal migration of the fragments of the original thrombus may
contribute to the no-reflow phenomenon either by direct blockade the microvasculature or
by the obstruction of nutritive blood flow from more proximal arteries with formation of

perfusion deficit.

Revascularization treatments

Acute cerebral artery occlusion leads to brain infarction and irreversible stroke, but
revascularization and reperfusion is a natural course of it; hence, establishing reperfusion
before tissue death becomes a substantiated goal of stroke management. Prompt
restoration of blood supply may minimize the extent of infarction due to reperfusion of
potentially viable penumbra, and improve neurological outcome.

Consequences of reperfusion

Recanalisation of the previously occluded vessel and subsequent reperfusion have
been proven to restore the brain function when performed shortly after acute ischemic

stroke 16 160. 161

Experimental and human (see above) studies have consistently
demonstrated that early tissue reperfusion may limit ischemic tissue enlargement, leading
to a reduced infarct size and favourable clinical outcome. Pharmacologically induced
recanalisation is a gradual process, since binding and activity of rtPA depend on the
thrombus area exposed to blood flow. Once treatment starts, the thrombus softens and
partially dissolves, allowing some degree of flow restoration. The restored bloodstream
delivers more rtPA to bind with fibrinogen inside the clot. This continuous process keeps
on continual clot lysis and enhances residual blood flow until the clot breaks up under the
pressure of arterial blood pulsations. Complete recanalisation is implied when perfusion of
the main feeding artery and the distal branches is restored, while partial recanalisation
means presence of residual thrombus in the main vessel, incomplete filling or occlusion of
some of the distal branches. The most consistent predictors of completeness of

recanalisation in stroke are vessel size and clot burden '%?. Reestablishment of nutritive
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blood supply leads to the restoration of electrical activity in the penumbra cells; clinically, it
is reflected by a reduction of neurological deficit.

Neurological improvement

Thus, clinical improvement is the earliest phenomenon associated with the salvage of

critically hypoperfused tissue. Both animal studies '® '

and human transcranial Doppler
monitoring of patients with acute stroke treated with intravenous thrombolysis "*>"®" have
demonstrated strong association between recanalisation of the previously occluded vessel
and reduction of neurological deficit. Rapid arterial recanalisation is associated with higher
degree of short-term improvement; possible explanations could be faster and more
complete clot dissolution and lower resistance of the distal circulatory bed '®. In patients
with acute stroke treated with intravenous thrombolysis, probability of recanalisation is the
highest during the first hour after treatment initiation, and falls dramatically after this period
189 1t is accompanied by substantial reduction of neurological deficit by the end of tPA
infusion in approximately 20% of patients with large vessel occlusion in the carotid
circulation ' '®”, Early neurological improvement is strongly associated with recanalisation
status '"°. However, clinical improvement not necessarily follows vessel recanalisation
immediately. Metabolic recovery of brain tissue, evaluated by single photon emission
computed tomography ", was shown to be absent in the next few hours, but occur as late
as several days post-treatment. About one third of patients lacking early clinical response
to complete or partial recanalisation have outcomes compared to those who improved
after intravenous rtPA '"2. The phenomenon of delayed neurological improvement may
reflect interaction of favourable impact of reperfusion with the associated potential
damage, such as oedema formation, no-reflow phenomenon with or without persisting
distal occlusion, reperfusion injury (see below). If reperfusion is late but still nutritious,
resolution of oedema and/or microcirculatory stasis will allow clinically recognizable
manifestations of neurological improvement.

Of note, another possible mechanism of blood supply in the setting of acute stroke
via collateral vessels still exists. Presence of collateral blood supply was shown as an
independent predictor of neurological improvement '*'7°. Strategies aimed to increase
collateral flow, such as pharmacologically induced hypertension, have shown its beneficial
effect in the selected cases and need further evaluation '"®.

Improvement of stroke functional outcome

Functional outcome of acute stroke is assessed in terms of recovery of functions
which are necessary for realization of individual professional skills, maintenance of daily
living, and achieving independence from caregivers. In large vessel occlusion,

recanalisation is the strongest predictor of a good functional outcome of stroke '*°.
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Beneficial effect of early recanalisation, accompanied by early neurological improvement,
is sustained in terms of stroke outcome — three thirds of these patients achieve satisfactory
functional recovery at 3 months after stroke '’’. Better outcome is achieved with complete
recanalisation compared to partial, as it was confidently demonstrated by detailed

166 168 177 178

monitoring of stroke thrombolysis by transcranial Doppler (TCD) and by

168)

angiographic control "°. Early (within an hour ') recanalisation is associated with better

outcome; however, late recanalisation (within first 24h) was also shown to be beneficial in

169 180 181 " possible underlying mechanism of the

comparatively small patient cohorts
benefit of late recanalisation may lie in salvage of peripheral layers of penumbra, which
appear to be relatively resistant to ischemia due to better nutritional blood supply from
collateral vessels. Of importance, early neurological improvement after stroke thrombolysis

predicts good functional outcome irrespective of underlying mechanism "2 1%,

Neurological deterioration

Worsening with or without preceding neurological improvement is an infrequent
phenomenon in large cerebral artery occlusion '®*. Potential mechanisms of worsening
include reperfusion injury and brain oedema, hemorrhagic transformations of the infarcted
area, artery reocclusion.

Reperfusion injury is a term describing the interaction of various pathological
processes, which may antagonize the beneficial effects of the restoration of blood flow in
the ischemic area, including transcapillary migration of blood cells, platelet and
complement activation, postischemic hyperperfusion, and breakdown of the blood-brain

'8 Exacerbation of the brain damage and enlargement of infarct area after

barrier
reperfusion was first documented in animal stroke models 186 Leukocytes, when activated,
disrupt the blood-brain barrier, infiltrate brain tissue, and release cytokines which trigger an
inflammatory cascade in the viable penumbra cells. Platelets adhere to both leukocytes
and cerebral microvascular endothelial cells, contributing to the “no-reflow” phenomenon,
and together with leukocytes release mediators of tissue injury '®’. Complement activation
contributes to inflammatory damage, promoting the release of several potent inflammatory
mediators and free radical production '®. Postischemic hyperperfusion ' and disruption
of blood-brain barrier'® in association with capillary stasis facilitate development of
oedema and extravasation of red blood cells.

Progressive brain oedema is a severe life-threatening complication in large vessel

91 Vessel

6 192

stroke; if it develops after an MCA occlusion, the mortality reaches 79%
recanalisation may be associated with increased risk of brain oedema and herniation
Cytotoxic component of the oedema reflects the degree of ischemic cellular damage, while

vasogenic component is related to increase of blood-brain barrier permeability and water
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content in the extracellular space. The second mechanism is responsible for the
enlargement of infarcted tissue volume, development of intracranial hypertension and
brain herniation. Arterial hypertension, hyperglycemia, and fever worsen ischemic oedema
93 Management of this complication is challenging and may require decompressive
surgery and/or invasive non-surgical protocols (hypothermia, hyperosmolar infusions) '%.

Severity of most feared complication of stroke thrombolysis, intracerebral
haemorrhage, may vary from borderline petechiae to a large haematoma with space
occupying effect. Its pathophysiology is closely connected with the ischemic damage of
blood-brain barrier and vascular wall. Disruption of the blood—brain barrier leads to blood
extravasation, which, in turn, contributes to parenchymal injury through mechanical
compression and toxicity of blood components 194 |n addition, rtPA itself is an activator of
MMPs (MMP-9), which degrade neurovascular basal lamina and facilitate hemorrhagic
transformation of infarcted area after rtPA use '°°. Formation of large haematomas is
hypothesized to be related to thrombolysis-induced early fibrinogen degradation
coagulopathy and late reperfusion '®. Factors consistently reported as predisposing to
hemorrhagic transformation after stroke thrombolysis (other from thrombolytic agent) are:
advanced age, stroke severity, hyperglycemia and history of diabetes, elevation of blood
pressure in the acute stage, prior use of antithrombotic medications, coagulation
abnormalities, early ischemic signs on CT and large infarct volume **’.

Two types of hemorrhagic complications were described, based on their radiological
anatomy: hemorrhagic infarcts (HIs) and parenchymal haematomas (PHs) °. HI implies
petechiae along the margins of the infarct or within the infarcted area, but without space
occupying effect. PH means formation of blood clots in infarcted area with space
occupying effect (further subclassified into 2 types by size; see Methods).

In a clinical sense, hemorrhagic transformations are classified into symptomatic
(SICH) i.e. causing clinical deterioration in a stroke patient, and non-symptomatic; but
definitions from clinical studies are varying and controversial (see table on the next page).
Asymptomatic hemorrhagic transformation, especially hemorrhagic infarct (petechiae) is a
common phenomenon, and thought to be a natural evolution of early successful

recanalisation without any clinical impact "%
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Study Definition of Symptomatic Intracerebral Haemorrhage (SICH)

NINDS ° Any CT-documented haemorrhage that was temporally (within the first
36h) related to deterioration in the patient’s condition in the judgement of
the clinical investigator (any decline in neurological status)

PROACT I % Hemorrhagic transformation causing neurological deterioration (4-point
or greater increase in the NIHSS score or a 1-point deterioration in level
of consciousness) within 24 hours of treatment.

ECASS ° Intracranial haemorrhage which may be responsible for deterioration,
after exclusion of other CT findings, along with a worsening of NIHSS
score by 24 points

Cochrane definition | Death within 7 days or deterioration of NIHSS score 21 if clinically

200 attributed to haemorrhage

SITS-MOST ™ Local or remote parenchymal haemorrhage type 2 on the 22-36 h post-
treatment imaging scan, combined with a neurological deterioration of 4
points NIHSS or more from baseline, or from the lowest NIHSS value
between baseline and 24 h, or leading to death

Arterial reocclusion after an initial recanalisation is not a direct consequence of
reperfusion, but may occur early after thrombolytic treatment of acute stroke and cause
clinical worsening and poor outcome. Symptomatic reocclusion, which is manifested by
neurological deterioration, is reported in 4-18% of cases ' 2" 292 yp to 12% in MCA
occlusion 2%, Patients with partial recanalisation appear to be at higher risk of reocclusion
than those with complete recanalisation °'; large artery stenosis is another predisposing
factor *®. In these cases, damage of vascular wall in presence of vulnerable plaque and
local decrease of flow velocity and perfusion pressure due to stenosis hypothetically
predispose not only to incomplete dissolution of the clot, but also to rethrombosis. At the
same time, patients with early reocclusion have better long-term outcomes than patients
with the absence of initial recanalisation; possible underlying cause may be short period of
initial reperfusion of the penumbra, resulting in transient increase of tissue tolerance to
ischemia 2.

Mechanisms of therapeutical recanalisation

Pharmacological agents

Streptokinase originally is a substance released from group C beta-hemolytic
streptococci, which was noted to dissolve blood clots. Its mechanism of action is
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combination with plasminogen followed by its activation to plasmin; the drug, however, is
not fibrin specific, and its use may lead to systemic effect due to depletion of coagulation

factors 2%

. It has a half-life is 16—90 min. Use of streptokinase in stroke was associated
with high rates of hemorrhagic complications ?*® 2. Nowadays indications for use of
streptokinase include myocardial infarction, pulmonary embolism, and deep vein
thrombosis, but not acute ischemic stroke.

Urokinase is also a nonfibrin-specific serine protease that directly transforms
plasminogen to plasmin, capable of activating fibrin-bound and circulating plasminogen. In
the current clinical practice pro-urokinase is used; it is a precursor of urokinase, which is
characterized by significant fibrin specificity due to a preferential conversion of pro-
urokinase to urokinase at the fibrin surface **’. The half-life of pro-urokinase is 14-20
minutes. In the clinical practice, recombinant pro-urokinase in acute stroke is used almost
exclusively for intraarterial thrombolysis.

Recombinant tissue-type plasminogen activator (rtPA) is an analogue of
endogenous plasminogen activator produced by endothelial cells. It is characterized by
fibrin specificity, since presence of fibrin is known to increase rtPA effect; for this reason, it
does not deplete circulating coagulation factors. The half-life of unbound rtPA is 4—6 min
208 Circulating rtPA is rapidly inactivated by plasminogen activator inhibitor type 1 (PAI-1),
produced by endothelial cells and platelets, fibrin-bound rtPA is less susceptible to this
inactivation 2%°. This mechanism may have substantial clinical impact, since it explains
potential resistance of platelet-rich clots to rtPA. Another important clinical issue of rtPA
use is direct activation of matrix metalloproteinases (MMPs), especially MMP-9, a family of
endopeptidases that catalyze the degradation of the extracellular matrix. MMPs promote
neuronal injury in the early times after stroke and, more importantly, breakdown of blood-
brain barrier, which facilitates hemorrhagic transformation of infarcted area and
development of brain oedema 2'°.

Other fibrinolytic medications include vampire bat salivary plasminogen activator —
desmoteplase, enzyme derived from pit viper venom, which acts as a fibrin depleting agent
— ancrod, third-generation synthetic derivatives of tPA (tenecteplase, reteplase), and
glycoprotein lIb/llla receptor antagonists (Abciximab), which is used as an adjunct to
endovascular procedures. At present, these medications are used under experimental
protocols only. Several trials of some of these medications in acute stroke were stopped
prematurely due to safety concerns because of high rate of symptomatic intracranial
haemorrhages in the treatment arm (first part of Desmoteplase in Acute Ischemic Stroke —
DIAS-1 #'', Ancrod Stroke Program — ASP | and Il "2, Abciximab in Emergency Treatment
of Stroke Trial #'3).
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Methods of delivery

Thrombolytic medications may be delivered to the site of cerebral arterial occlusion
through systemic circulation via intravenous route, locally via intraarterial guided
microcatheter, or a combination of these two techniques may be used, starting from
intravenous and, if unsuccessful, switching immediately to intraarterial administration. It
must be noted, however, that extracranial conducting arteries can be abnormally tortuous,
advanced atherosclerosis in the elderly may significantly alter arterial inner structure, and
some intracranial arteries pass through rigid bony canals; all these factors may create
technical difficulties and/or time delay when manoeuvring the guide to establish
intraarterial access #'*. For this reason, it is still discussed if clinical benefit of the intra-
arterial approach is counterbalanced by associated delays.

Advantages Disadvantages

Intravenous route

Fast Systemic effect is possible, with risk of
Easily available corresponding systemic complications

No special equipment required High dosage

Cheap if compared to other options Short treatment time window

Questionable efficacy in large vessel occlusion 2'°
Intraarterial route

Local delivery of thrombolytic drug to the | Experienced interventionist needed

thrombus Angiographic facilities needed
Treatment time window extended Technical problems of microcatheter navigation
Lower dosage may be met with advanced age, severe

High recanalisation rates, especially in | atherosclerotic damage or abnormalities of blood
large vessel (MCA, BA) occlusion vessels
Time delay from admission to angiography, and
from initiation of angiography to clot lysis 2'°
Additional risks of arterial puncture, intubation,

sedation

Combined technique

High recanalisation rate Angiographic facilities needed
Gradual individualized approach Experienced interventionist needed
Titrated dose Risks of intraarterial thrombolysis
Minimization of time delay Still not approved, testing ongoing
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Mechanical revascularization therapy

The main reason to work out a mechanical strategy, when the blood clot in the
cerebral artery is physically removed instead of its dissolution, is the fact that thrombolytic
drugs carry the substantial risk of systemic and intracranial haemorrhage, and, therefore,
have a number of contraindications. Other advantages of mechanical revascularization
include rapid onset of action and prompt recanalisation compared to intraarterial
thrombolysis; theoretically lower rate of infarct-related haemorrhages due to absence of
pharmacological agent facilitating it; higher rate of complete recanalisation, especially in
large intravascular clots ' ', Of importance, many patients ineligible for any thrombolytic
treatment are suitable for mechanical thrombectomy, including those, for instance, with
recent surgery, previous strokes, or abnormal haemostasis 2'®. Lower risk of symptomatic
intracranial haemorrhages allows expansion of time window to 8h and, in special
circumstances such as basilar artery occlusion, 12h '°. Nevertheless, overall rates of
intracerebral haemorrhage (ICH) may be slightly higher in patients treated with mechanical
thrombectomy compared to standard intravenous rtPA '° 28 Additional risks of using
mechanical devises include intracranial vessel dissection or perforation.

A number of mechanical devices were invented, based on either endovascular
thrombectomy, or on mechanical disruption of the clot. Endovascular thrombectomy
devices extract the blood clot from the blood stream, physically retrieving it (MERCI
Retrieval, Microsnare, and Neuronet) or by means of vacuum aspiration of the thrombotic
mass (AngioJet, Penumbra) ?'”. Techniques of clot disruption include purely mechanical
and laser-assisted, sometimes combined with intraarterial thrombolysis to increase its
efficacy.

Development of clinical recanalisation strategies

The first attempts to use pharmacologic fibrinolysis with streptokinase were made in
1960s 2% 2! put were unsuccessful because of high incidence of intracerebral
haemorrhage and death in the treatment group. The next attempts were made with
urokinase %%, also demonstrating significant risk of intracerebral hemorrhagic
complications and absence of dramatic early improvement. Experiments with recombinant
tissue type plasminogen activator (rtPA) started in 1990s were more encouraging and
demonstrated its feasibility and clinical benefit in terms of early neurological improvement
and improved stroke outcome %%

At a later time, thrombolytic medications were evaluated in the large multicenter
trials. Based on a positive result from a pilot study, which showed a potential clinical

benefit ?*, streptokinase was tested in three randomized multicenter trials: the Multicenter
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Acute Stroke Trial-Italy (MAST-I, nonplacebo-controlled, randomized) %%, the Multicenter
Acute Stroke Trial-Europe (MAST-E, placebo-controlled, randomized) 2%, and the
Australian Streptokinase (ASK, randomized, double-blind, placebo-controlled) study %%°. All
three ftrials using streptokinase for acute ischemic stroke were prematurely stopped
because of a high rate of early death, mostly resulting from ICH, and because of a lack of
benefit at outcome in a meta-analysis *%.

Recombinant tissue-type plasminogen activator, commercially available as alteplase,
was tested by the two study groups, Northern American and European. The National
Institute of Neurological Disorders and Stroke rt-PA Stroke Study (NINDS) ° randomized
for rtPA (0.9 mg/kg) or placebo patients with acute stroke within a time window of 3 h after
onset. In the first part of it clinical effect of rtPA was tested, defined as an improvement of
4 points over baseline values in the NIH stroke scale score or the resolution of the
neurological deficit within 24 h of the onset. The percentages of patients with neurological
improvement were not significantly different between the drug treatment and placebo
groups, though difference in post-treatment NIHSS scores (8 vs. 12, p<0.02) was shown
by post-hoc analysis. In the second part, long-term functional outcome was addressed,
and a significant benefit was observed for the rtPA group at 3 months. After publication of
the NINDS results, rtPA was approved in USA for the treatment of acute ischemic stroke in
the first 3h after onset.

The European Cooperative Acute Stroke Study | (ECASS I) © was the first European
prospective multicenter trial of rtPA, randomizing patients for treatment either with 1.1
mg/kg rtPA or placebo within 6 h after stroke onset. The results of the study were seriously
compromised by multiple protocol violations, and the beneficial clinical effect of treatment
was shown only for the patients who strictly fulfilled the selection criteria. This result led to
the initiation of a new study, ECASS Il 7. In this study patients were randomized to
treatment with either 0.9 mg/kg rtPA or placebo within 6 h from stroke onset, stratified into
a 0 to 3h and a 3 to 6h groups. The analysis showed a similar mortality in the treatment
and placebo groups, higher rate of intracerebral haemorrhage in the treatment group, and
significantly better outcome for patients treated with rtPA if favourable outcome was
defined as modified Rankin Scale (mRS) score 0-2 (post hoc definition). According to the
primary end-point of the study (mRS 0-1), the result was non-significant. The conclusion,
however, was that treatment of ischemic stroke with rtPA may lead to an improved
outcome if given to selected patients in experienced centres. A recent ECASS III '? study
was initiated to test the efficacy and safety of rtPA administered between 3 and 4.5 hours
after the onset of a stroke. In this study, intravenous rtPA administered between 3 and 4.5
hours after the onset of stroke significantly improved clinical outcomes in patients
compared with placebo, but was more frequently associated with symptomatic intracranial
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haemorrhage. Another rtPA study was Alteplase Thrombolysis for Acute Noninterventional
Therapy in Ischemic Stroke (ATLANTIS) 8. It addressed the efficacy and safety of rtPA for
ischemic stroke 3 to 5 hours after symptom onset. The study has shown negative result in
terms of both absence of significant improvement of functional outcome, and increase of
the rate of symptomatic intracranial haemorrhage. As a conclusion, thrombolysis with rtPA
for acute ischemic stroke beyond 3h time window after symptom onset was not
recommended by the authors. Nevertheless, the pooled analysis of rtPA randomized
controlled studies has confirmed the strong association between early rtPA treatment and
favourable stroke outcome ° ??’. At the request of the European Union regulatory
authorities in 2002, the SITS International Stroke Thrombolysis Registry (SITS —ISTR)
organised a monitoring study (SITS-MOST) which reported that safety and efficacy in
clinical routine was comparable to the outcome of pooled randomized controlled trials '° .
Later, SITS-ISTR confirmed that functional independence at three months was similar if
treatment was initiated between 3 and 4.5 h after stroke onset, compared to within 3 h *>.
A follow up survey confirmed an increase of mortality and risk of symptomatic intracerebral
haemorrhage in the later time window, but the absolute increase was modest. The authors
concluded that the wider time window offers an opportunity for treatment of those patients
who cannot be treated earlier '

As an alternative to systemic thrombolysis with intravenous delivery of the
medication, local thrombolysis via intraarterial approach using urokinase or rtPA was also
tested. In early studies 2'® #2222° the combined rate of partial or complete recanalisation of
the previously occluded vessel in stroke patients was clearly higher (up to 90%) than that
in intravenous thrombolysis, but the conclusions regarding clinical benefit were not
possible. Randomized acute stroke treatment trials of intraarterial thrombolysis were
performed with pro-urokinase (prolyse) %**: Prolyse in Acute Cerebral Thromboembolism |
(PROACT 1) #'" was a randomized trial of recombinant pro-urokinase vs. placebo in
patients with angiographically proven proximal middle cerebral artery occlusion. Use of
pro-UK was significantly associated with arterial recanalisation and symptomatic
intracranial haemorrhage. PROACT Il ' was a randomized controlled open-label clinical
trial of intra-arterial pro-UK, but with blinded follow-up, also performed in patients with
middle cerebral artery occlusion. In this study, the primary outcome was functional
measure; pro-UK was associated with improvement of mRS score and higher
recanalisation rate, but with higher symptomatic intracranial haemorrhage as well. It is
postulated that intra-arterial thrombolysis of acute proximal MCA occlusion with 9 mg/2 h
significantly improves outcome if administered within 6 h after stroke onset. Studies of
local thrombolysis in acute stroke are still ongoing.
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Mechanical revascularization possesses doubtless advantages, but the issues of
indications, patient selection and time window are not clearly established yet. At the
moment, two mechanical endovascular devices, the Merci Retriever %2 23 and the

23

Penumbra system %** are approved for the treatment of acute stroke. Combinations of

endovascular mechanical interventions with various pharmacological modalities are rapidly

235 236

evolving and appear promising However, despite high rates of vessel

recanalisation, the mechanical thrombectomy studies still demonstrate lower rates of good
outcomes compared with intravenous and intraarterial thrombolytic trials %>’

Low rate of complete recanalisation, high rate of reocclusion, unsatisfactory
outcomes of large vessel occlusion with stroke treatments involving single
pharmacological agent or modality ' %' #® have stimulated the search of effective
combinations of different treatment strategies. Combinations of therapies are expected to
increase the rate of favourable outcome and reduce the likelihood of complications.
Combination of intravenous and intraarterial thrombolysis (“bridging approach”) has
demonstrated its feasibility and safety, as well as high recanalisation rates ?*° 2*°, put
direct comparison of combined intravenous/intraarterial approach with standard

intravenous rtPA is still ongoing *".

Current protocols

Intravenous thrombolysis

Intravenous thrombolysis is the first approved and generally accepted ultra-early
treatment of ischemic stroke, indicated to patients 18-80 y.o. with clinical diagnosis of
ischemic stroke and absence of haemorrhage on admission CT scan. Time window of
intravenous administration of rtPA was recently expanded from 3h to 4.5h "2 ?*2. The dose
of 0.9 mg/kg, but not exceeding 90 mg, is administered over 60 minutes with 10% of the
dose given as a bolus over 1 minute under close monitoring of vital functions and
neurological symptoms. Due to possible systemic effects this method has a wide range of
contraindications 2°%:

— Rapid spontaneous improvement of symptoms

— Minor or isolated neurological deficit

— Very severe stroke with major deficits

— Suspicion of subarachnoid haemorrhage (SAH)
— Head trauma or prior stroke in previous 3 months

— Mpyocardial infarction in the previous 3 months
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— Gastrointestinal or urinary tract haemorrhage in previous 21 days

— Major surgery in the previous 14 days

— Arterial puncture at a noncompressible site in the previous 7 days

— History of previous intracranial haemorrhage

— Blood pressure above systolic 185 mm Hg and/or diastolic 110 mm Hg
— Evidence of active bleeding or acute trauma (fracture) on examination
— Taking an oral anticoagulant or, if anticoagulant being taken, INR < 1.7
— If receiving heparin in previous 48 hours, aPTT must be in normal range
— Platelet count <100 000 mm3

— Blood glucose concentration = 50 mg/dL (2.7 mmol/L)

— Seizure with presumed postictal residual neurological impairments

— Multilobar infarction (hypodensity > 1/3 cerebral hemisphere).

— Absence of consent

European guidelines 2

additionally comment several of these contraindications.
Thus, intravenous rtPA may be used in patients with seizures at stroke onset, if the
neurological deficit is related to acute cerebral ischemia. Intravenous rtPA may also be
administered in selected patients under 18 years and over 80 years of age, although this is

outside the current product labelling.

Intraarterial thrombolysis

The main principle of clinical use of intraarterial approach is its application to cases
which are expected to have limited response to intravenous therapy. Potential reasons
include severe stroke (NIHSS score 210), admission between 3 and 6 hours after
symptom onset, recent history of major surgery, and large cerebral or intracranial vessel
occlusion 2. However, it is postulated by the same guidelines that intraarterial approach
requires admission of the patient to the experienced stroke centre adequately equipped,
but availability of intra-arterial thrombolysis should generally not preclude the intravenous
administration of rtPA in otherwise eligible patients. At the same time, clear evidence
about intraarterial thrombolysis from an adequately powered randomized controlled
double-blind clinical trial and adequately powered systematic review are lacking. Based on
observational data and non-randomised comparisons, current recommendations for
intraarterial thrombolysis with pro-urokinase include 2**:

— acute MCA occlusion within a 6-hour time window — recommended as an option
— acute basilar occlusion — recommended for selected patients

Systematic analysis found no significant differences between intravenous or intra-
arterial thrombolysis for basilar occlusion ?*>. At the same time, intravenous thrombolysis
for basilar occlusion is an acceptable alternative even after therapeutic time window.
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Other revascularization techniques

The use of mechanical revascularization devices is still confined to the advanced
stroke centres. Data of direct randomized controlled trials with outcome data of these
devices are lacking. Approval of MERCI retriever allows its use “to restore blood flow in the
neurovasculature by removing thrombus in patients experiencing ischemic stroke” (Food
and Drug Association approval) within 8h after stroke onset. Candidates for treatment are
considered to be those who are ineligible for intravenous rtPA or who fail intravenous rtPA

therapy. Trial of PENUMBRA clot removal system #**

recruited patients who presented
within 8 hours of symptom onset with a baseline NIHSS score of =28 and an
angiographically verified occlusion of a large intracranial vessel. In this study also patients
who presented within 3 hours must were not eligible to intravenous rtPA, or refractory to
this treatment. Resistance to rtPA was defined by the persistence of neurological
symptoms and the presence of an occlusion in the target vessel.

A randomized ftrial is ongoing to determine the efficacy of mechanical embolectomy
with the MERCI Retriever device under selection by multimodal imaging criteria — MR and
Recanalisation of Stroke Clots Using Embolectomy (MR RESCUE) ?*. Patients are
randomized to receive treatment either with the MERCI Retriever and standard medical
care or standard medical care alone; primary outcome is functional status on day 90.
Inclusion criteria are acute stroke with NIHSS at baseline = 6 and < 30, initiation of
treatment within 8 hours from stroke onset, large vessel proximal anterior circulation
occlusion on MR or CT angiography (internal carotid, M1 or M2 MCA). Patients treated
with intravenous rtPA up to 4.5 hours from symptom onset are included if they have

persistent target vessel occlusion.

Combined approach

Given the absence of randomized trials, currently no combination of interventions to
restore perfusion is conclusively recommended outside the setting of clinical trials.

" was tested in the subgroup of

Combination of intravenous+intraarterial thrombolysis
patients with large vessel occlusion and NIHSS at baseline =210 presenting with 3h of
stroke onset. Patients were given lower dose (0.6 mg/kg) rtPA; after that, if arterial
occlusion was still present, tPA was administered via intraarterial route. The IMS Il study
design was supplied by an ultrasound clot disruption element (Ultrasound Thrombolytic
Infusion Catheter, EKOS Corporation) integrated into intraarterial infusion system 2*°. On
another small study, intraarterial treatment was given if a patient had shown no early
improvement **°.

Mechanical thrombectomy seems to be safely combined with intravenous and/or

intraarterial thrombolysis, but the optimum combinations and clinical indications are not
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established yet %> 2*®. The Multi MERCI protocol #** allowed for endovascular intervention
after either full- (0.9 mg/kg) or partial-dose (0.6 mg/kg) intravenous rtPA without any
alteration of safety profile. Patients with NIHSS score = 8, and stroke symptom duration
under 8 h continued with mechanical thrombectomy if conventional angiography has
demonstrated failure to open the intracranial large vessel by rtPA given within the first 3h.
In another but small study, patients with an admission NIHSS score = 10 underwent
angiography and endovascular treatment, except if rapid improvement was observed after
initiation of intravenous rtPA 7.

A randomized trial comparing standard intravenous rtPA with a combined intravenous
and intra-arterial approach (IMS 1Il) within the first 3h from stroke onset has started **'. The
first group of patients will receive the standard intravenous rtPA treatment. The second
group will receive intravenous rtPA and then undergo cerebral angiography. Absence of
vessel occlusion prevents further treatment attempts. In the presence of arterial occlusion,
one of 4 possibilities of endovascular interventions may be chosen by a treating physician:
embolectomy therapy with either the Merci® Retriever or The Penumbra System™, or
rtPA infusion through the EKOS® Micro-Infusion Catheter, concurrent with delivery of low-
intensity ultrasound energy, or infusion of rtPA though a standard microcatheter at the site
of the blood clot in the brain artery ?*'. Patients includes are those with NIHSS score > 10
at baseline or > 7 and < 10 with an occlusion seen in M1, ICA or basilar artery on CTA (if
done), who received intravenous rtPA within 3 hours of stroke onset.

Controversy: optimal management of large cerebral artery occlusion

Patients with large vessel intracranial occlusion may account up for 28-46% of acute

ischemic strokes 2’

. They represent the most severe strokes, with severe baseline
neurological deficit 2” 2*3, and high mortality: the risk of death in MCA occlusion is reported
from 25% to 78% '%° 2%, 22-53% in ICA occlusion * **°, and 40- 87% in BA occlusion *'.
Neurological outcomes of these patients both after intravenous thrombolysis and
conservative medical treatment are poor, especially in cases of basilar artery occlusion
and carotid terminus occlusion 2? 2° 27 31 251 252 T4 (ate, neither intravenous nor intra-
arterial thrombolysis with only a single pharmacological agent seem to be an efficient way

238

to rapidly recanalize occluded major brain arteries . The recanalisation rates of

intravenous rtPA for proximal arterial occlusion range from only 10% for internal carotid
artery occlusion to 30% for proximal middle cerebral artery occlusion ?°°. Thus, the search
of more effective approach for intravenous rtPA non-responders is warranted; use of

alternative and combined reperfusion strategies is extensively supported by experts '%% #'°

254 while direct randomized comparisons are still ongoing. At present, answers to the two
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of the unresolved questions could contribute substantially to the solution of the problem of
large vessel occlusion.

1. Up-to-date evidence of intravenous rtPA effect in stroke patients with large
vessel occlusion.

Modest rate of reperfusion and greater benefit in patients with distal branch vessel
occlusions was shown in early studies with intravenous rtPA '°%; at the same time, quality
of general stroke care has substantially improved over the last 10-15 years. Data from
recent studies reporting the outcomes of stroke with large vessel occlusion treated with
intravenous rtPA are lacking.

2. Basis for establishment of criteria for combined treatment algorithms.

As may be seen from the description of current protocols, it is not clear whether
arterial recanalisation, or neurological improvement, or both, is the most important
evidence of rtPA effect for routine clinical practice. Evaluation of arterial status by cerebral
angiography is the gold standard, but in the clinical routine it may bring additional costs,
risk of procedure complications, and necessity of patient transportation to a tertiary stroke
centre. Thus, studies aimed on the clinical patterns of cerebral artery
occlusion/recanalisation are needed to define the milestones to guide treatment decisions
in the acute phase.
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AIMS

The general aim of the present thesis was to study effects of recanalisation after
intravenous thrombolysis in patients with documented large cerebral artery occlusion.
Information on clinical effects of recanalisation could indicate the need and potential value
of additional approaches to open occluded vessels beyond intravenous thrombolysis and
guide in the planning of future randomized controlled trials of such interventions. Since the
benefit of rtPA infusion comes from recanalisation of the occluded vessel, we also aim to
seek clinically applicable signs hereof, which may serve as prognostically important
markers early in the course of the disease. Simple non-invasive predictors associated with
early vessel recanalisation (or its absence) could be used for the planning of additional
treatment protocols. Based on this, the specific objectives were:

— To define the clinical and CT-based indicators of occlusion/recanalisation status.

— To explore the baseline characteristics associated with large vessel occlusion.

— To explore the clinical course of recanalized versus non-recanalized patients with
initial large vessel occlusion.

— To define clinically useful signs that may serve as indicators of successful (in terms
of prognosis of favourable outcome) recanalisation after intravenous thrombolysis.
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MATERIALS AND METHODS

The present study is based on the data collected with Safe Implementation of

Treatment of Stroke - International Stroke Thrombolysis Register (SITS-ISTR) 10 11 13 14

(http://sitsinternational.org/). The design of all studies is observational.

SITS-ISTR is an internet-based, non-profit, open, international database of stroke
thrombolytic treatment. The complete registry is owned by the International Collaborative
Group, represented by the SITS Scientific Committee (see the Acknowledgements). The
Karolinska University Hospital in Stockholm, Sweden is the legal administrator of the
registry. Safe Implementation of Thrombolysis in Stroke Monitoring Study (SITS-MOST) is
an observational study based on the data of SITS register, which was requested by the
European Medicines Agency (EMEA) for the monitoring of treatment outcomes after
clinical approval of intravenous thrombolysis in acute stroke in Europe (within the member
states of the EU as of 2002, plus Norway and Iceland). SITS-ISTR also includes reports
from stroke sites in countries outside the EU; national coordinators in each participating
country certified that centres applied for participation in SITS-MOST fulfilled the eligibility
criteria. SITS-MOST data are embedded within the SITS-ISTR. SITS-MOST was approved
by the ethics committee of the Karolinska Institute in Stockholm, Sweden, and by the
Swedish Medical Products Agency. The need for ethics approval or patient consent for
participation in SITS-ISTR varied between participating countries, but approvals were
obtained in countries in which it was a requirement; other countries approved the register
for conduct as an anonymous audit. All the data management was carried out in
accordance with the Declaration of Helsinki.

Study subjects

Study material includes records of patients registered from December 2002 to
November 2009. The register contains data from patients presenting with ischemic stroke
who were given intravenous alteplase (Boehringer-Ingelheim, Ingelheim, Germany).
Patient recruitment was based on intravenous thrombolytic treatment license, which
implies clinical diagnosis of ischemic stroke, patient's age 18-80, and pre-treatment CT
scanning. Contraindications for treatment were defined according to international product
license and international guidelines for acute stroke treatment 2**. Baseline and
demographic characteristics, past medical history, time intervals, results of clinical

assessment, and imaging findings were recorded.
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Study design

The design of all studies is observational. The diagnosis of acute ischemic stroke
was established on admission. Data were gathered at baseline (Oh), at 2h, 24 h and 7d
post-treatment. Head imaging (CT and/or MRI) scanning at baseline, and follow-up at 22-
36h post-treatment, were required, other imaging optional. In some patients CT or MRI
angiography data were also recorded in SITS-ISTR. Functional outcome and neurological
status, if possible, were assessed 3 months post-treatment (on day 90).

CT evaluation

Stroke
onset

T

Admission NIHSS NIHSS NIHSS NIHSS mRS
Oh 2h 24h 7D 3M
Functional
Neurological evaluation evaluation

Variables in the database

All known qualitative data, apart from exceptions discussed below, were entered into
the database in the binary form: present or absent. Alternatively, “unknown” remark was
also possible to mark the cases distinct from missing data and prevent cases dropout from
statistical calculations.

Demographic characteristics included age, sex, and country of origin, code of treating
centre. Data of past medical history included stroke risk factors — hypertension,
hyperlipidemia, smoking (current or previous), atrial fibrillation, congestive heart failure,
history of previous stroke, pre-existing disability; and intake of certain groups of
medications — aspirin, dipyridamol, clopidogrel, any other antiplatelet, anticoagulants in
therapeutic or prophylactic dose i.v. or per os, and antihypertensive treatment i.v. or per
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os. Time points recorded by study participants, with calculation of relevant time intervals,
were time of stroke onset, time of admission to treating hospital, time of imaging study,
time if imaging report, and time of treatment start.

Clinical diagnosis of stroke was stated according to International Classification of
Diseases version 10 (ICD-10; 163). Stroke subtype was defined according to TOAST
criteria '*2.

Laboratory values on admission included blood glucose before treatment and serum
cholesterol within 24h from symptom onset.

RtPA dose and patient weight were recorded. In-hospital treatment was registered on
discharge (antiplatelet, anticoagulant, and antihypertensive medications).

Acute clinical assessment of neurological status was performed by National Institute
of Health Stroke Scale (NIHSS) ?°°, ranging from 0 — absence of neurological deficit, to 42
— the worst possible neurological deficit. The scale consists of 11 subscores. Subscore 12,
i.e. distal motor function was not included in the NIHSS score recorded in the SITS-ISTR.
Total score and subscores were recorded at baseline (before treatment), 2h after the start
of treatment, 24h post-treatment, and on day 7. Other monitoring data included systolic
and diastolic blood pressure values at the same time points.

Secondary variables

%5 were not directly

Stroke clinical subtypes according to OCSP classification
entered into the database by participants. For this reason, approximation from NIHSS
subscales records was done in study Il. Total anterior circulation infarct (TACI) was
defined as a combination of higher cerebral dysfunction, homonymous visual field defect,
and ipsilateral motor and/or sensory deficit of at least two areas of the face, arm and leg.
We derived presence of TACI from the baseline NIHSS records with the assumption that
facial palsy and sensory deficit (side of both not specified in the database) were
corresponding with the side of presumed MCA occlusion.

Neurological improvement was a secondary measure of reduction of neurological
deficit, calculated from difference between baseline and 2-hour or 24-hour NIHSS scores.
Various cutoff values of early neurological improvement (ENI) expressed either in absolute
values of score reduction or in percentage of score reduction, were tested in study Ill.

Definitions of the early neurological improvement found in the previous publications
were:

1) NIHSS improvement 24 points from baseline (the “NINDS definition”) °

2) NIHSS 0 or 1 on follow-up, or improvement =8 from baseline (major neurological

improvement (MNI))
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3) NIHSS <3 on follow-up, or improvement 210 from baseline (dramatic neurological
improvement (DNI)) ¢° 2°¢
4) Improvement by 20% from baseline NIHSS score "¢
5) Improvement by 40% from baseline NIHSS score "

6) Complete neurological improvement ( NIHSS score 0 or 1 on follow-up).

Imaging of stroke and large vessel occlusion

On admission, computerized tomography (CT) of the head was the main
requirement; other imaging studies, including CT-angiography, MRI and/or MR-
angiography, transcranial Doppler study, were optional. Admission CT scans were
evaluated for the presence of HMCAS and ischemic signs. Follow-up CT scans were
performed within 22-36h of stroke (or earlier if clinically indicated) and evaluated for the
presence of HMCAS, ischemic signs, infarct swelling and intracerebral haemorrhage.
Other imaging on follow-up was also optional, as well as repeated imaging after 22-36h.

Dense artery sings were described as manifestation of a cerebral artery thrombosis
on plain CT #"%*° Hyperdense middle cerebral artery sign (HMCAS) on admission CT
scan is an early sign of middle cerebral artery occlusion. It is defined as density (above 45
HU) of the MCA trunk, higher than that of any other visible artery or vein. CT criteria for
interpretation include spontaneous visibility of horizontal part of the MCA, attenuation of
MCA higher than that of surrounding tissue, disappearance of higher attenuation with bone
window settings, and unilaterality *°. The sensitivity of the sign for MCA occlusion is 27-
54%, but specificity is approaching 100% 2°'2°. CT visualization of dense MCA depends
on the time, quality, and technical parameters of CT scanning 2**?%®. CT appearance of the
MCA clot and, hence, sensitivity is influenced by several factors, including are partial
volume effect, haemoglobin level, familiarity of a radiologist, composition of the clot. False
HMCAS may be caused by arterial calcification, high hematocrit, and use of contrast
medium; for this reason, it is recommended to evaluate CT data in the context of the
clinical symptoms. It is hypothesized that “white” thrombi within the MCA may cause less
increase in X-ray attenuation ?*’. HMCAS is known to be an early phenomenon in the
course of acute stroke, appearing as an early infarct sign and disappearing in the next few
days. Disappearance of HMCAS after thrombolytic therapy implies vessel recanalisation,
as verified by cerebral angiography in observational studies %' %3,  Given the high
specificity of HMCAS, we used this CT sign to identify the patients with large vessel (MCA)
occlusion in the studies I, Il, and IV. The presence or absence of HMCAS was judged by
local radiologist. In case of a doubt the presence of HMCAS could be defined as uncertain.

In the recent years, modern imaging technologies were increasingly used in acute

stroke; multimodal schemes, including vascular imaging, gain more and more popularity in
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the current clinical practice. CT angiography and MR angiography allow early detection of
large cerebral artery occlusion and accurate visualization of vessel status on follow-up. CT
or MR angiography (optional imaging) was the criteria to identify the patients with large
vessel occlusion and its resolution in the study Ill. There was a trend of the use of
angioimaging in more experienced and active stroke centres which recruit larger number
of patients compared to centres which do not use angioimaging technologies routinely.

The amount of brain swelling was graded as absent, grade | (local), grade Il (with
mass effect but without midline shift), grade Ill (causing midline shift), or uncertain.

Hemorrhagic transformation of the infarct was classified according to ECASS
criteria®. Infarct-related haemorrhages were subdivided into hemorrhagic infarct types I/l|
and parenchymal haematomas types I/lIl. HI type | implies small petechiae along the
margins of the infarcted area. HI type Il means confluent petechiae at the periphery an
inside the infarcted area, but without space-occupying effect. PH type | is a dense blood
clot not exceeding 30% of the infarcted area. PH type Il is a blood clot(s) exceeding 30%
of the infarct volume with significant space-occupying effect. Remote (in the areas other
than the infarcted area) parenchymal haemorrhage was rare event, classified by the same
types as PH.

Outcome measures

Functional outcome of stroke was evaluated on day 90 using modified Rankin Scale
(mRS) ?°8. Outcomes used in studies I-IV were independence, defined as mRS 0-2 on day
90; unfavourable outcome, defined as death or dependency (mRS 3-6); and death (mRS =
6 on day 90). In study lll, additional measure of excellent outcome, i.e. mRS 0-1 on day
90, was used.

Modified Rankin Scale scores

0 No symptoms at all

1 No significant disabling symptoms

2 Slight disability but does not require substantial help from other person, can walk

3 Moderate disability, requires substantial help from other person, can walk

4 Moderately severe disability, requires substantial help from other person, unable to
walk

5 Severe disability, bedbound

6 Dead

Symptomatic intracranial haemorrhage (SICH) was defined as local or remote
parenchymal haemorrhage (PH) type Il on the 22-36 h post-treatment imaging scan,
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accompanied by deterioration of baseline NIHSS score 24 points or death within 24h after
thrombolysis (SITS-MOST definition) ™.

Numbers and cohorts

Only cases with confirmed baseline data and results of admission CT scan were
included into analysis.

In Study |, we studied 10,023 patients with confirmed acute stroke and undoubted
presence or absence of HMCAS on admission CT scan, who were registered in the
database between December 2002 and October 2006. Of those, 1,905 patients had a
HMCAS on admission (19.0%).

In Study II, we continued exploring the cohort of 1905 stroke patients with HMCAS on
admission CT scan, registered between December 2002 and October 2006, and followed
with the study of subpopulations with disappearance (831 cases, 48%) and persistence
(788 cases, 45%) of HMCAS on 22-36h follow up CT scans. In 122 cases HMCAS was
uncertain, 164 cases were missing follow-up CT scan.

For Study lll, we identified the patients with baseline cerebral artery occlusion
documented either by CT Angiography (CTA) or MR Angiography (MRA), who had
undergone a follow-up CTA or MRA on 22-36h after thrombolysis, enrolled in the SITS
register between December 2002 and December 2008. In total, 21534 patients were
recorded in the database at the time of the study, 798 (3.7 %) patients had CTA and/or
MRA data available both at baseline and on follow-up. The whole SITS population
(n=21534) was included into secondary part of the analysis.

For study IV, two types of cases were recruited, registered between December 2002
and November 2009. First type was patients with baseline large vessel occlusion
documented either by CTA or MRA, who were performed a follow-up CTA or MRA
between 22-36h after thrombolysis. Second type was patients with HMCAS on admission
CT scan, in whom results of follow-up CT scan were reported. Patients of both types
meeting the inclusion criteria constituted in total 5324 cases (19% of SITS population). As
a part of the accessory analysis, comparison of this cohort of interest with he rest of SITS
population (n=22812) was done.

Statistics

Statistical analysis was performed with Statistica 6.0 software for studies | and I,
Stata 10.0 and SPSS 13.0 for studies lll and IV. Three types of variables were analyzed:
continuous (weight, blood glucose and cholesterol), categorical (past medical history and
risk factors, imaging findings, outcomes), and ordinal (clinical scores). Age and time
intervals were treated as non-parametrical variables in the univariate comparisons
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because of non-parametrical distribution. In all studies, we used descriptive statistics;
univariate comparisons of 2 groups (studies I-IV) or 4 groups (study IV) in order to test
differences between groups; and multivariable analysis (multiple logistic regression) to test
the prognostic power of independent predictors and/or to calculate odds ratios for given
independents. Receiver Operating Curve (ROC) analysis was performed in Study Ill to
evaluate the ability of neurological improvement, defined in various ways, to diagnose
recanalisation by calculation area under curve (AUC). Significance level for statistical
testing in Study | and Il was set as the probability p<0.05. In Studies Il and IV multiple
comparisons were performed, for this reason significance level for univariate testing was
accepted as p<0.01. For the multivariable analysis, significance level for independent
variables entering the model was set as p<0.05 in all studies. Estimation of percentages
when reporting descriptive and univariate comparisons was based on reported cases only,
missing data were not considered in line with all other SITS publications. In the
multivariable models missing data (but not those labelled as “unknown” by the
investigators) were casewise deleted.

In study I, patients with HMCAS on admission CT scan (n=1905) were compared
with non-HMCAS patients (n=8118) by baseline variables and laboratory measurements,
stroke aetiology, NIHSS scores at all available time points, admission CT data, intracranial
haemorrhage rates, and functional outcomes. For univariate comparisons we used t-tests
for numerical data, x2 tests (with Yates correction for 2x2 tables or, in case of small
expected frequencies, Fisher’'s exact test) for proportions and Mann-Whitney U test for
medians. Multiple logistic regression analysis was performed to identify 1) independent
factors associated with HMCAS, 2) independent association of admission HMCAS and 3-
month outcome, and 3) independent association of admission HMCAS with SICH.

In Study IlI, we compared patients with HMCAS persistence (n=788) and
disappearance (n=831) on the follow-up CT scan by baseline data, admission clinical
variables, stroke aetiology, results of neurological assessment by NIHSS, presence of 2h
NIHSS improvement, other CT findings, and outcomes. Multivariate analysis was
performed twice: 1) to identify independent prognostic factors for HMCAS disappearance
and 2) to identify prognostic power of HMCAS disappearance for the functional
independence and survival. In addition, we tried to identify a suitable cut off level of 2h
NIHSS improvement in patients with HMCAS disappearance to be used clinically for
prediction of outcomes; to accomplish this task, we repeated multivariate analyses
including 2h NIHSS improvement strata (decline of NIHSS score 24, 23, 22, or 21 from
baseline) together with previously determined independent predictors of outcome.

In study lll, first we calculated the area under curve (AUC) by receiver operating
characteristic (ROC) analysis, and sensitivity, specificity, positive and negative predictive
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values of neurological improvement measured by NIHSS score at 2h and 24h, defined in
various ways (see Methods, Secondary variables), for recanalisation of the previously
occluded vessel. To test the ability of early neurological improvement to predict
recanalisation assessed at 22-36h, we calculated unadjusted odds ratios for each given
definition, checked at 2h and 24h (n=798). To validate 2-hour neurological improvement as
an independent predictor of favourable outcome in the general population of patients
treated with thrombolysis (n=18181), we analyzed the entire study cohort irrespective of
the availability of the angiography data. Final adjustment for reported odds ratios was
made for age, baseline NIHSS score, and recanalisation at 24h (if angioimaging data
available), known as consistent and the most important predictors of stroke outcome. To
calculate the odds ratios for 2-hour neurological improvement to predict vessel
recanalisation at 22-36h and independence at day 90, multiple logistic regression was
used in all analyses.

In Study IV, we created an interaction variable between neurological improvement
measured by NIHSS score at 2h or 24h and recanalisation of previously occluded vessel.
Neurological improvement in this study was defined as 20% NIHSS improvement from
baseline. Thus, 4 subgroups were created in the study population at each of the two time
points (2h and 24h): 1) patients who have both neurological improvement and evidence of
vessel recanalisation; 2) patients who improved despite absence of recanalisation; 3)
patients who were recanalized but did not improve; 4) and patients who had neither
neurological improvement nor recanalisation. The 4 subgroups were compared by
baseline data and outcomes. To define predictors of outcome in the study population,
patients with favourable (MRS 0-2) and unfavourable (mRS 3-6) outcome were compared
by baseline data and results of early assessment. For the comparison of subgroups in
univariate testing, x> (with Yates correction for 2x2 tables or Fisher's exact test, when
appropriate) was used for proportions; Kruskal-Wallis and Mann-Whitney U test for scores
and non-parametrically distributed numerical data. Multiple logistic regression was
performed to define odds ratios for the 4 subgroups, created by interaction of neurological
improvement and vessel recanalisation (as described above), separately for the
assessment taken at 2h and 24h, for achieving independence (MRS 0-2) at 3 months.
Multiple logistic regression was repeated three times, separately for each of the two time
points (2h and 24h). First, unadjusted estimates for achieving independence were defined
for the groups of interest. Second, multiple logistic regression was repeated with
adjustment for baseline factors which were significant at univariate comparison. Third,
multiple logistic regression was done to compute the final estimates, after independent
variables from the second model with significance level <0.05 were excluded from the final
model.
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RESULTS

Study |

We explored baseline factors, associated with large cerebral artery occlusion, as
determined by presence of HMCAS on admission CT scan, and relation of large artery
occlusion (HMCAS) to functional outcome and SICH in stroke patients treated with
intravenous rtPA.

HMCAS was found on 19% of all stroke patients who received intravenous rtPA.
Patients with HMCAS, compared to non-HMCAS patients, reached hospital at the same
time but were triaged faster once in hospital (onset-to-imaging time 90 vs. 95 min, onset-
to-treatment time 138 vs. 145 min, p<0.001 for both). HMCAS patients were slightly
younger (median age 68 vs. 70, p<0.001) and more likely to have atrial fibrillation (28% vs.
25%, p=0.005) but had lower frequencies of several other risk factors: lower mean blood
glucose (7.04 vs. 7.24 mmol/l, p=0.004), lower incidence of diabetes (14% vs. 18%,
p<0.001), and lower mean serum cholesterol (7.9 vs. 8.3 mmol/l, p=0.004). Median
admission NIHSS score was higher in HMCAS patients than in those without HMCAS (17
vs. 11, p<0.001), although the distribution of NIHSS scores overlapped between HMCAS
and non-HMCAS groups and included low and high scores in both groups (IQRs 13-20
and 7-17 respectively). An infarct was seen on admission CT scan twice as often in
patients with HMCAS (28%) than without (13%; p<0.001). The main causes of stroke in
patients with HMCAS were large artery disease (with or without significant carotid
stenosis) (44%, p<0.001) and cardiac embolism (40%, p=0.01). In the multivariable
analysis, several factors were independently strongly associated with HMCAS, but with
low extent of their impact (age: exp(B) -0.012, p<0.001; onset-to-imaging time: exp(B) -
0.002, p=0.002, diabetes mellitus: exp(B) -0.222, p=0.011; infarct on admission CT scan:
exp(B) 0.340, p<0.001; admission blood glucose: exp(B) -0.002, p=0.016; admission
systolic blood pressure: exp(B) -0.006, p<0.001; and admission NIHSS score: (exp(B)
0.119, p<0.001). Median NIHSS scores were higher in patients with HMCAS throughout
the whole observation period (15 vs. 7 in non-HMCAS at 2h, 14 vs. 6 at 24h, 3 vs. 12 on
day 7; p<0.01). The patients with HMCAS were more likely to be dead (23% vs. 13%) and
less likely to be independent (31% vs. 56%; both p<0.001) at three months as were
patients without HMCAS. Intracranial haemorrhages, topographically related to the infarct,
were more frequent on follow-up imaging in patients with HMCAS (total 20% vs. 12%,
p<0.001 in non-HMCAS). Using the SITS-MOST definition, HMCAS was not associated
with SICH (p=0.2). In multiple logistic regression analysis, HMCAS was independently
associated with unfavourable outcome at 3 months after adjusting for age, admission
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NIHSS score, blood glucose, stroke aetiology; HMCAS was not a significant independent
risk factor of SICH by SITS-MOST definition.

Study Il

We explored the association of HMCAS disappearance after intravenous rtPA, which
implies vessel recanalisation, with early neurological improvement, stroke functional
outcome, and SICH, and attempted to find predictors of HMCAS disappearance from
baseline.

In our cohort, HMCAS disappeared in 48% of cases at 22-36h follow up CT scans,
persisted in 45%, and was uncertain in 7%. Virtually no difference was found regarding
past medical history and chronology between HMCAS-disappeared (HMCAS-D) and
HMCAS-persisted (HMCAS-P) patients. The HMCAS-D patients had slightly lower median
age (67 vs. 69, p=0.03), slightly lower admission NIHSS score (16 vs. 17, p<0.001) and
fewer ischemic signs on admission CT (26% vs. 33%, p=0.001).

The proportions of patients with a TACI syndrome were approximately equal in
HMCAS-D and HMCAS-P subgroups (48% and 52% respectively, p=0.08). The HMCAS-D
subgroup demonstrated much more favourable NIHSS profile compared to HMCAS-P: 13
vs. 17 at 2h (p<0.001), 11 vs. 17 at 24h (p<0.001), and 8 vs. 15 on day 7 (p<0.001).

Twice as many HMCAS-D patients achieved functional independence at three
months (42% vs. 19%, p<0.001) with half as many deaths as in HMCAS-P subgroup (15%
vs. 30%, p<0.001). The HMCAS-D subgroup had borderline three times higher rate of
SICH according to the SITS-MOST definition compared to the HMCAS-P subgroup (1.8%
vs. 0.6%, p=0.06). In our multivariate analysis, HMCAS disappearance was one of the
strongest predictors of good functional outcome at 3 months (OR = 2.26, 95% CI 1.68 to
3.05, p<0.001); other independent predictors of outcome in HMCAS patients were age,
admission NIHSS score, extent of neurological improvement at 2h.

Based on the association between 2h NIHSS improvement and 3 months outcome in
patients with HMCAS disappearance, we categorized the 2h NIHSS difference to identify a
suitable cut off level to be used clinically for prediction of outcomes. The proportion of
patients with favourable outcomes increased sequentially with each point NIHSS
improvement at 2h. Repeated multivariate analyses were performed including 2h NIHSS
improvement strata (decline of NIHSS score 24, 23, 22, or 21 from baseline) together with
previously determined prognostically important factors (baseline NIHSS score, age,
HMCAS disappearance). On testing various cut-off levels, we found that any improvement
of NIHSS score from baseline (i.e. difference of baseline and 2h NIHSS scores of at least
1) was associated with good functional outcome.
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Study I

We explored the impact of early neurological improvement, defined in various ways
according to the previous literature, on functional outcome in patients with large vessel
occlusion on admission CTA or MRA, and the ability of early neurological improvement
(ENI) to predict vessel recanalisation.

In patients with CTA/MRA data available both at baseline and on follow-up,
recanalisation on follow-up occurred in 50%, did not occur in 45%, and was uncertain in
5%. The cohort with CTA or MRA data was 2 years younger than the rest of SITS
population (65 vs. 67 years, p<0.001), with higher baseline stroke severity (NIHSS at
baseline 14 vs. 12, p<0.001). Median improvement of NIHSS score from baseline to 2h in
the recanalized and non-recanalized patients was 3 points (IQR 0-6) vs. 1 (0-4), (p<0.001),
and 6 (3-11) vs. 2 (0-5) at 24h (p<0.001). Median percent of NIHSS improvement in
recanalized and non-recanalized patients was 25% (IQR 0-56%) vs. 6% (0-31%) at 2h
(p<0.001), and 63% (31%-83%) vs. 14% (0-50%) at 24h (p<0.001).

Association of ENI with recanalisation, evaluated by ROC analysis, was
characterized by AUCs ranging from 0.519 to 0.633 at 2h, and 0.582 to 0.692 at 24h,
depending of the definition. At 2h, 20% NIHSS score improvement from baseline had the
best trade off between sensitivity (58%) and specificity (69%). At 24h, 40% NIHSS score
improvement from baseline had the best trade off between sensitivity (69%) and specificity
(70%). Association of ENI with 3-month functional outcome was characterized by AUC
range from 0.540 to 0.674 at 2h, and 0.638 to 0.782 at 24h. Overall, 40% NIHSS score
improvement from baseline at 2h/24h from baseline (AUC 0.607/0.692), 20% improvement
at 2h/24h from baseline (AUC 0.633/0.684) and MNI (AUC 0.570/0.684) were better
surrogate marker for vessel recanalisation after intravenous thrombolysis than the other
three definitions.

In the multivariable analysis, all definitions of ENI were independently and statistically
significantly associated with recanalisation in the CTA/MRA-controlled group after
adjustment for age and baseline NIHSS score. ENI was also associated with favourable 3
months outcome (MRS 0-2) after adjustment for age and baseline NIHSS score in the
whole SITS population, and after adjustment for age, baseline NIHSS score and
recanalisation at 22-36h in the CTA/MRA-controlled group.

Study IV

We investigated the importance of recanalisation status in stroke patients with and
without early neurological improvement after intravenous rtPA.

Of 5324 cases (19% of total SITS database) 991 patients (19% of the dataset) had
angioimaging on admission and follow-up. In the study population (n=5324), compared to
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the rest of the SITS population (n=22812), median age was 68 vs. 70 (p<0.001), median
baseline NIHSS score was 16 vs. 11 (p<0.001). Recanalisation was found in 2592 cases
(49%), was absent in 2412 (45%), and was uncertain in 320 (6.0%); of those who had
follow-up angioimaging at 22-36h recanalisation occurred at 493 (50%), was not found in
453 (46%), and was uncertain in 45 (4 %). Independence (MRS 0-2) at 3 months was
achieved in 36% (n=1608) of the study population. Patients who had both vessel
recanalisation and neurological improvement at 2h (n=986, 20%) or 24h (n=1469, 30%), in
general, were 1-4 years younger (p<0.001) than in the other 3 groups, had less prevalent
stroke risk factors, with more favourable baseline profile (lower onset-to treatment time,
baseline NIHSS score, blood glucose) compared to the other three subgroups; but the
absolute differences between subgroups were subtle. From the data available, we were
unable to find any distinctive association of any of baseline factor with neither neurological
improvement in persistent occlusion, nor persistent neurological deficit after recanalisation
following intravenous rtPA.

In the multiple logistic regression model, we calculated odds ratios of achieving
independence for the subgroups of interest, based on the presence neurological
improvement at 2h or 24h, and evidence of recanalisation or persistent occlusion at 22-
36h. Final models were adjusted for baseline factors, including age, baseline NIHSS
score, and previous stroke. Patients who demonstrated both neurological improvement at
2h and vessel recanalisation have far better chances to achieve independence at 3
months; second favourable result was found for those who had neurological improvement
with persistent occlusion; third favourable finding was in the group of recanalized but not
improved patients. The same order of functional outcome in subgroups was observed with
the assessment of neurological improvement at 24h. After adjustment for baseline factors,
patients with both neurological improvement at 2h post-treatment and vessel
recanalisation at 22-36h demonstrated OR 154 (95% CI 12.2-19.4) to achieve
independence at 3 months; those who had neurological improvement despite persistent
occlusion (n=494, 10%): 4.4 (3.3-5.7); and those without neurological improvement despite
recanalisation (n=1564, 32%): 2.9 (2.4-3.5). In subgroups defined by neurological
improvement at 24h post-treatment and vessel recanalisation on follow-up, adjusted ORs
were: 26.8 (21.0-34.1) in improved and recanalized group, OR 10.7 (8.2-14.0) in improved
not recanalized (n=698, 14%); OR 2.2 (1.7-2.8) in recanalized but not improved (n=1081,
22%).
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DISCUSSION

Association of large vessel occlusion with baseline factors and
stroke outcomes after intravenous rtPA

In the largest known studies based on detection of HMCAS in acute ischemic stroke
treated with intravenous thrombolysis, we confirmed that large vessel occlusion (HMCAS)
was associated with unfavourable 3 month outcome: approximately one third achieve
independence; mortality was 23% (study 1). In CTA/MRA-controlled cohort (study llI),
functional independence was 36%, and mortality 6-33% depending on recanalisation
status and immediate clinical improvement. The unfavourable outcome may be in part
related to substantial neurological severity at baseline (6 points higher median NIHSS
score in study | and 5 points in study IV than in non-HMCAS patients). In the multivariate
analysis (study I) HMCAS on baseline CT scan independently predicted poor functional
outcome at 3 months. Higher stroke severity and poor functional outcome in patients with
HMCAS strengthen the findings of previous smaller studies 2%* %°.

In studies |, Ill and IV, patients with HMCAS (study |) on admission and those with
arterial occlusion on CTA/MRA (study lll, IV) patients were younger than the rest of stroke
patients. With matching age, difference in functional outcome between patients with and
without evidence of arterial occlusion at baseline could be more striking. We confirmed
large artery and cardiac embolism being the prevalent causes of stroke in patients with
large vessel occlusion, as defined by HMCAS on admission CT scan (study I). In the
multivariable analysis we found several baseline factors to be associated with HMCAS on
admission (lower frequencies of diabetes mellitus and previous stroke, but slightly higher
frequency of atrial fibrillation), but the clinical implication of these findings is unclear, since
the differences did not increase few percent.

The rate of symptomatic intracranial haemorrhage, according to the strict SITS-
MOST definition ", did not differ between patients with and without HMCAS, but the
overall rate of infarct-related haemorrhages was higher in HMCAS than in non-HMCAS.
These results suggest that patients with HMCAS, compared to patients without HMCAS,
were more likely to be found to have infarct-related small haemorrhage on their scan, but
not to experience severe neurological deterioration and have an infarct-related large

haematoma.
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Recanalisation in large vessel occlusion after intravenous rtPA

Recanalisation rates after intravenous rtPA were 48-49% in HMCAS-based cohorts
(study 1) and 50% in CTA/MRA-controlled cohort (studies IlI-IV). Evidence of recanalisation
had significant positive impact on outcome in all cohorts: in study IlI, functional
independence was 42% and mortality was 15% after HMCAS disappearance. In study IV,
in patients with evidence of recanalisation, mortality was 6-19%, depending on the
presence of immediate clinical improvement, and highest rate of functional independence
(75%) was observed in those who recanalized with immediate clinical improvement, but, at
the same time, it was modest (33%) in those who recanalized but had no improvement of
their neurological symptoms. These data imply that recanalisation has a significant positive
impact on stroke outcomes, especially if accompanied by clinical improvement. Outcomes
of patients with evidence of recanalisation were comparable to the patients without the
evidence of large vessel occlusion on admission after adjustment for the initial stroke
severity (study Il, multivariable analysis). In a recent meta-analysis including over 2000
stroke patients treated with different reperfusion techniques or with spontaneous

restoration of vessel patency '®°

, recanalisation was strongly associated with improved
functional outcomes and reduced mortality. We confirm this conclusion in regard of
patients treated with intravenous rtPA.

In contrast, patients with evidence of persistent occlusion, according to follow-up CT
scan or CT/MR angiography, had poor outcomes after intravenous thrombolysis.
Functional independence was 19% in HMCAS-persistence subgroup (study |) and 16-
50%, depending on combination with clinical improvement, in patients with evidence of
persistent occlusion on study IV. Mortality 30% with HMCAS persistence (study |) and 10-
31% in combined HMCAS- and CTA/MRA-controlled cohort depending on the presence of
immediate clinical improvement (study 1V). The poor prognosis in patients with baseline
arterial occlusion that persists after intravenous thrombolysis may indicate the appeal for
alternative treatment approach to this subgroup.

Baseline factors associated with successful recanalisation after intravenous rtPA
were slightly younger age, slightly lower initial stroke severity, and absence of current
infarction on admission CT scan. In general, this observation reflects less favourable
baseline profile in terms of the prognostically most important factors in patients with
persistent occlusion. As for the stroke risk factors, differences between HMCAS-
disappearance and HMCAS-persistence patients (study ), as well as between subgroups
created by cross-interaction of recanalisation and neurological improvement in study IV,
were statistically significant but too subtle to ground any clinical decisions. Hence, the
potential to predict the outcome of intravenous thrombolysis in large vessel occlusion from
baseline profile is doubtful.
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Initial small difference of baseline profiles in favour of patients who subsequently
demonstrate evidence of recanalisation can not be explained from our data. Some
unrecorded factors may play a role, including composition and size of the clot, presence of
residual blood flow ?’°, site of occlusion (for instance, more proximal or tandem), or higher
incidence or degree of underlying arterial stenosis and subsequent re-occlusion after
successful thrombolysis. To explore the possible impact of these factors, further studies
with contemporary multimodal imaging protocols are needed.

Higher prevalence of type 2 parenchymal haemorrhage in HMCAS disappearance
subgroup (study Il) does not influence overall favourable 3-month outcome.

Early neurological improvement (ENI) after rtPA in patients
with large vessel occlusion

In patients with HMCAS disappearance (study Il) reduction of the baseline NIHSS
score at 2h, by as little as 1 point, appeared as one of the significant predictors for HMCAS
disappearance and good functional outcome. The proportion of patients with favourable
outcomes increased sequentially with each point NIHSS improvement at 2h. However,
even in case of the considerable clinical improvement (over 5 points NIHSS from baseline
score) almost half of the patients demonstrated HMCAS persistence after intravenous
rtPA. From these data, lack of neurological improvement could not be recommended as
the basis for the decision about additional intervention.

Testing the various definitions of neurological improvement in a comparatively large
group of CTA/MRA verified cases, we found that early neurological improvement as
measured by NIHSS score at 2h and 24h was strongly associated with vessel
recanalisation at 22-36h and functional independence at 3m. Similar results were obtained
by studies using real-time monitoring of vessel status after intravenous thrombolysis
165167177~ this fact supports the potential of extrapolating our findings, with certain
limitations, at 1h post-treatment. At the same time, different definitions of ENI were all
surrogate markers of vessel recanalisation but have demonstrated fair accuracy in
predicting it. Change of NIHSS score at 24h predicted recanalisation better than that of 2-
hour assessment, but 24h assessment is too late to influence any clinical decisions. We
have shown that about 30% of patients, who had vessel occlusion at baseline, will have
persisting occlusion after thrombolysis even if they achieve substantial amount of
neurological improvement. This finding suggests the need for evaluation of vessel status
by CTA, MRA, or TCD in all cases with previously documented large vessel occlusion.

Of importance, ENI is still associated with favourable functional outcome at 3 months,
both in a very large cohort of all stroke patients treated with intravenous rtPA, and in
patients with CTA/MRA verified arterial occlusion, irrespective of CT/MR evidence of
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recanalisation. For this reason, clinical examination assessed by ENI may serve as a
surrogate marker of thrombolytic treatment effect, if objective evaluation of vessel status is
not possible. The important aspect is that assessment of ENI is simple, cheap and easily
available and repeatable test as compared to angiography of ultrasound. The strong
association of 2-hour ENI and favourable functional outcome also supports the use of
emergent rescue therapies of stroke if such therapies are available.

Recanalisation status in relation to early neurological
improvement after intravenous rtPA

In a large cohort of stroke patients with baseline large vessel occlusion treated with
intravenous thrombolysis we have shown that if neurological improvement (immediately
after treatment or as late as 24h), not accompanied by recanalisation, results in smaller
chances to achieve independence in 3 months, compared to those who successfully
recanalized and improved (study 1V). Asymptomatic, i.e. without neurological improvement
neither immediately nor at 24h, recanalisation also results in moderate improvement of
outcome. In the current clinical practice, neurological improvement after intravenous
thrombolysis is widely accepted as an indicator of successful treatment; the predominant
attitude has been neither to consider additional therapeutic intervention, and consequently,
nor additional diagnostic imaging, if the patient has significantly improved after intravenous
rtPA. Our results support the active vs. conservative strategy for stroke patients with
baseline large cerebral artery occlusion, which includes vascular imaging after treatment
despite the extent of neurological improvement, and consideration of additional
recanalizing interventions in case of persistent occlusion. Future evaluations of
endovascular intervention and other additional strategies, should aim for recanalisation in
patients with persisting occlusion after intravenous thrombolysis even in case of significant
neurological improvement.

At the same time, our study shows the substantial difference in chances to achieve
independence between patients with neurological improvement despite persistent
occlusion, and patients who recanalized but did not improve, in favour of predictive power
of neurological improvement over late asymptomatic recanalisation. Clinical improvement

in persistent occlusion may result from collateral blood supply """

and/or retrograde flow
of thrombolytic agent via previously occluded smaller vessels. The accepted goal of acute
stroke intervention is recanalisation; but opinions support the recent evidence that
recanalisation does not necessarily result in reperfusion, and tissue-level reperfusion may
define the outcome to a larger extent than recanalisation 2. Theoretically, this may lead to
a hypothesis that clinicians should target their efforts not only on prompt recanalisation of

the occluded vessel, but also on facilitation of neurological improvement. Possible
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strategies may be based on augmentation of collateral blood flow, but the therapeutic
protocols need testing in fundamental studies and randomized controlled trials.

Limitations

Study design. All our studies were observational and based on prospective clinical
register and, therefore, hold all the drawbacks of observational design.

Study population. In HMCAS-based studies, we explored less than 20% of all
stroke patients who received intravenous rtPA. In CTA/MRA-based studies, assessment of
recanalisation could be based on approximately 4% of the whole SITS population. In all
studies patients with large vessel occlusion were younger and had greater stroke severity
then the remaining patients in the registry. These factors potentially limit the applicability of
the results to general stroke population, especially to mild strokes.

Imaging. HMCAS studies were based on plain CT, which is, though a routine and
widely applicable method of acute stroke imaging, of limited value for diagnosis of large
vessel occlusion. CT scanning in different centres participating in the SITS-ISTR was not
standardized. In HMCAS subpopulation we did not have CT or MR angiography or
transcranial Doppler data for most of these patients to examine whether the
disappearance of the sign correlated with vessel recanalisation (study Il). In CTA/MRA-
based data, exact specifying which vessel was occluded, was not provided; hence,
homogeneity of the subpopulation of patients who were done CTA/MRA at baseline and
on follow-up is not guaranteed. Besides, specification of partial and complete
recanalisation was not possible from the data available; thus, partial recanalisation,
erroneously interpreted as persistent occlusion, could be the factor responsible for early
neurological improvement in some cases.

Accuracy of interpretation. CT scans and CT/MR-based angiograms were read by
local doctors with wide variation in experience and expertise for early stroke imaging, so
some unintentional errors could have occurred. Participation in SITS register does not
oblige compulsory NIHSS certification of clinicians, which could influence the results of
clinical assessment. It can not be excluded that the NIHSS scores were influenced by
knowledge of imaging findings since the physicians were unblinded to the data of
radiological assessment.

Missing data. In HMCAS-based studies I-ll approximately 12% of follow-up scans
were missing. In 6-7% of cases the presence of HMCAS or presence of occlusion on
CTA/MRA was uncertain; these cases were excluded from the analysis, potentially biasing
the results.

Lack of real-time monitoring. Follow-up imaging was performed between 22 and 36
h after rtPA treatment, as standard protocol. Therefore, in HMCAS studies we were unable
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to retrieve how quickly the sign disappeared, only what proportion had disappeared by 22—
36 h. In CTA/MRA-based studies, neurological assessment was done not only
simultaneously with vascular imaging (24h post-treatment), but also at 2h, when no data of
vessel status was available. Therefore some patients may have had reocclusion between
2h and 22-36h, and these patients increase the proportion of those who are non-
recanalized at follow-up CTA/MRA despite an early neurological improvement.
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CONCLUSIONS

Based on results obtained from patients with cerebral artery occlusion, treated with

intravenous rtPA, several conclusions may be drawn.

1.

Patients with large cerebral artery occlusion still get moderate benefit of intravenous
rtPA in contemporary clinical practice: recanalisation rates are modest (48-50%),
functional independence rate is low (31-36%), and mortality is high (23% in HMCAS
patients, 6-33% in CTA/MRA-controlled cohort depending on recanalisation status
and immediate clinical improvement). ICH did not contribute significantly to the
increased mortality in patients with MCA occlusion (HMCAS). Documented large
vessel occlusion at baseline is not the reason to exclude patients from treatment
with intravenous thrombolysis, but search of alternative treatment strategies for
these stroke patients seems justified. Randomized controlled trials of various

treatment alternatives are warranted.

. Recanalisation in patients with large cerebral artery occlusion significantly improves

outcome: in patients with evidence of recanalisation, functional independence and
mortality are 42% and 15% after HMCAS disappearance, and up to 75% and 6-
19%, respectively, in combined HMCAS- and CTA/MRA-controlled cohort
depending on the presence of immediate clinical improvement. In contrast, patients
with evidence of persistent occlusion (by HMCAS on follow-up CT scan), had poor
outcomes (functional independence 19%, mortality 30%). Any efforts to achieve
vessel recanalisation in the acute phase of ischemic stroke may potentially improve
outcome in an individual patient.

From the data available, no clear association of recanalisation with baseline factors
could be established, suggesting that reliable prognosis of intravenous rtPA efficacy
in patients with large cerebral artery occlusion is hardly possible.

Early (2h after initiation of treatment) neurological improvement is strongly
associated with favourable functional outcome both in stroke patients with
documented cerebral artery occlusion and in general population of stroke patients
treated with intravenous rtPA. At the same time, early neurological improvement of
any extent does not reliably indicate vessel recanalisation after intravenous rtPA:
sensitivity 7-58% and specificity 69-97% for 2h assessment, sensitivity 25-80% and
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specificity 56-92% for 24h assessment, depending on the definition applied. Early
neurological improvement in patients with documented cerebral arterial occlusion at
baseline, though being a good prognostic sign, should not preclude vascular
imaging, if any technique is available. If not available, disappearance of HMCAS on
plain CT or 40%, 20% NIHSS score improvement at 2h/ 24h from baseline, or MNI
may serve as surrogate marker for recanalisation, but with consideration of their low

accuracy.

5. Recanalisation status in patients has a significant impact on stroke outcome in
patients with arterial occlusion, both with and without early neurological
improvement after intravenous rtPA; in our study independence was achieved in
75% patients with 2h-hour ENI and recanalisation, 50% of patients with 2-hour ENI
despite persistent occlusion, 33% of patients without 2h ENI despite recanalisation,
and in 16% of those without 2h ENI and with persistent occlusion. Combination of
vessel recanalisation and early clinical improvement has demonstrated the most
favourable clinical scenario in patients with cerebral arterial occlusion; any efforts to
achieve vessel recanalisation in the acute phase of ischemic stroke may potentially
improve outcome in an individual patient. Given the independent impact of early
neurological improvement on stroke outcome, strategies to facilitate neurological
improvement may have potential benefit in case of failed recanalisation, if proven in
future randomized controlled trials.

64



Large artery recanalisation in stroke

ACKNOWLEDGEMENTS

| am happy to have an opportunity to express here my sincere gratitude to all my
collaborators, colleagues and friends, to everyone who participated in our research and to
all those who did not but helped me a lot with their constant friendship, warm attitude and
kind regards. | would like to thank in particular:

Nils Wahlgren, my main supervisor, for accepting me as a postgraduate student and
convincing me to aim for a PhD degree, for being inquiring researcher and far-sighted
leader, for providing me with trustworthy support at all stages of the study process, for your
optimism, indulgence, attentiveness, compliance and, of course, scientific knowledge. | am
honoured with the possibility to learn from you.

Niaz Ahmed, my co-supervisor, for being an excellent example of successful researcher,
for your statistical skills, attention to details, and striving for perfection.

Per Lindstrém, my external mentor, for being benevolent and cooperative.

St. Petersburg State Pediatric Medical Academy, for giving me an opportunity to integrate
into international research network, and my supervisor from Russian side, Yury
Alexandrovitch, for your patience, scientific advices, and administrative support.

Karolinska International Research Training (KIRT) Committee and its coordinator, Tommy
Linné, for the offer to become a member of the Joint Research Training Program between
St. Petersburg State Pediatric Medical Academy and Karolinska Institutet, granting me
financial maintenance from Swedish Institute (Visby program), and for the kind assistance
both in official and practical affairs.

SITS International and SITS Scientific Committee: Nils Wahlgren (chair), Antoni
Davalos, Gary A Ford, Martin Grond, Werner Hacke, Michael Hennerici, Markku
Kaste, Vincent Larrue, Kennedy R Lees, Risto Roine, Danilo Toni, for the permission
to use SITS-ISTR database for the present research and to publish our results.

All my coauthors who participated in the work upon our publications: Magnus Thorén,
Johanna Wardlaw, Riidiger von Kummer, Joerg Glahn, Lars Thomassen, Robert

65



Tatiana Kharitonova

Mikulik, Risto Roine, Lauri Sonnie, for your extremely valuable comments, challenging
discussions, reasonable judgments, and appropriate sense of humour.

My corridor team, current and previous employees of Karolinska Stroke Research lab and
SITS International: Anita, Ake, Catharina, Cecilia, Jordan, Kristina, Birgitta, Jessica,
Johanna, and all the others for your encouragement, cooperation and kind assistance

whenever | needed it.

Mariinsky Hospital (St.Petersburg) and all my colleagues from Neurointensive Care Unit,
especially the head Sergey Sergienko and the chief nurse Irina Chubuk, for your
tolerance, letting me go and waiting for me back, and all the concessions and
compromises with the schedule of my shifts. S.K., thank you for granting me research
leave when needed and sharing your unique erudition and clinical expertise; and | owe you
a big cask of whisky. Ira, | know how much time and efforts you have spent to give me the
possibility to manage my projects, and | sincerely appreciate it. | am lucky to have shared
these years with you all.

Bomme Bellander, Michael Nekludov and Karolinska NIVA personnel for being
enthusiastic about challenging new frontiers of clinical research and sharing clinical
experience.

My JRTP colleagues: Anna Kostareva, Alexey Shemyakin, Anton Razuvaev, Olga
Ovchinnikova, Ekaterina Kuchinskaya, Ksenia Goryachkina, Zainab Gamzatova,
Natalia Tsinzerling, Kristina Gummel, and our common friends: Irina Golovljova, Lia
and Marusya, Maria, Sergey, Yury, and the others, for the nice company in Lakarvillan
and good time everywhere we spent it during these 7 years, as well as for your prompt and
priceless help when needed. Special thanks to Anna Sidorchuk for your kind heart and
unfailing hospitality. | am happy to have met you all.

My Swedish and international friends and especially you, Katarzyna, for embellishing my
life in Stockholm.

And, of course, | am truly grateful to my family, especially to my mother, Svetlana, and
my father, Vitaliy, for your support and belief in my success, for taking care of my practical
needs, looking after our cats, and making critical revision of my ideas during all these
years. | love you all.

66



Large artery recanalisation in stroke

The thesis was supported by grants from the Swedish Institute (Visby program), the
Swedish Heart and Lung Foundation, by SITS International, which is funded by
unrestricted grants from Boehringer-Ingelheim, Ferrer, by the European Union Framework
7 program, the European Union Public Health Executive Authority, and by Karolinska
Institutet. Financial support was also provided through the regional agreement on medical
training and research (ALF) between Stockholm County Council and Karolinska Institutet.

67



Tatiana Kharitonova

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

REFERENCES

WHO. World Heath Organisation (Geneva)
http://www.who.int/chp/steps/Section8_Glossary _and_Reference_Manual.pdf. Assessed
30.11.2010.

Strong K, Mathers C, Bonita R. Preventing stroke: saving lives around the world. Lancet Neurol
2007;6(2):182-7.

WHOSIS (2006) http://apps.who.int/whosis/database/mort/table1_process.cfm Assessed 30.11.2010

Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N, et al. Heart disease and stroke
statistics--2008 update: a report from the American Heart Association Statistics Committee and
Stroke Statistics Subcommittee. Circulation 2008;117(4):25-146.

Tissue plasminogen activator for acute ischemic stroke. The National Institute of Neurological
Disorders and Stroke rt-PA Stroke Study Group. N Engl J Med 1995;333(24):1581-7.

Hacke W, Kaste M, Fieschi C, Toni D, Lesaffre E, von Kummer R, et al. Intravenous thrombolysis with
recombinant tissue plasminogen activator for acute hemispheric stroke. The European Cooperative
Acute Stroke Study (ECASS). Jama 1995;274(13):1017-25.

Hacke W, Kaste M, Fieschi C, von Kummer R, Davalos A, Meier D, et al. Randomised double-blind
placebo-controlled trial of thrombolytic therapy with intravenous alteplase in acute ischaemic stroke
(ECASS 1l). Second European-Australasian Acute Stroke Study Investigators. Lancet
1998;352(9136):1245-51.

Clark WM, Wissman S, Albers GW, Jhamandas JH, Madden KP, Hamilton S. Recombinant tissue-
type plasminogen activator (Alteplase) for ischemic stroke 3 to 5 hours after symptom onset. The
ATLANTIS Study: a randomized controlled trial. Alteplase Thrombolysis for Acute
Noninterventional Therapy in Ischemic Stroke. Jama 1999;282(21):2019-26.

Hacke W, Donnan G, Fieschi C, Kaste M, von Kummer R, Broderick JP, et al. Association of outcome
with early stroke treatment: pooled analysis of ATLANTIS, ECASS, and NINDS rt-PA stroke trials.
Lancet 2004;363(9411):768-74.

Wahigren N, Ahmed N, Davalos A, Ford GA, Grond M, Hacke W, et al. Thrombolysis with alteplase for
acute ischaemic stroke in the Safe Implementation of Thrombolysis in Stroke-Monitoring Study
(SITS-MOST): an observational study. Lancet 2007;369(9558):275-82.

Wahlgren N, Ahmed N, Eriksson N, Aichner F, Bluhmki E, Davalos A, et al. Multivariable analysis of
outcome predictors and adjustment of main outcome results to baseline data profile in randomized
controlled trials: Safe Implementation of Thrombolysis in Stroke-MOnitoring STudy (SITS-MOST).
Stroke 2008;39(12):3316-22.

Hacke W, Kaste M, Bluhmki E, Brozman M, Davalos A, Guidetti D, et al. Thrombolysis with alteplase 3
to 4.5 hours after acute ischemic stroke. N Engl J Med 2008;359(13):1317-29.

Wahlgren N, Ahmed N, Davalos A, Hacke W, Millan M, Muir K, et al. Thrombolysis with alteplase 3-4.5
h after acute ischaemic stroke (SITS-ISTR): an observational study. Lancet 2008;372(9646):1303-
9.

Ahmed N, Wahigren N, Grond M, Hennerici M, Lees KR, Mikulik R, et al. Implementation and outcome
of thrombolysis with alteplase 3-4.5 h after an acute stroke: an updated analysis from SITS-ISTR.
Lancet Neurol;9(9):866-74.

Alexandrov AV. Current and future recanalization strategies for acute ischemic stroke. J Intern
Med;267(2):209-19.

Wardlaw JM, Murray V, Berge E, Del Zoppo GJ. Thrombolysis for acute ischaemic stroke. Cochrane
Database Syst Rev 2009(4):CD000213.

Meairs S, Wahligren N, Dirnagl U, Lindvall O, Rothwell P, Baron JC, et al. Stroke research priorities for
the next decade--A representative view of the European scientific community. Cerebrovasc Dis
2006;22(2-3):75-82.

Mishra NK, Ahmed N, Andersen G, Egido JA, Lindsberg PJ, Ringleb PA, et al. Thrombolysis in very
elderly people: controlled comparison of SITS International Stroke Thrombolysis Registry and
Virtual International Stroke Trials Archive. Bmj;341:c6046.

Ahmed N, Davalos A, Eriksson N, Ford GA, Glahn J, Hennerici M, et al. Association of admission
blood glucose and outcome in patients treated with intravenous thrombolysis: results from the Safe
Implementation of Treatments in Stroke International Stroke Thrombolysis Register (SITS-ISTR).
Arch Neurol;67(9):1123-30.

Diedler J, Ahmed N, Sykora M, Uyttenboogaart M, Overgaard K, Luijckx GJ, et al. Safety of
intravenous thrombolysis for acute ischemic stroke in patients receiving antiplatelet therapy at
stroke onset. Stroke;41(2):288-94.

Smith WS, Lev MH, English JD, Camargo EC, Chou M, Johnston SC, et al. Significance of large
vessel intracranial occlusion causing acute ischemic stroke and TIA. Stroke 2009;40(12):3834-40.

68



Large artery recanalisation in stroke

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Smith WS, Tsao JW, Billings ME, Johnston SC, Hemphill JC, 3rd, Bonovich DC, et al. Prognostic
significance of angiographically confirmed large vessel intracranial occlusion in patients presenting
with acute brain ischemia. Neurocrit Care 2006;4(1):14-7.

Ng YS, Stein J, Ning M, Black-Schaffer RM. Comparison of clinical characteristics and functional
outcomes of ischemic stroke in different vascular territories. Stroke 2007;38(8):2309-14.

El-Mitwalli A, Saad M, Christou I, Malkoff M, Alexandrov AV. Clinical and sonographic patterns of
tandem internal carotid artery/middle cerebral artery occlusion in tissue plasminogen activator-
treated patients. Stroke 2002;33(1):99-102.

Rubiera M, Ribo M, Delgado-Mederos R, Santamarina E, Delgado P, Montaner J, et al. Tandem
internal carotid artery/middle cerebral artery occlusion: an independent predictor of poor outcome
after systemic thrombolysis. Stroke 2006;37(9):2301-5.

Fischer U, Arnold M, Nedeltchev K, Brekenfeld C, Ballinari P, Remonda L, et al. NIHSS score and
arteriographic findings in acute ischemic stroke. Stroke 2005;36(10):2121-5.

Sims JR, Rordorf G, Smith EE, Koroshetz WJ, Lev MH, Buonanno F, et al. Arterial occlusion revealed
by CT angiography predicts NIH stroke score and acute outcomes after IV tPA treatment. AUNR
Am J Neuroradiol 2005;26(2):246-51.

Huttner HB, Schwab S. Malignant middle cerebral artery infarction: clinical characteristics, treatment
strategies, and future perspectives. Lancet Neurol 2009;8(10):949-58.

Jansen O, von Kummer R, Forsting M, Hacke W, Sartor K. Thrombolytic therapy in acute occlusion of
the intracranial internal carotid artery bifurcation. AUNR Am J Neuroradiol 1995;16(10):1977-86.
Arnold M, Nedeltchev K, Schroth G, Baumgartner RW, Remonda L, Loher TJ, et al. Clinical and
radiological predictors of recanalisation and outcome of 40 patients with acute basilar artery
occlusion treated with intra-arterial thrombolysis. J Neurol Neurosurg Psychiatry 2004;75(6):857-

62.

Schonewille WJ, Algra A, Serena J, Molina CA, Kappelle LJ. Outcome in patients with basilar artery
occlusion treated conventionally. J Neurol Neurosurg Psychiatry 2005;76(9):1238-41.

Dichgans M. Genetics of ischaemic stroke. Lancet Neurol 2007;6(2):149-61.

Treadwell SD, Thanvi B, Robinson TG. Stroke in pregnancy and the puerperium. Postgrad Med J
2008;84(991):238-45.

Saver JL. Cryptogenic stroke in patients with patent foramen ovale. Curr Atheroscler Rep
2007;9(4):319-25.

Witt BJ, Ballman KV, Brown RD, Jr., Meverden RA, Jacobsen SJ, Roger VL. The incidence of stroke
after myocardial infarction: a meta-analysis. Am J Med 2006;119(4):354 e1-9.

Pezzini A, Del Zotto E, Giossi A, Volonghi I, Grassi M, Padovani A. The migraine-ischemic stroke
connection: potential pathogenic mechanisms. Curr Mol Med 2009;9(2):215-26.

Schurks M, Rist PM, Bigal ME, Buring JE, Lipton RB, Kurth T. Migraine and cardiovascular disease:
systematic review and meta-analysis. Bmj 2009;339:b3914.

Cheng C, Tempel D, van Haperen R, van der Baan A, Grosveld F, Daemen MJ, et al. Atherosclerotic
lesion size and vulnerability are determined by patterns of fluid shear stress. Circulation
2006;113(23):2744-53.

Stary HC, Chandler AB, Glagov S, Guyton JR, Insull W, Jr., Rosenfeld ME, et al. A definition of initial,
fatty streak, and intermediate lesions of atherosclerosis. A report from the Committee on Vascular
Lesions of the Council on Arteriosclerosis, American Heart Association. Circulation
1994;89(5):2462-78.

Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S, Insull W, Jr., et al. A definition of advanced
types of atherosclerotic lesions and a histological classification of atherosclerosis. A report from the
Committee on Vascular Lesions of the Council on Arteriosclerosis, American Heart Association.
Circulation 1995;92(5):1355-74.

Badimon L, Vilahur G. Platelets, arterial thrombosis and cerebral ischemia. Cerebrovasc Dis 2007;24
Suppl 1:30-9.

Davies MJ, Thomas AC. Plaque fissuring--the cause of acute myocardial infarction, sudden ischaemic
death, and crescendo angina. Br Heart J 1985;53(4):363-73.

Spagnoli LG, Mauriello A, Sangiorgi G, Fratoni S, Bonanno E, Schwartz RS, et al. Extracranial
thrombotically active carotid plaque as a risk factor for ischemic stroke. Jama 2004;292(15):1845-
52.

Avril G, Batt M, Guidoin R, Marois M, Hassen-Khodja R, Daune B, et al. Carotid endarterectomy
plaques: correlations of clinical and anatomic findings. Ann Vasc Surg 1991;5(1):50-4.

Menke J, Luthje L, Kastrup A, Larsen J. Thromboembolism in atrial fibrillation. Am J
Cardiol;105(4):502-10.

Lowe GD. Virchow's triad revisited: abnormal flow. Pathophysiol Haemost Thromb 2003;33(5-6):455-
7.

Chung I, Lip GY. Virchow's triad revisited: blood constituents. Pathophysiol Haemost Thromb
2003;33(5-6):449-54.

69



Tatiana Kharitonova

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Watson T, Shantsila E, Lip GY. Mechanisms of thrombogenesis in atrial fibrillation: Virchow's triad
revisited. Lancet 2009;373(9658):155-66.

Boldt A, Wetzel U, Lauschke J, Weigl J, Gummert J, Hindricks G, et al. Fibrosis in left atrial tissue of
patients with atrial fibrillation with and without underlying mitral valve disease. Heart
2004;90(4):400-5.

Frustaci A, Chimenti C, Bellocci F, Morgante E, Russo MA, Maseri A. Histological substrate of atrial
biopsies in patients with lone atrial fibrillation. Circulation 1997;96(4):1180-4.

Masawa N, Yoshida Y, Yamada T, Joshita T, Ooneda G. Diagnosis of cardiac thrombosis in patients
with atrial fibrillation in the absence of macroscopically visible thrombi. Virchows Arch A Pathol
Anat Histopathol 1993;422(1):67-71.

Goldman ME, Pearce LA, Hart RG, Zabalgoitia M, Asinger RW, Safford R, et al. Pathophysiologic
correlates of thromboembolism in nonvalvular atrial fibrillation: |. Reduced flow velocity in the left
atrial appendage (The Stroke Prevention in Atrial Fibrillation [SPAF-III] study). J Am Soc
Echocardiogr 1999;12(12):1080-7.

Chung NA, Belgore F, Li-Saw-Hee FL, Conway DS, Blann AD, Lip GY. Is the hypercoagulable state in
atrial fibrillation mediated by vascular endothelial growth factor? Stroke 2002;33(9):2187-91.

Lip GY, Lip PL, Zarifis J, Watson RD, Bareford D, Lowe GD, et al. Fibrin D-dimer and beta-
thromboglobulin as markers of thrombogenesis and platelet activation in atrial fibrillation. Effects of
introducing ultra-low-dose warfarin and aspirin. Circulation 1996;94(3):425-31.

Choudhury A, Chung I, Blann AD, Lip GY. Elevated platelet microparticle levels in nonvalvular atrial
fibrillation: relationship to p-selectin and antithrombotic therapy. Chest 2007;131(3):809-15.

Asakura H, Hifumi S, Jokaji H, Saito M, Kumabashiri I, Uotani C, et al. Prothrombin fragment F1 + 2
and thrombin-antithrombin Il complex are useful markers of the hypercoagulable state in atrial
fibrillation. Blood Coagul Fibrinolysis 1992;3(4):469-73.

Lip GY, Lowe GD, Rumley A, Dunn FG. Increased markers of thrombogenesis in chronic atrial
fibrillation: effects of warfarin treatment. Br Heart J 1995;73(6):527-33.

Nakamura Y, Nakamura K, Fukushima-Kusano K, Ohta K, Matsubara H, Hamuro T, et al. Tissue
factor expression in atrial endothelia associated with nonvalvular atrial fibrillation: possible
involvement in intracardiac thrombogenesis. Thromb Res 2003;111(3):137-42.

Veglio F, Paglieri C, Rabbia F, Bisbocci D, Bergui M, Cerrato P. Hypertension and cerebrovascular
damage. Atherosclerosis 2009;205(2):331-41.

Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature
1993;362(6423):801-9.

Baumbach GL, Heistad DD. Cerebral circulation in chronic arterial hypertension. Hypertension
1988;12(2):89-95.

Beaussier H, Masson |, Collin C, Bozec E, Laloux B, Calvet D, et al. Carotid plaque, arterial stiffness
gradient, and remodeling in hypertension. Hypertension 2008;52(4):729-36.

Shinton R, Beevers G. Meta-analysis of relation between cigarette smoking and stroke. Bmyj
1989;298(6676):789-94.

Haapanen A, Koskenvuo M, Kaprio J, Kesaniemi YA, Heikkila K. Carotid arteriosclerosis in identical
twins discordant for cigarette smoking. Circulation 1989;80(1):10-6.

Howard G, Wagenknecht LE, Burke GL, Diez-Roux A, Evans GW, McGovern P, et al. Cigarette
smoking and progression of atherosclerosis: The Atherosclerosis Risk in Communities (ARIC)
Study. Jama 1998;279(2):119-24.

Mast H, Thompson JL, Lin IF, Hofmeister C, Hartmann A, Marx P, et al. Cigarette smoking as a
determinant of high-grade carotid artery stenosis in Hispanic, black, and white patients with stroke
or transient ischemic attack. Stroke 1998;29(5):908-12.

Davis JW, Shelton L, Eigenberg DA, Hignite CE, Watanabe |S. Effects of tobacco and non-tobacco
cigarette smoking on endothelium and platelets. Clin Pharmacol Ther 1985;37(5):529-33.

Hawkins BT, Brown RC, Davis TP. Smoking and ischemic stroke: a role for nicotine? Trends
Pharmacol Sci 2002;23(2):78-82.

Benowitz NL. The role of nicotine in smoking-related cardiovascular disease. Prev Med
1997;26(4):412-7.

Roy S. Effects of smoking on prostacyclin formation and platelet aggregation in users of oral
contraceptives. Am J Obstet Gynecol 1999;180(6 Pt 2):S364-8.

Mayhan WG, Arrick DM, Sharpe GM, Sun H. Nitric oxide synthase-dependent responses of the basilar
artery during acute infusion of nicotine. Nicotine Tob Res 2009;11(3):270-7.

Mayhan WG, Sharpe GM. Chronic exposure to nicotine alters endothelium-dependent arteriolar
dilatation: effect of superoxide dismutase. J Appl Physiol 1999;86(4):1126-34.

Haak T, Jungmann E, Raab C, Usadel KH. Elevated endothelin-1 levels after cigarette smoking.
Metabolism 1994;43(3):267-9.

Mankovsky BN, Ziegler D. Stroke in patients with diabetes mellitus. Diabetes Metab Res Rev
2004;20(4):268-87.

70



Large artery recanalisation in stroke

75.

76.
77.
78.
79.
80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

De Angelis M, Scrucca L, Leandri M, Mincigrucci S, Bistoni S, Bovi M, et al. Prevalence of carotid
stenosis in type 2 diabetic patients asymptomatic for cerebrovascular disease. Diabetes Nutr
Metab 2003;16(1):48-55.

Weinberger J, Biscarra V, Weisberg MK, Jacobson JH. Factors contributing to stroke in patients with
atherosclerotic disease of the great vessels: the role of diabetes. Stroke 1983;14(5):709-12.

Karapanayiotides T, Piechowski-Jozwiak B, van Melle G, Bogousslavsky J, Devuyst G. Stroke
patterns, etiology, and prognosis in patients with diabetes mellitus. Neurology 2004;62(9):1558-62.

Idris I, Thomson GA, Sharma JC. Diabetes mellitus and stroke. Int J Clin Pract 2006;60(1):48-56.

Meigs JB, Mittleman MA, Nathan DM, Tofler GH, Singer DE, Murphy-Sheehy PM, et al.
Hyperinsulinemia, hyperglycemia, and impaired hemostasis: the Framingham Offspring Study.
Jama 2000;283(2):221-8.

Kurth T. Migraine and ischaemic vascular events. Cephalalgia 2007;27(8):965-75.

Schievink WI. Spontaneous dissection of the carotid and vertebral arteries. N Engl J Med
2001;344(12):898-906.

Baumgartner RW, Arnold M, Baumgartner I, Mosso M, Gonner F, Studer A, et al. Carotid dissection
with and without ischemic events: local symptoms and cerebral artery findings. Neurology
2001;57(5):827-32.

Lucas C, Moulin T, Deplanque D, Tatu L, Chavot D. Stroke patterns of internal carotid artery
dissection in 40 patients. Stroke 1998;29(12):2646-8.

Mackman N. Role of tissue factor in hemostasis, thrombosis, and vascular development. Arterioscler
Thromb Vasc Biol 2004;24(6):1015-22.

Mosesson MW, Siebenlist KR, Meh DA. The structure and biological features of fibrinogen and fibrin.
Ann N'Y Acad Sci 2001;936:11-30.

Benedict CR, Pakala R, Willerson JT. Endothelial-dependent procoagulant and anticoagulant
mechanisms. Recent advances in understanding. Tex Heart Inst J 1994;21(1):86-90.

Gomez K, McVey JH, Tuddenham E. Inhibition of coagulation by macromolecular complexes.
Haematologica 2005;90(11):1570-6.

Lijnen HR, Collen D. Mechanisms of physiological fibrinolysis. Baillieres Clin Haematol 1995;8(2):277-
90.

Penz S, Reininger AJ, Brandl R, Goyal P, Rabie T, Bernlochner I, et al. Human atheromatous plaques
stimulate thrombus formation by activating platelet glycoprotein VI. Faseb J 2005;19(8):898-909.
Rauch U, Osende JI, Fuster V, Badimon JJ, Fayad Z, Chesebro JH. Thrombus formation on
atherosclerotic plaques: pathogenesis and clinical consequences. Ann Intern Med

2001;134(3):224-38.

Fernandez-Ortiz A, Badimon JJ, Falk E, Fuster V, Meyer B, Mailhac A, et al. Characterization of the
relative thrombogenicity of atherosclerotic plaque components: implications for consequences of
plaque rupture. J Am Coll Cardiol 1994;23(7):1562-9.

Lassila R, Badimon JJ, Vallabhajosula S, Badimon L. Dynamic monitoring of platelet deposition on
severely damaged vessel wall in flowing blood. Effects of different stenoses on thrombus growth.
Arteriosclerosis 1990;10(2):306-15.

Kamath S, Blann AD, Lip GY. Platelets and atrial fibrillation. Eur Heart J 2001;22(24):2233-42.

Nagao T, Hamamoto M, Kanda A, Tsuganesawa T, Ueda M, Kobayashi K, et al. Platelet activation is
not involved in acceleration of the coagulation system in acute cardioembolic stroke with
nonvalvular atrial fibrillation. Stroke 1995;26(8):1365-8.

Wysokinski WE, Owen WG, Fass DN, Patrzalek DD, Murphy L, McBane RD, 2nd. Atrial fibrillation and
thrombosis: immunohistochemical differences between in situ and embolized thrombi. J Thromb
Haemost 2004;2(9):1637-44.

Shively BK, Gelgand EA, Crawford MH. Regional left atrial stasis during atrial fibrillation and flutter:
determinants and relation to stroke. J Am Coll Cardiol 1996;27(7):1722-9.

Asinger RW, Koehler J, Pearce LA, Zabalgoitia M, Blackshear JL, Fenster PE, et al. Pathophysiologic
correlates of thromboembolism in nonvalvular atrial fibrillation: 1l. Dense spontaneous
echocardiographic contrast (The Stroke Prevention in Atrial Fibrillation [SPAF-III] study). J Am Soc
Echocardiogr 1999;12(12):1088-96.

Kahn SR, Solymoss S, Flegel KM. Nonvalvular atrial fibrillation: evidence for a prothrombotic state.
Cmaj 1997;157(6):673-81.

Marin F, Roldan V, Climent VE, Ibanez A, Garcia A, Marco P, et al. Plasma von Willebrand factor,
soluble thrombomodulin, and fibrin D-dimer concentrations in acute onset non-rheumatic atrial
fibrillation. Heart 2004;90(10):1162-6.

100. Roldan V, Marin F, Marco P, Martinez JG, Calatayud R, Sogorb F. Hypofibrinolysis in atrial fibrillation.

101.

Am Heart J 1998;136(6):956-60.
Choudhury A, Lip GY. Atrial fibrillation and the hypercoagulable state: from basic science to clinical
practice. Pathophysiol Haemost Thromb 2003;33(5-6):282-9.

71



Tatiana Kharitonova

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.
118.

119.
120.
121.
122.
123.

124.

125.

126.

127.

128.

129.

Jones EG. On the mode of entry of blood vessels into the cerebral cortex. J Anat 1970;106(Pt 3):507-
20.

Peters A, Palay, S., Webster, H. D. The Fine Structure of the Nervous System New York: Oxford
University Press, 1991.

Edvinsson L, Hamel, E In: Edvinsson L, Krause, D. N., editor. Cerebral Blood Flow and Metabolism
Philadelphia: Lippincott, Williams and Wilkins, 2002:43-67.

ladecola C. Neurovascular regulation in the normal brain and in Alzheimer's disease. Nat Rev
Neurosci 2004;5(5):347-60.

Ito H, Kanno |, Kato C, Sasaki T, Ishii K, Ouchi Y, et al. Database of normal human cerebral blood
flow, cerebral blood volume, cerebral oxygen extraction fraction and cerebral metabolic rate of
oxygen measured by positron emission tomography with 150-labelled carbon dioxide or water,
carbon monoxide and oxygen: a multicentre study in Japan. Eur J Nucl Med Mol Imaging
2004;31(5):635-43.

McHenry LC, Jr., Merory J, Bass E, Stump DA, Williams R, Witcofski R, et al. Xenon-133 inhalation
method for regional cerebral blood flow measurements: normal values and test-retest results.
Stroke 1978;9(4):396-9.

Lebrun-Grandie P, Baron JC, Soussaline F, Loch’'h C, Sastre J, Bousser MG. Coupling between
regional blood flow and oxygen utilization in the normal human brain. A study with positron
tomography and oxygen 15. Arch Neurol 1983;40(4):230-6.

Ballabh P, Braun A, Nedergaard M. The blood-brain barrier: an overview: structure, regulation, and
clinical implications. Neurobiol Dis 2004;16(1):1-13.

del Zoppo GJ. The neurovascular unit in the setting of stroke. J Intern Med;267(2):156-71.

del Zoppo GJ, Mabuchi T. Cerebral microvessel responses to focal ischemia. J Cereb Blood Flow
Metab 2003;23(8):879-94.

Dirnagl U, ladecola C, Moskowitz MA. Pathobiology of ischaemic stroke: an integrated view. Trends
Neurosci 1999;22(9):391-7.

Hamann GF, Okada Y, del Zoppo GJ. Hemorrhagic transformation and microvascular integrity during
focal cerebral ischemia/reperfusion. J Cereb Blood Flow Metab 1996;16(6):1373-8.

Romanic AM, White RF, Arleth AJ, Ohlstein EH, Barone FC. Matrix metalloproteinase expression
increases after cerebral focal ischemia in rats: inhibition of matrix metalloproteinase-9 reduces
infarct size. Stroke 1998;29(5):1020-30.

Montaner J, Alvarez-Sabin J, Molina C, Angles A, Abilleira S, Arenillas J, et al. Matrix
metalloproteinase expression after human cardioembolic stroke: temporal profile and relation to
neurological impairment. Stroke 2001;32(8):1759-66.

Ames A, 3rd, Wright RL, Kowada M, Thurston JM, Majno G. Cerebral ischemia. Il. The no-reflow
phenomenon. Am J Pathol 1968;52(2):437-53.

Krnjevic K. Early effects of hypoxia on brain cell function. Croat Med J 1999;40(3):375-80.

Hazell AS. Excitotoxic mechanisms in stroke: an update of concepts and treatment strategies.
Neurochem Int 2007;50(7-8):941-53.

Huang J, Upadhyay UM, Tamargo RJ. Inflammation in stroke and focal cerebral ischemia. Surg Neurol
2006;66(3):232-45.

del Zoppo GJ. Inflammation and the neurovascular unit in the setting of focal cerebral ischemia.
Neuroscience 2009;158(3):972-82.

Broughton BR, Reutens DC, Sobey CG. Apoptotic mechanisms after cerebral ischemia. Stroke
2009;40(5):€331-9.

Thornberry NA, Lazebnik Y. Caspases: enemies within. Science 1998;281(5381):1312-6.

Endres M, Namura S, Shimizu-Sasamata M, Waeber C, Zhang L, Gomez-Isla T, et al. Attenuation of
delayed neuronal death after mild focal ischemia in mice by inhibition of the caspase family. J
Cereb Blood Flow Metab 1998;18(3):238-47.

Latchaw RE, Yonas H, Hunter GJ, Yuh WT, Ueda T, Sorensen AG, et al. Guidelines and
recommendations for perfusion imaging in cerebral ischemia: A scientific statement for healthcare
professionals by the writing group on perfusion imaging, from the Council on Cardiovascular
Radiology of the American Heart Association. Stroke 2003;34(4):1084-104.

Astrup J, Siesjo BK, Symon L. Thresholds in cerebral ischemia - the ischemic penumbra. Stroke
1981;12(6):723-5.

Heiss WD, Graf R. The ischemic penumbra. Curr Opin Neurol 1994;7(1):11-9.

Bandera E, Botteri M, Minelli C, Sutton A, Abrams KR, Latronico N. Cerebral blood flow threshold of
ischemic penumbra and infarct core in acute ischemic stroke: a systematic review. Stroke
2006;37(5):1334-9.

Hossmann KA. Viability thresholds and the penumbra of focal ischemia. Ann Neurol 1994;36(4):557-
65.

Heiss WD. Ischemic penumbra: evidence from functional imaging in man. J Cereb Blood Flow Metab
2000;20(9):1276-93.

72



Large artery recanalisation in stroke

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.
146.
147.
148.
1409.
150.
151.
152.

153.
154.

155.

156.

157.

158.

159.

160.

Liebeskind DS. Collateral circulation. Stroke 2003;34(9):2279-84.

Meyer JS, Denny-Brown D. The cerebral collateral circulation. |. Factors influencing collateral blood
flow. Neurology 1957;7(7):447-58.

Coyle P, Heistad DD. Development of collaterals in the cerebral circulation. Blood Vessels 1991;28(1-
3):183-9.

Bang QY, Saver JL, Buck BH, Alger JR, Starkman S, Ovbiagele B, et al. Impact of collateral flow on
tissue fate in acute ischaemic stroke. J Neurol Neurosurg Psychiatry 2008;79(6):625-9.

Warlow CP, et al. Which atrerial territory is involved? Developing a clinically-based method of
subclassification. Stroke: a practical guide to management. London: Wiley-Blackwell, 2001.

Kang SY, Kim JS. Anterior cerebral artery infarction: stroke mechanism and clinical-imaging study in
100 patients. Neurology 2008;70(24 Pt 2):2386-93.

Bogousslavsky J, Van Melle G, Regli F. Middle cerebral artery pial territory infarcts: a study of the
Lausanne Stroke Registry. Ann Neurol 1989;25(6):555-60.

Heinsius T, Bogousslavsky J, Van Melle G. Large infarcts in the middle cerebral artery territory.
Etiology and outcome patterns. Neurology 1998;50(2):341-50.

Thanvi B, Robinson T. Complete occlusion of extracranial internal carotid artery: clinical features,
pathophysiology, diagnosis and management. Postgrad Med J 2007;83(976):95-9.

Arnold M, Nedeltchev K, Mattle HP, Loher TJ, Stepper F, Schroth G, et al. Intra-arterial thrombolysis in
24 consecutive patients with internal carotid artery T occlusions. J Neurol Neurosurg Psychiatry
2003;74(6):739-42.

Wunderlich MT, Stolz E, Seidel G, Postert T, Gahn G, Sliwka U, et al. Conservative medical treatment
and intravenous thrombolysis in acute stroke from carotid T occlusion. Cerebrovasc Dis
2005;20(5):355-61.

Brandt T, Steinke W, Thie A, Pessin MS, Caplan LR. Posterior cerebral artery territory infarcts: clinical
features, infarct topography, causes and outcome. Multicenter results and a review of the literature.
Cerebrovasc Dis 2000;10(3):170-82.

Bamford JM. The role of the clinical examination in the subclassification of stroke. Cerebrovasc Dis
2000;10 Suppl 4:2-4.

Adams HP, Jr., Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, et al. Classification of
subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of
Org 10172 in Acute Stroke Treatment. Stroke 1993;24(1):35-41.

Madden KP, Karanjia PN, Adams HP, Jr., Clarke WR. Accuracy of initial stroke subtype diagnosis in
the TOAST study. Trial of ORG 10172 in Acute Stroke Treatment. Neurology 1995;45(11):1975-9.

Bamford J, Sandercock P, Dennis M, Burn J, Warlow C. Classification and natural history of clinically
identifiable subtypes of cerebral infarction. Lancet 1991;337(8756):1521-6.

Lijnen HR, Collen D. Endothelium in hemostasis and thrombosis. Prog Cardiovasc Dis
1997;39(4):343-50.

Myohanen H, Vaheri A. Regulation and interactions in the activation of cell-associated plasminogen.
Cell Mol Life Sci 2004;61(22):2840-58.

Verstraete M, Collen D. Thrombolytic therapy in the eighties. Blood 1986;67(6):1529-41.

Collen D, Lijnen HR. The fibrinolytic system in man. Crit Rev Oncol Hematol 1986;4(3):249-301.

Kakkar VV, Scully MF. Thrombolytic therapy. Br Med Bull 1978;34(2):191-9.

Dalal PM, Shah PM, Aiyar RR. Arteriographic Study of Cerebral Embolism. Lancet 1965;2(7408):358-
61.

Fieschi C, Bozzao L. Transient embolic occlusion of the middle cerebral and internal carotid arteries in
cerebral apoplexy. J Neurol Neurosurg Psychiatry 1969;32(3):236-40.

Gress DR. Stroke. Revolution in therapy. West J Med 1994;161(3):288-91.

Wang CX, Todd KG, Yang Y, Gordon T, Shuaib A. Patency of cerebral microvessels after focal
embolic stroke in the rat. J Cereb Blood Flow Metab 2001;21(4):413-21.

Wang CX, Yang T, Shuaib A. Clot fragments formed from original thrombus obstruct downstream
arteries in the ischemic injured brain. Microcirculation 2006;13(3):229-36.

Alexandrov AV, Demchuk AM, Felberg RA, Grotta JC, Krieger DW. Intracranial clot dissolution is
associated with embolic signals on transcranial Doppler. J Neuroimaging 2000;10(1):27-32.

Dalal PM, Shah PM, Sheth SC, Deshpande CK. Cerebral Embolism. Angiographic Observations on
Spontaneous Clot Lysis. Lancet 1965;1(7376):61-4.

Nakajima M, Kimura K, Shimode A, Miyashita F, Uchino M, Naritomi H, et al. Microembolic signals
within 24 hours of stroke onset and diffusion-weighted MRI abnormalities. Cerebrovasc Dis
2007;23(4):282-8.

Janjua N, Alkawi A, Suri MF, Qureshi Al. Impact of arterial reocclusion and distal fragmentation during
thrombolysis among patients with acute ischemic stroke. AUINR Am J Neuroradiol 2008;29(2):253-
8.

Rha JH, Saver JL. The impact of recanalization on ischemic stroke outcome: a meta-analysis. Stroke
2007;38(3):967-73.

73



Tatiana Kharitonova

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Nagahiro S, Uno M, Sato K, Goto S, Morioka M, Ushio Y. Pathophysiology and treatment of cerebral
ischemia. J Med Invest 1998;45(1-4):57-70.

Fields JD, Lindsay K, Liu KC, Nesbit GM, Lutsep HL. Mechanical thrombectomy for the treatment of
acute ischemic stroke. Expert Rev Cardiovasc Ther;8(4):581-92.

Memezawa H, Smith ML, Siesjo BK. Penumbral tissues salvaged by reperfusion following middle
cerebral artery occlusion in rats. Stroke 1992;23(4):552-9.

Young AR, Touzani O, Derlon JM, Sette G, MacKenzie ET, Baron JC. Early reperfusion in the
anesthetized baboon reduces brain damage following middle cerebral artery occlusion: a
quantitative analysis of infarction volume. Stroke 1997;28(3):632-7; discussion 637-8.

Alexandrov AV, Demchuk AM, Felberg RA, Christou |, Barber PA, Burgin WS, et al. High rate of
complete recanalization and dramatic clinical recovery during tPA infusion when continuously
monitored with 2-MHz transcranial doppler monitoring. Stroke 2000;31(3):610-4.

Christou |, Alexandrov AV, Burgin WS, Wojner AW, Felberg RA, Malkoff M, et al. Timing of
recanalization after tissue plasminogen activator therapy determined by transcranial doppler
correlates with clinical recovery from ischemic stroke. Stroke 2000;31(8):1812-6.

Felberg RA, Okon NJ, El-Mitwalli A, Burgin WS, Grotta JC, Alexandrov AV. Early dramatic recovery
during intravenous tissue plasminogen activator infusion: clinical pattern and outcome in acute
middle cerebral artery stroke. Stroke 2002;33(5):1301-7.

Alexandrov AV, Burgin WS, Demchuk AM, El-Mitwalli A, Grotta JC. Speed of intracranial clot lysis with
intravenous tissue plasminogen activator therapy: sonographic classification and short-term
improvement. Circulation 2001;103(24):2897-902.

Ribo M, Alvarez-Sabin J, Montaner J, Romero F, Delgado P, Rubiera M, et al. Temporal profile of
recanalization after intravenous tissue plasminogen activator: selecting patients for rescue
reperfusion techniques. Stroke 2006;37(4):1000-4.

Mikulik R, Ribo M, Hill MD, Grotta JC, Malkoff M, Molina C, et al. Accuracy of serial National Institutes
of Health Stroke Scale scores to identify artery status in acute ischemic stroke. Circulation
2007;115(20):2660-5.

Berrouschot J, Barthel H, Hesse S, Knapp WH, Schneider D, von Kummer R. Reperfusion and
metabolic recovery of brain tissue and clinical outcome after ischemic stroke and thrombolytic
therapy. Stroke 2000;31(7):1545-51.

Alexandrov AV, Hall CE, Labiche LA, Wojner AW, Grotta JC. Ischemic stunning of the brain: early
recanalization without immediate clinical improvement in acute ischemic stroke. Stroke
2004;35(2):449-52.

Kucinski T, Koch C, Eckert B, Becker V, Kromer H, Heesen C, et al. Collateral circulation is an
independent radiological predictor of outcome after thrombolysis in acute ischaemic stroke.
Neuroradiology 2003;45(1):11-8.

Maas MB, Lev MH, Ay H, Singhal AB, Greer DM, Smith WS, et al. Collateral vessels on CT
angiography predict outcome in acute ischemic stroke. Stroke 2009;40(9):3001-5.

Toni D, Fiorelli M, Bastianello S, Falcou A, Sette G, Ceschin V, et al. Acute ischemic strokes improving
during the first 48 hours of onset: predictability, outcome, and possible mechanisms. A comparison
with early deteriorating strokes. Stroke 1997;28(1):10-4.

Wityk RJ. Blood pressure augmentation in acute ischemic stroke. J Neurol Sci 2007;261(1-2):63-73.

Labiche LA, Al-Senani F, Wojner AW, Grotta JC, Malkoff M, Alexandrov AV. Is the benefit of early
recanalization sustained at 3 months? A prospective cohort study. Stroke 2003;34(3):695-8.

Molina CA, Alexandrov AV, Demchuk AM, Saqqur M, Uchino K, Alvarez-Sabin J. Improving the
predictive accuracy of recanalization on stroke outcome in patients treated with tissue plasminogen
activator. Stroke 2004;35(1):151-6.

Zaidat OO, Suarez JI, Sunshine JL, Tarr RW, Alexander MJ, Smith TP, et al. Thrombolytic therapy of
acute ischemic stroke: correlation of angiographic recanalization with clinical outcome. AUINR Am J
Neuroradiol 2005;26(4):880-4.

Humpich M, Singer OC, du Mesnil de Rochemont R, Foerch C, Lanfermann H, Neumann-Haefelin T.
Effect of early and delayed recanalization on infarct pattern in proximal middle cerebral artery
occlusion. Cerebrovasc Dis 2006;22(1):51-6.

Wunderlich MT, Goertler M, Postert T, Schmitt E, Seidel G, Gahn G, et al. Recanalization after
intravenous thrombolysis: does a recanalization time window exist? Neurology 2007;68(17):1364-8.

Brown DL, Johnston KC, Wagner DP, Haley EC, Jr. Predicting major neurological improvement with
intravenous recombinant tissue plasminogen activator treatment of stroke. Stroke 2004;35(1):147-
50.

Nam HS, Lee KY, Han SW, Kim SH, Lee JY, Ahn SH, et al. Prediction of long-term outcome by
percent improvement after the first day of thrombolytic treatment in stroke patients. J Neurol Sci
2009;281(1-2):69-73.

Yamamoto H, Bogousslavsky J, van Melle G. Different predictors of neurological worsening in different
causes of stroke. Arch Neurol 1998;55(4):481-6.

74



Large artery recanalisation in stroke

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Pan J, Konstas AA, Bateman B, Ortolano GA, Pile-Spellman J. Reperfusion injury following cerebral
ischemia: pathophysiology, MR imaging, and potential therapies. Neuroradiology 2007;49(2):93-
102.

Aronowski J, Strong R, Grotta JC. Reperfusion injury: demonstration of brain damage produced by
reperfusion after transient focal ischemia in rats. J Cereb Blood Flow Metab 1997;17(10):1048-56.

Kuroda S, Siesjo BK. Reperfusion damage following focal ischemia: pathophysiology and therapeutic
windows. Clin Neurosci 1997;4(4):199-212.

Arumugam TV, Shiels IA, Woodruff TM, Granger DN, Taylor SM. The role of the complement system
in ischemia-reperfusion injury. Shock 2004;21(5):401-9.

Tamura A, Asano T, Sano K. Correlation between rCBF and histological changes following temporary
middle cerebral artery occlusion. Stroke 1980;11(5):487-93.

Yang GY, Betz AL. Reperfusion-induced injury to the blood-brain barrier after middle cerebral artery
occlusion in rats. Stroke 1994;25(8):1658-64; discussion 1664-5.

Berrouschot J, Sterker M, Bettin S, Koster J, Schneider D. Mortality of space-occupying (‘malignant’)
middle cerebral artery infarction under conservative intensive care. Intensive Care Med
1998;24(6):620-3.

Rudolf J, Grond M, Stenzel C, Neveling M, Heiss WD. Incidence of space-occupying brain edema
following systemic thrombolysis of acute supratentorial ischemia. Cerebrovasc Dis 1998;8(3):166-
71.

Ayata C, Ropper AH. Ischaemic brain oedema. J Clin Neurosci 2002;9(2):113-24.

Wang X, Lo EH. Triggers and mediators of hemorrhagic transformation in cerebral ischemia. Mol
Neurobiol 2003;28(3):229-44.

Wang X, Tsuji K, Lee SR, Ning M, Furie KL, Buchan AM, et al. Mechanisms of hemorrhagic
transformation after tissue plasminogen activator reperfusion therapy for ischemic stroke. Stroke
2004;35(11 Suppl 1):2726-30.

Trouillas P, von Kummer R. Classification and pathogenesis of cerebral hemorrhages after
thrombolysis in ischemic stroke. Stroke 2006;37(2):556-61.

Thanvi BR, Treadwell S, Robinson T. Haemorrhagic transformation in acute ischaemic stroke following
thrombolysis therapy: classification, pathogenesis and risk factors. Postgrad Med J
2008;84(993):361-7.

Molina CA, Alvarez-Sabin J, Montaner J, Abilleira S, Arenillas JF, Coscojuela P, et al. Thrombolysis-
related hemorrhagic infarction: a marker of early reperfusion, reduced infarct size, and improved
outcome in patients with proximal middle cerebral artery occlusion. Stroke 2002;33(6):1551-6.

Furlan A, Higashida R, Wechsler L, Gent M, Rowley H, Kase C, et al. Intra-arterial prourokinase for
acute ischemic stroke. The PROACT Il study: a randomized controlled trial. Prolyse in Acute
Cerebral Thromboembolism. Jama 1999;282(21):2003-11.

Wardlaw JM, Zoppo G, Yamaguchi T, Berge E. Thrombolysis for acute ischaemic stroke. Cochrane
Database Syst Rev 2003(3):CD000213.

Alexandrov AV, Grotta JC. Arterial reocclusion in stroke patients treated with intravenous tissue
plasminogen activator. Neurology 2002;59(6):862-7.

Hussain MS, Lin R, Moskowitz S, Bain M, Gonugunta V, Rasmussen PA, et al. Symptomatic delayed
reocclusion after initial successful revascularization in acute ischemic stroke. J Stroke Cerebrovasc
Dis;19(1):36-9.

Rubiera M, Alvarez-Sabin J, Ribo M, Montaner J, Santamarina E, Arenillas JF, et al. Predictors of
early arterial reocclusion after tissue plasminogen activator-induced recanalization in acute
ischemic stroke. Stroke 2005;36(7):1452-6.

Reddy KN, Markus G. Mechanism of activation of human plasminogen by streptokinase. Presence of
active center in streptokinase-plasminogen complex. J Biol Chem 1972;247(6):1683-91.

Randomised controlled trial of streptokinase, aspirin, and combination of both in treatment of acute
ischaemic stroke. Multicentre Acute Stroke Trial--Italy (MAST-I) Group. Lancet
1995;346(8989):1509-14.

Thrombolytic therapy with streptokinase in acute ischemic stroke. The Multicenter Acute Stroke Trial--
Europe Study Group. N Engl J Med 1996;335(3):145-50.

Lijnen HR, Van Hoef B, De Cock F, Collen D. The mechanism of plasminogen activation and fibrin
dissolution by single chain urokinase-type plasminogen activator in a plasma milieu in vitro. Blood
1989;73(7):1864-72.

Rijken DC, Hoylaerts M, Collen D. Fibrinolytic properties of one-chain and two-chain human extrinsic
(tissue-type) plasminogen activator. J Biol Chem 1982;257(6):2920-5.

Wagner OF, de Vries C, Hohmann C, Veerman H, Pannekoek H. Interaction between plasminogen
activator inhibitor type 1 (PAI-1) bound to fibrin and either tissue-type plasminogen activator (t-PA)
or urokinase-type plasminogen activator (u-PA). Binding of t-PA/PAI-1 complexes to fibrin mediated
by both the finger and the kringle-2 domain of t-PA. J Clin Invest 1989;84(2):647-55.

75



Tatiana Kharitonova

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

Adibhatla RM, Hatcher JF. Tissue plasminogen activator (tPA) and matrix metalloproteinases in the
pathogenesis of stroke: therapeutic strategies. CNS Neurol Disord Drug Targets 2008;7(3):243-53.

Hacke W, Albers G, Al-Rawi Y, Bogousslavsky J, Davalos A, Eliasziw M, et al. The Desmoteplase in
Acute Ischemic Stroke Trial (DIAS): a phase || MRI-based 9-hour window acute stroke
thrombolysis trial with intravenous desmoteplase. Stroke 2005;36(1):66-73.

Levy DE, del Zoppo GJ, Demaerschalk BM, Demchuk AM, Diener HC, Howard G, et al. Ancrod in
acute ischemic stroke: results of 500 subjects beginning treatment within 6 hours of stroke onset in
the ancrod stroke program. Stroke 2009;40(12):3796-803.

Adams HP, Jr., Effron MB, Torner J, Davalos A, Frayne J, Teal P, et al. Emergency administration of
abciximab for treatment of patients with acute ischemic stroke: results of an international phase |
trial: Abciximab in Emergency Treatment of Stroke Trial (AbESTT-II). Stroke 2008;39(1):87-99.

Broderick JP, Hacke W. Treatment of acute ischemic stroke: Part |: recanalization strategies.
Circulation 2002;106(12):1563-9.

Smith WS. Intra-arterial thrombolytic therapy for acute basilar occlusion: pro. Stroke 2007;38(2
Suppl):701-3.

Zeumer H, Freitag HJ, Zanella F, Thie A, Arning C. Local intra-arterial fibrinolytic therapy in patients
with stroke: urokinase versus recombinant tissue plasminogen activator (r-TPA). Neuroradiology
1993;35(2):159-62.

Molina CA, Saver JL. Extending reperfusion therapy for acute ischemic stroke: emerging
pharmacological, mechanical, and imaging strategies. Stroke 2005;36(10):2311-20.

Nogueira RG, Liebeskind DS, Sung G, Duckwiler G, Smith WS. Predictors of good clinical outcomes,
mortality, and successful revascularization in patients with acute ischemic stroke undergoing
thrombectomy: pooled analysis of the Mechanical Embolus Removal in Cerebral Ischemia (MERCI)
and Multi MERCI Trials. Stroke 2009;40(12):3777-83.

Schellinger PD, Fiebach JB, Mohr A, Ringleb PA, Jansen O, Hacke W. Thrombolytic therapy for
ischemic stroke--a review. Part llI--Intra-arterial thrombolysis, vertebrobasilar stroke, phase IV trials,
and stroke imaging. Crit Care Med 2001;29(9):1819-25.

Meyer JS, Gilroy J, Barnhart MI, Johnson JF. Therapeutic Thrombolysis in Cerebral
Thromboembolism. Double-Blind Evaluation of Intravenous Plasmin Therapy in Carotid and Middle
Cerebral Arterial Occlusion. Neurology 1963;13:927-37.

Meyer JS, Gilroy J, Barnhart MI, Johnson JF. Anticoagulants Plus Streptokinase Therapy in
Progressive Stroke. Jama 1964;189:373.

Fletcher AP, Alkjaersig N, Lewis M, Tulevski V, Davies A, Brooks JE, et al. A pilot study of urokinase
therapy in cerebral infarction. Stroke 1976;7(2):135-42.

Haley EC, Jr., Brott TG, Sheppard GL, Barsan W, Broderick J, Marler JR, et al. Pilot randomized trial
of tissue plasminogen activator in acute ischemic stroke. The TPA Bridging Study Group. Stroke
1993;24(7):1000-4.

Morris AD, Ritchie C, Grosset DG, Adams FG, Lees KR. A pilot study of streptokinase for acute
cerebral infarction. Qjm 1995;88(10):727-31.

Donnan GA, Davis SM, Chambers BR, Gates PC, Hankey GJ, McNeil JJ, et al. Streptokinase for
acute ischemic stroke with relationship to time of administration: Australian Streptokinase (ASK)
Trial Study Group. Jama 1996;276(12):961-6.

Cornu C, Boutitie F, Candelise L, Boissel JP, Donnan GA, Hommel M, et al. Streptokinase in acute
ischemic stroke: an individual patient data meta-analysis : The Thrombolysis in Acute Stroke
Pooling Project. Stroke 2000;31(7):1555-60.

Lees KR, Bluhmki E, von Kummer R, Brott TG, Toni D, Grotta JC, et al. Time to treatment with
intravenous alteplase and outcome in stroke: an updated pooled analysis of ECASS, ATLANTIS,
NINDS, and EPITHET trials. Lancet;375(9727):1695-703.

del Zoppo GJ, Ferbert A, Otis S, Bruckmann H, Hacke W, Zyroff J, et al. Local intra-arterial fibrinolytic
therapy in acute carotid territory stroke. A pilot study. Stroke 1988;19(3):307-13.

Mori E, Tabuchi M, Yoshida T, Yamadori A. Intracarotid urokinase with thromboembolic occlusion of
the middle cerebral artery. Stroke 1988;19(7):802-12.

Furlan AJ, Abou-Chebl A. The role of recombinant pro-urokinase (r-pro-UK) and intra-arterial
thrombolysis in acute ischaemic stroke: the PROACT trials. Prolyse in Acute Cerebral
Thromboembolism. Curr Med Res Opin 2002;18 Suppl 2:s44-7.

del Zoppo GJ, Higashida RT, Furlan AJ, Pessin MS, Rowley HA, Gent M. PROACT: a phase Il
randomized trial of recombinant pro-urokinase by direct arterial delivery in acute middle cerebral
artery stroke. PROACT Investigators. Prolyse in Acute Cerebral Thromboembolism. Stroke
1998;29(1):4-11.

Smith WS, Sung G, Starkman S, Saver JL, Kidwell CS, Gobin YP, et al. Safety and efficacy of
mechanical embolectomy in acute ischemic stroke: results of the MERCI trial. Stroke
2005;36(7):1432-8.

76



Large artery recanalisation in stroke

233.

234.

235.

236.

237.

238.

239.

240.
241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Smith WS, Sung G, Saver J, Budzik R, Duckwiler G, Liebeskind DS, et al. Mechanical thrombectomy
for acute ischemic stroke: final results of the Multi MERCI trial. Stroke 2008;39(4):1205-12.

The penumbra pivotal stroke trial: safety and effectiveness of a new generation of mechanical devices
for clot removal in intracranial large vessel occlusive disease. Stroke 2009;40(8):2761-8.

Gupta R, Vora NA, Horowitz MB, Tayal AH, Hammer MD, Uchino K, et al. Multimodal reperfusion
therapy for acute ischemic stroke: factors predicting vessel recanalization. Stroke 2006;37(4):986-
90.

Raphaeli G, Eichel R, Ben-Hur T, Leker RR, Cohen JE. Multimodal reperfusion therapy in patients with
acute basilar artery occlusion. Neurosurgery 2009;65(3):548-52; discussion 552-3.

Nogueira RG, Yoo AJ, Buonanno FS, Hirsch JA. Endovascular approaches to acute stroke, part 2: a
comprehensive review of studies and trials. AUINR Am J Neuroradiol 2009;30(5):859-75.

Adams HP, Jr., del Zoppo G, Alberts MJ, Bhatt DL, Brass L, Furlan A, et al. Guidelines for the early
management of adults with ischemic stroke: a guideline from the American Heart
Association/American Stroke Association Stroke Council, Clinical Cardiology Council,
Cardiovascular Radiology and Intervention Council, and the Atherosclerotic Peripheral Vascular
Disease and Quality of Care Outcomes in Research Interdisciplinary Working Groups: the
American Academy of Neurology affirms the value of this guideline as an educational tool for
neurologists. Stroke 2007;38(5):1655-711.

Lewandowski CA, Frankel M, Tomsick TA, Broderick J, Frey J, Clark W, et al. Combined intravenous
and intra-arterial r-TPA versus intra-arterial therapy of acute ischemic stroke: Emergency
Management of Stroke (EMS) Bridging Trial. Stroke 1999;30(12):2598-605.

The Interventional Management of Stroke (IMS) Il Study. Stroke 2007;38(7):2127-35.

Khatri P, Hill MD, Palesch YY, Spilker J, Jauch EC, Carrozzella JA, et al. Methodology of the
Interventional Management of Stroke Il Trial. Int J Stroke 2008;3(2):130-7.

Del Zoppo GJ, Saver JL, Jauch EC, Adams HP, Jr. Expansion of the time window for treatment of
acute ischemic stroke with intravenous tissue plasminogen activator: a science advisory from the
American Heart Association/American Stroke Association. Stroke 2009;40(8):2945-8.

Guidelines for management of ischaemic stroke and transient ischaemic attack 2008. Cerebrovasc Dis
2008;25(5):457-507.

MR and Recanalization of Stroke Clots Using Embolectomy (MR RESCUE) http:/clinicaltrials.gov, ID
NCTO00389467, Assessed 22.11. 2010.

Kim DJ, Kim DI, Kim SH, Lee KY, Heo JH, Han SW. Rescue localized intra-arterial thrombolysis for
hyperacute MCA ischemic stroke patients after early non-responsive intravenous tissue
plasminogen activator therapy. Neuroradiology 2005;47(8):616-21.

Mazighi M, Serfaty JM, Labreuche J, Laissy JP, Meseguer E, Lavallee PC, et al. Comparison of
intravenous alteplase with a combined intravenous-endovascular approach in patients with stroke
and confirmed arterial occlusion (RECANALISE study): a prospective cohort study. Lancet Neurol
2009;8(9):802-9.

Burns TC, Rodriguez GJ, Patel S, Hussein HM, Georgiadis AL, Lakshminarayan K, et al.
Endovascular interventions following intravenous thrombolysis may improve survival and recovery
in patients with acute ischemic stroke: a case-control study. AUNR Am J Neuroradiol
2008;29(10):1918-24.

Maas MB, Furie KL, Lev MH, Ay H, Singhal AB, Greer DM, et al. National Institutes of Health Stroke
Scale score is poorly predictive of proximal occlusion in acute cerebral ischemia. Stroke
2009;40(9):2988-93.

Hacke W, Schwab S, Horn M, Spranger M, De Georgia M, von Kummer R. 'Malignant' middle cerebral
artery territory infarction: clinical course and prognostic signs. Arch Neurol 1996;53(4):309-15.

Christou I, Felberg RA, Demchuk AM, Burgin WS, Malkoff M, Grotta JC, et al. Intravenous tissue
plasminogen activator and flow improvement in acute ischemic stroke patients with internal carotid
artery occlusion. J Neuroimaging 2002;12(2):119-23.

Saqqur M, Uchino K, Demchuk AM, Molina CA, Garami Z, Calleja S, et al. Site of arterial occlusion
identified by transcranial Doppler predicts the response to intravenous thrombolysis for stroke.
Stroke 2007;38(3):948-54.

Schellinger PD, Fiebach JB, Mohr A, Ringleb PA, Jansen O, Hacke W. Thrombolytic therapy for
ischemic stroke--a review. Part |--Intravenous thrombolysis. Crit Care Med 2001;29(9):1812-8.

Nogueira RG, Schwamm LH, Hirsch JA. Endovascular approaches to acute stroke, part 1: Drugs,
devices, and data. AUINR Am J Neuroradiol 2009;30(4):649-61.

Smith WS. Technology Insight: recanalization with drugs and devices during acute ischemic stroke.
Nat Clin Pract Neurol 2007;3(1):45-53.

Brott T, Adams HP, Jr., Olinger CP, Marler JR, Barsan WG, Biller J, et al. Measurements of acute
cerebral infarction: a clinical examination scale. Stroke 1989;20(7):864-70.

Haley EC, Jr., Lewandowski C, Tilley BC. Myths regarding the NINDS rt-PA Stroke Trial: setting the
record straight. Ann Emerg Med 1997;30(5):676-82.

77



Tatiana Kharitonova

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Gacs G, Fox AJ, Barnett HJ, Vinuela F. CT visualization of intracranial arterial thromboembolism.
Stroke 1983;14(5):756-62.

Goldmakher GV, Camargo EC, Furie KL, Singhal AB, Roccatagliata L, Halpern EF, et al. Hyperdense
basilar artery sign on unenhanced CT predicts thrombus and outcome in acute posterior circulation
stroke. Stroke 2009;40(1):134-9.

Jensen UR, Weiss M, Zimmermann P, Jansen O, Riedel C. The hyperdense anterior cerebral artery
sign (HACAS) as a computed tomography marker for acute ischemia in the anterior cerebral artery
territory. Cerebrovasc Dis;29(1):62-7.

Koo CK, Teasdale E, Muir KW. What constitutes a true hyperdense middle cerebral artery sign?
Cerebrovasc Dis 2000;10(6):419-23.

Bastianello S, Pierallini A, Colonnese C, Brughitta G, Angeloni U, Antonelli M, et al. Hyperdense
middle cerebral artery CT sign. Comparison with angiography in the acute phase of ischemic
supratentorial infarction. Neuroradiology 1991;33(3):207-11.

Flacke S, Urbach H, Keller E, Traber F, Hartmann A, Textor J, et al. Middle cerebral artery (MCA)
susceptibility sign at susceptibility-based perfusion MR imaging: clinical importance and
comparison with hyperdense MCA sign at CT. Radiology 2000;215(2):476-82.

Leys D, Pruvo JP, Godefroy O, Rondepierre P, Leclerc X. Prevalence and significance of hyperdense
middle cerebral artery in acute stroke. Stroke 1992;23(3):317-24.

Wardlaw JM, Mielke O. Early signs of brain infarction at CT: observer reliability and outcome after
thrombolytic treatment--systematic review. Radiology 2005;235(2):444-53.

Wolpert SM, Bruckmann H, Greenlee R, Wechsler L, Pessin MS, del Zoppo GJ. Neuroradiologic
evaluation of patients with acute stroke treated with recombinant tissue plasminogen activator. The
rt-PA Acute Stroke Study Group. AUNR Am J Neuroradiol 1993;14(1):3-13.

Kim EY, Lee SK, Kim DJ, Suh SH, Kim J, Heo JH, et al. Detection of thrombus in acute ischemic
stroke: value of thin-section noncontrast-computed tomography. Stroke 2005;36(12):2745-7.

Kirchhof K, Welzel T, Mecke C, Zoubaa S, Sartor K. Differentiation of white, mixed, and red thrombi:
value of CT in estimation of the prognosis of thrombolysis phantom study. Radiology
2003;228(1):126-30.

van Swieten JC, Koudstaal PJ, Visser MC, Schouten HJ, van Gijn J. Interobserver agreement for the
assessment of handicap in stroke patients. Stroke 1988;19(5):604-7.

Tomsick T, Brott T, Barsan W, Broderick J, Haley EC, Spilker J, et al. Prognostic value of the
hyperdense middle cerebral artery sign and stroke scale score before ultraearly thrombolytic
therapy. AUNR Am J Neuroradiol 1996;17(1):79-85.

Labiche LA, Malkoff M, Alexandrov AV. Residual flow signals predict complete recanalization in stroke
patients treated with TPA. J Neuroimaging 2003;13(1):28-33.

78



