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ABBREVIATIONS

ACA:

Anterior cerebral artery

ADAPT:

A direct aspiration first pass technique

AIS:

Acute ischemic stroke

BA:

Basilar artery

CI:

Confidence interval

CT:

Computed tomography

eTICI:

Expanded treatment in cerebral ischemia

EVT:

Endovascular treatment

FDCT:

Flat-detector computed tomography

FDCTA:

Flat-detector computed tomography angiography

IA:

Intra-arterial

ICA:

Internal carotid artery

ICC:

Intraclass correlation coefficient

IQR:

Interquartile range

IV:

Intra-venous

LVO:

Large vessel occlusion

MCA:

Middle cerebral artery

MDCT:

Multi-detector computed tomography

MDCTA:

Multi-detector computed tomography angiography

MDCTP:

Multi-detector computed tomography perfusion
III

MRI:

Magnetic resonance imaging

mRS:

Modified ranking scale

MT:

Mechanical thrombectomy

mTICI:

Modified treatment in cerebral infarction

NIHSS:

National Institutes of Health Stroke Scale

OD:

Odds ratio

PCA:

Posterior cerebral artery

r-tPA:

Recombinant tissue plasminogen activator

SAVE:

Stent retriever assisted vacuum-locked extraction

TICI:

Thrombolysis in cerebral infarction

TIMI:

Thrombolysis in myocardial infarction

UMG:

University of Medicine Göttingen
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INTRODUCTION

Stroke represents a common pathology with potentially heavily debilitating
or lethal consequences if untreated. The last two decades witnessed a
remarkable development of therapeutic options for ischemic stroke, the
most frequent subtype of cerebrovascular accident. Current therapeutic
options include both medical treatment and minimally invasive mechanical
thrombectomy. The goal of the latter, a new modality of interventional
stroke therapy, is to revascularize ischemic yet not completely infarcted
brain tissue via endovascular mechanical removal of the thrombus.
The progress in techniques and methods led to remarkable improvement
of outcome in stroke patients (Balucani et al. 2016; Evans et al. 2017).
Parallel to the evolution of interventional stroke treatment, there has been
a development in revascularization grading, utilized to assess the success
of mechanical embolectomy of large vessel occlusion. Several gradings
are available and the most commonly adopted is the “modified treatment
in cerebral ischemia” (mTICI). Although the mTICI scale represents a
practical and relatively simple scale easily applied in everyday clinical
practice, it shows a considerable lack of predictability of clinical outcome
in middle to high percentages of revascularization of ischemic territory. In
order to overcome this limitation we investigate a new angiographic
revascularization grading, named “expanded treatment in cerebral

ischemia” (eTICI), and we compare the ability of the newly introduced
eTICI to the mTICI angiographic revascularization grading in predicting the
clinical neurological outcome and functional independence after
endovascular treatment of large vessel occlusion in a real world cohort.
Moreover, the influence of time on the angiographic outcome (eTICI) after
endovascular treatment will be examined.
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2.1

Stroke

2.1.1 Ischemic Stroke

Cerebrovascular disease can be best defined as an “acute neurologic
dysfunction of vascular origin with sudden or rapid occurrence of
symptoms and signs corresponding to the involvement of focal areas in
the brain” (Goldstein et al. 1989).
Stroke is an extremely common pathology, representing the leading
mortality cause in the female and the second after coronary artery disease
in the male gender in industrialized nations (11 % of the total) (Allen and
Bayraktutan 2008; Kalaria 2012; Arboix 2015). Cerebrovascular insult is
furthermore the major reason of lost disability-adjusted life-years in adults
in first world countries (Vidale and Agostoni 2017). Circa 90 % of patients
affected by stroke present residual and permanent neurological deficits.
About 30 % of these patients are so heavily affected, that they cannot
return to their previous usual activities at the same degree of
independence as before the cerebrovascular insult (Kalaria 2012; Arboix
2015). Stroke also represents an important etiology of mental impairment
and dementia (Allen and Bayraktutan 2008; Arboix 2015).
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2.1.2 Etiology and pathophysiology

Stroke is a multifactorial disease and several risk factors play a significant
role in its etiology. These are typically classified in “non-modifiable” and
“modifiable”. The first ones mainly include inherited diseases, gender and
age, while the latter can be at least partially influenced by the lifestyle
(diabetes mellitus, arterial hypertension, carotid stenosis, smoking and
substance abuse including alcohol, dyslipidemia, obesity, metabolic
syndrome among others) (Marrugat et al. 2007; Allen and Bayraktutan
2008; ESO 2008; Arboix 2015).
Two major subtypes of stroke can be distinguished: hemorrhagic (15 – 20
%) and ischemic stroke (80 – 85 %) (Lopez et al. 2006). The ischemic
cerebrovascular accident is a very diverse pathological and clinical
condition, accounting for several causes and a broad spectrum of
neurological appearances. The majority of ischemic cerebrovascular
accidents (almost 50 %) have an arterial thrombotic origin. Concerning the
remaining half ca. 20 % have an embolic etiology, 5 - 10 % are watershed
strokes (caused by cardiac insufficiency or severely low blood pressure),
while the rest have different (such as tumor compression, cerebral venous
thrombosis) or unknown origin (Hinkle and Guanci 2007). In a thrombotic
cerebrovascular accident, an injury of the endothelium of the arteries
supplying the brain leads to plaque and thrombus formation along the
-4-

injured vessel. The damage of the tunica intima activates the
thrombocytes’ adhesion and aggregation, followed by the coagulation
cascade and eventually the development of a thrombus. The thrombotic
formation may cause an arterial flow reduction, while the collateral
circulation may maintain its function and compensate the flow drop.
However, if the compensation of collateralization is insufficient or
disrupted, brain perfusion is decreased or even abolished in the supply
territory of the thrombosed artery, leading to cerebral ischemia and, if the
process is not reversed, eventually cell death (Hinkle and Guanci 2007).
In the event of an embolic stroke, an embolus originates outside the
intracranial circulation and is then transported via the blood circulation to
the brain, where it wedges within the cerebral arteries. An embolus often
has

a

thrombotic

origin

(thromboembolus),

detaching

from

an

atherosclerotic plaque in the internal carotid artery. Emboli can moreover
have a cardiac genesis (often because of cardiac arrhythmias or
endocarditis) or a venous origin (deep vein thrombosis with thromboemboli
moving from venous to arterial circulation through a patent foramen ovale)
(Hinkle and Guanci 2007). Surgical and interventional procedures may
cause fat, gas or thromboembolism, particularly during major surgery or
endovascular

procedures.

Other

less

frequent

etiologies

of

cerebrovascular insult comprise carotid dissection (Blum and Yaghi 2015)
and the presence of coagulation disorders (Levine et al. 2004). Further
-5-

rarer yet clinically relevant etiologies are vasculitis, infectious diseases
and intravenous substance abuse (Blank-Reid 1996).
Independently from

its etiology,

in

the event

of

an ischemic

cerebrovascular accident, a sudden interruption or relevant decrease in
blood supply to a cerebral area occurs. The consequent glucose and
oxygen deprivation impair the normal function of brain cells, which cannot
perform aerobic metabolism and, unlike other tissues, are unable to switch
to anaerobic metabolism due to the lack of any long-term energy storage,
making the brain particularly vulnerable to ischemia. The adenosine
triphosphate (ATP) supply is rapidly depleted (usually within 4 minutes),
leading to loss of ability to maintain electrochemical gradients, impairment
of disposal of metabolic waste, lipolysis, the arrest of protein synthesis and
eventually cell death (Lee et al. 2000). Furthermore, solid evidence
indicates that the blood supply and the lack of metabolites limitations are
only a part of the equation in the cerebral damage due to ischemia. The
brain’s signaling pathways, which under normal conditions serve for
physiological inter- and intracellular communication, can precipitate the
effects of ischemia by exacerbating the energetic depletion and fostering
the chemical pathways involved in neuronal and glial death (including but
not limited to reactive oxygen species, inflammation, insufficiency of
membrane pumps, activation of proteases, nucleases, lipases, caspases
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and apoptosis) (Choi 1988; Obrenovitch and Richards 1995; Lee et al.
1999; Lee et al. 2000; Hinkle and Guanci 2007).
Comprehension of etiology/pathophysiology as well as of the rapid
dynamics of the cerebral ischemic event contributed to the development
of a “therapeutic timespan” for stroke treatment. Within the ischemic
cerebrovascular bed, two major injury areas can often be distinguished:
the infarct core and the “penumbra”, an area of surrounding ischemic,
hypoperfused but not fully infarcted brain tissue, which can potentially be
rescued via intra-venous or interventional treatment (Kaufmann et al.
1999; Yu et al. 2016). A higher volume of penumbra around a cerebral
infarction indicates a greater volume of potentially salvageable brain tissue
(Herholz and Heiss 2000).

2.1.3 Signs and symptoms

In the acute setting, a potential stroke is handled as a medical emergency.
A precise anamnesis collected by the emergency physician or the
neurologist is critical in order to identify the precise moment of onset of the
ischemic event. Important information comprises a detailed description of
the episode, relevant clinical and pharmacological anamnesis plus
significant risk factors. Clinical neurological assessment of the patient in
-7-

acute care is usually supported by the “National Institutes of Health Stroke
Scale” (NIHSS), allowing a relatively impartial quantification of the severity
of the neurological deficits caused by a cerebrovascular accident. The
NIHSS is structured as a checklist and allows the clinician a rapid yet
precise assessment of the acute stroke patient, including consciousness,
visual, motor, sensory and language functions (Goldstein et al. 1989;
Goldstein and Samsa 1997; Richardson et al. 2006; Meyer and Lyden
2009).
Because of the sophisticated and highly differentiated anatomy and
physiology of the encephalon, the manifestations of a stroke cover a wide
spectrum and differ widely according to the artery and the cerebral
vascular territory involved in the apoplectic event. A stroke involving the
anterior and middle cerebral artery territorium causes, among others,
motor or sensory deficits of the contralateral bodyside with variable
involvement of the extremities (primary motor cortex in the precentral
gyrus, premotor cortex, supplementary motor cortex, centrum semiovale
and internal capsule). In a flow disturbance in the internal carotid artery
symptomatic from both anterior and media territorium can occur in addition
to amaurosis fugax or transmonocular blindness. Involvement of the
posterior

cerebral

artery

territorium

typically

causes

ipsilateral

hemianopsia or cortical visual impairment (optic radiation and visual
cortex) plus eventually contralateral motor and sensory deficits (posterior
-8-

limb of the internal capsule). Considering the complexity of the brain stem,
where numerous nuclei and white matter tracts are precisely organized in
a rather restricted space, a stroke affecting the mesencephalon, pons or
medulla oblongata usually manifests with a complex and variable
constellation of signs and symptoms including hemi- or tetraparesis,
sensory impairment in all extremities, eye movement disorders and
diplopia,

vertigo,

tinnitus,

nausea,

vomiting

and

consciousness

impairment. In addition, a variable involvement of the cranial nerves (III –
XII) can manifest. A cerebellar apoplectic event affects coordination and
causes limb and gait ataxia. Along with these symptoms, dominance plays
an important role since the dominant encephalic hemisphere also controls
the language. The left cerebral hemisphere is dominant in virtually all righthanded and ca. 60 % of left-handed individuals. An affection of a dominant
left-brain hemisphere, in addition to the above cited ones, can cause
impairment of different language functions, including aphasia (motor,
sensory or mixed), apraxia, acalculia and agraphia. A stroke involving a
nondominant hemisphere may cause neglect, dysarthria and ipsilateral
gaze preference (Searls et al. 2012). A representation of the brain arterial
vessels can be seen in figure 1.
As mentioned above, about 90 % of patients suffering a stroke will present
permanent sequelae, affecting their everyday life in various degrees. In
order to assess and objectively quantify the impairment in common life
-9-

activities experienced by stroke patients the modified Ranking Scale
(mRS) was originally introduced by Dr. Rankin in 1957 (Rankin 1957;
Quinn et al. 2007; Quinn et al. 2008) and subsequently modified to its
current form in the end of the 1980s (Farrell et al. 1991). The mRS
classifies the disability in 7 degrees, spanning from 0 to 6 (No Symptoms
– Death) (for details see table 1).

2.1.4 Imaging

Considering the acute nature and the necessity of rapid treatment,
neuroimaging represents a cornerstone in the work-up of stroke,
supplying crucial information to the diagnosis and management of
patients, particularly involving therapy in acute setting (NINDS 1995).
As of today, both magnetic resonance and computed tomography imaging
can be used in stroke imaging. Both techniques offer the possibility to
identify fully infarcted as well as ischemic brain parenchyma and most
critically the capability of distinguishing between the two. The potential of
detecting salvageable brain tissue is with state-of-the-art scanners almost
equal in both techniques. Despite the radiation dose, imaging via CT is
often preferred due to widespread availability of CT scanners and reduced
scanning time. MRI is typically reserved for chronic cases or control
- 10 -

examinations in stroke patients although protocols, work-flows and
standard operating procedures vary between different institutions
(Vymazal et al. 2012). Clinical neurological and non-contrast CT data may
not fully depict the extension or the gravity of a brain ischemia, particularly
in the hyperacute phase (Dromerick and Reding 1995; Mohr et al. 1995;
Fisher 1997). Therefore further imaging techniques are necessary to
accurately evaluate possible acute stroke interventions (Mohr 1997),
including a representation of the brain vasculature (CT-Angiography) or of
the cerebral perfusion (CT-Perfusion), thus allowing to distinguish fully
infarcted from ischemic and thus salvageable brain parenchyma.

In the Department of Diagnostic and Interventional Neuroradiology of the
University of Medicine Göttingen, imaging in acute stroke is performed via
multi-detector

computed tomography

(MDCT/

MDCT-Angiography/

MDCT-Perfusion) or flat-detector computed tomography (FDCT/ FDCTA)
(Leyhe et al. 2017; Psychogios et al. 2017) as explained in detail in
Materials and methods, interventional treatment. An example of acute
stroke imaging can be seen in figure 2.
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2.2 Stroke treatment

2.2.1 Overview and intravenous therapy

Considering the burdening and often permanent consequences of an
ischemic cerebrovascular event, adequate and prompt treatment is
required on acute setting and is a key healthcare priority (Evans et al.
2017), thus promoting research to establish an effective therapy. Current
therapeutic options for acute stroke include thrombolysis, such as with
intra-venous

recombinant

tissue-type

plasminogen

activator

and

interventional treatment.
IV therapy for ischemic stroke with alteplase (trade names Activase and
Actilyse) was first authorized by the US Food and Drug Administration in
1996, led by the conclusions of the clinical trial of the National Institute of
Neurological Disorders and Stroke (National Institute of Neurological
Disorders and Stroke rt-PA Stroke Study Group 1995). IV therapy played
a major role in the establishment of stroke management. Stroke services
“flourished around” intravenous thrombolysis, with the creation of
specialized stroke units, dedicated workflows and operating procedures
plus highly trained personal, both inside and outside the hospitals. Several
attempts have been made to raise awareness in general population in
- 12 -

order to recognize a possible stroke, react promptly and consequently be
able to rapidly receive adequate therapy (Goldstein 2014; Romano and
Sacco 2015). These have been effectively summarized in the rather
catchy slogan “Time is brain” (Saver 2006).
IV therapy with r-tPA is still performed to this day within max. 4.5 hours
from begin of the symptomatic, achieving however a low recanalization of
the occluded vessel (< 30 % of patients) (Bhatia et al. 2010; Wardlaw et
al. 2012). This therapeutic approach has also demonstrated reduced
effectiveness in the recanalization of large intracranial arteries occlusions
(distal internal carotid and basilar artery), with a positive clinical outcome
(mRS 0 -2) in ca. 25 % of cases (Fischer et al. 2005; Rubiera et al. 2005).
Relevant predictors of poor outcome with IV therapy are the length (Riedel
et al. 2010; Riedel et al. 2011; Kamalian et al. 2013; Mishra et al. 2014) as
well as the localization of the clot (Hirano et al. 2010; Saarinen et al. 2012).
In particular patients with longer thrombi and/ or location in larger vessels
(ICA, proximal MCA and BA) respond poorly to IV r-tPA. IV therapy
presents further and well recognized limitations, including a limited time
frame of administration (up to 4.5 hours) plus several contraindications
due to the high bleeding risk (including coagulation disorders, bleeding
diatheses, oral anticoagulation such as with sodium warfarin, recent
bleeding, positive anamnesis for brain neoplasm or hemorrhage and
surgery in the last 3 months among several others) (Jauch et al. 2013;
- 13 -

Berkhemer et al. 2015). This relative lack of effectiveness combined with
the relevant limitations of application of the only approved therapy of the
time contributed to the development of endovascular techniques for
ischemic stroke.

2.2.2 Endovascular treatment

Intra-arterial

stroke

treatment

comprises

the

pharmacological

disaggregation of the clot via endovascularly applied thrombolytic drugs
and the mechanical removal of the thrombus (Berkhemer et al. 2015). The
first was introduced systematically during the late 1990s with an initial trial
called PROACT: “Prolyse in Acute Cerebral Thromboembolism” (del
Zoppo et al. 1998).
IA thrombolytic treatment consists in direct injection of thrombolytic agents
in close proximity to the thrombotic occlusion under x-ray guidance.
Although early randomized trials and subsequent meta-analyses (Lee et
al. 2010) demonstrated a potential benefit of intra-arterial treatment with
prourokinase (del Zoppo et al. 1998; Furlan et al. 1999) or urokinase
(Ogawa et al. 2007), IV therapy was not administered in the control groups
of these studies, making the validity of these results doubtful (Berkhemer
et al. 2015). Furthermore the conclusions of recently conducted trials
- 14 -

investigating intra-arterial therapy with thrombolytic drugs (such as the
IMS III, SYNTHESIS Expansion and MR RESCUE) have contributed to
the uncertainty of significance of this approach (Broderick et al. 2013;
Ciccone et al. 2013; Kidwell et al. 2013). As a result thrombectomy has
widely superseded IA thrombolytic drugs as interventional treatment of
ischemic stroke (Mehta et al. 2013; Berkhemer et al. 2015; Evans et al.
2017).

2.2.3 Mechanical thrombectomy

The goal of mechanical thrombectomy is to restore perfusion in ischemic
brain parenchyma by means of endovascular mechanical removal of the
thrombus, hence avoiding or limiting infarction of the tissue (Przybylowski
et al. 2014). This is made possible by a vast assortment of dedicated
interventional materials, as represented in figure 3 (Raychev and Saver
2012). The first endovascular device (Merci Retrival System, MERCI) was
approved for clinical application by the FDA in August 2004 (Felten et al.
2005). The MERCI and subsequent Multimeric trials demonstrated
positive recanalization rates (60.8 and 69.5 % respectively) with good
neurological outcome in 34 % of patients, using the Merci device plus
thrombolytic therapy (IA/ IV) (Smith et al. 2005; Smith et al. 2008). These
- 15 -

encouraging results fostered the development of further techniques and
materials, with the introduction of the Solitaire FR Revascularization
Device and Trevo ProVue Retriever, so called “Stent-retrievers”. Their
efficacy was put to test in 2012 in two different randomized trials, the
SWIFT (Saver et al. 2012) and TREVO 2 (Nogueira et al. 2012). Both
devices demonstrated a remarkably better recanalization compared with
to MERCI. The Solitaire FR performance was as a matter of fact so
remarkably superior to the MERCI (recanalization rate: 83 % vs 48.1 %,
mortality rate at 3 months: 17.2 % vs 38.2 %), that the SWIFT trial was
interrupted earlier than planned (Saver et al. 2012).
During the first half of the 2010 decade several new generation stent
retrievers were tested. The results of nine randomized controlled trials
were all issued in a rather short interval, representing a true milestone in
interventional stroke treatment (Berkhemer et al. 2015; Campbell et al.
2015; Goyal et al. 2015; Jovin et al. 2015; Saver et al. 2015; Bracard et al.
2016; Mocco et al. 2016; Khoury et al. 2017a; Khoury et al. 2017b; Muir et
al. 2017). The first published study has been the “Multicenter Randomized
Clinical Trial of Endovascular Treatment for Acute Ischaemic Stroke” in
the Netherlands. The so called “MR CLEAN” study demonstrated the clear
superiority of thrombectomy vs. standard medical treatment as therapy of
acute stroke with LVO in the anterior cerebral circulation (ICA/ MCA),
improving functional independence at 90 days (evaluated with the mRS).
- 16 -

All the following, above cited studies confirmed the MR CLEAN results and
were stopped earlier than planned because of manifest efficacy and/ or
loss of principle of equipoise (Evans et al. 2017). The HERMES metaanalysis of the first five published studies („Highly Effective Reperfusion
Evaluated in Multiple Endovascular Stroke Trials“) was subsequently
conducted and published in 2016 (Goyal et al. 2016). HERMES provided
a significant amount of data, most importantly indicating that stroke
patients treated with thrombectomy are more likely to achieve functional
independence at 90 days (i. e. mRS 0–2, no symptoms to slight disability)
in comparison with patients who received best medical treatment (46.0 %
versus 26.5 %). IV r-tPA was administered to 83 % of patients in the
thrombectomy population and 87 % of those in the control population.
Remarkably no significant difference was observed between the two
groups regarding mortality at 90 days or the risk of subarachnoid or
intracerebral hemorrhage (Evans et al. 2017). Successive meta-analyses
confirmed the results of the HERMES study (Bush et al. 2016; Rodrigues
et al. 2016). The convincing evidence of these trials led to an update of
stroke practice guidelines in North America (Powers et al. 2015; Casaubon
et al. 2016; Powers et al. 2018) and in Europe as well (Wahlgren et al.
2016; White et al. 2017). The new recommendations indicate that
thrombectomy should be performed in patients older than 18 years old with
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an occlusion of the ICA or proximal MCA (M1 segment) within 6 hours of
symptom onset (Powers et al. 2018).
A further meta-analysis of the five studies (Saver et al. 2016)
demonstrated improved clinical outcome even with embolectomy carried
out up to 7.3 hours after onset. In 2018 two further important randomized
trials were published: DAWN and DEFUSE 3. These studies reported
better outcomes for disability at 90 days with thrombectomy plus standard
care compared to standard care alone in selected group of patients treated
up to 24 and 16 hours after ischemic stroke onset respectively (Albers et
al. 2018; Nogueira et al. 2018), although the greatest benefit can be
achieved with recanalization within 2 hours after onset. Just as for IV rtPA, rapid patient management and interventional treatment are key to
achieving the best possible outcomes. Indeed the time factor (particularly
from onset of symptoms to admission in the hospital and to recanalization)
plays a major role in the probability in attaining a favorable neurological
outcome after thrombectomy (Saver et al. 2016). As for intravenous
therapy, efficient patient management and rapid interventional treatment
are critical for the treatment success, since an extended interventional
time above 60 minutes is linked with lower reperfusion percentage and an
increased complications rate (Behme et al. 2014; Spiotta et al. 2014).
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2.2.4 Devices and technique

In the last 15 years interventional neuroradiology witnessed a remarkable
expansion of devices and techniques in order to achieve the primary goal
of rapid and safe recanalization of large vessel occlusion and
consequently restore the reperfusion of the brain.
Following the encouraging results of the randomized trials (Berkhemer et
al. 2015; Campbell et al. 2015; Goyal et al. 2015; Jovin et al. 2015; Saver
et al. 2015; Bracard et al. 2016; Mocco et al. 2016; Khoury et al. 2017a;
Khoury et al. 2017b; Muir et al. 2017), the stent retriever became a
frequently used device for mechanical thrombectomy (figure 4). Besides
the main retrieving tool, numerous support equipment is available to the
neurointerventionalist, including but not limited to balloon guide catheters,
aspiration catheters and vacuum devices. Additionally, the different
etiology/pathophysiology of the LVO (e. g. free-floating thrombus, single
vs. tandem lesion, concurring arterial dissection), the thrombus type and
anatomic variability of the patient may challenge the standard approach
and require different techniques and materials (Evans et al. 2017).
During a standard procedure, after puncture of the common femoral artery
under local anesthesia, a large (typically 8 French) guiding catheter is
steered under x-ray guidance to the ICA ipsilateral to the occlusion.
Through the guide catheter an intermediate catheter (commonly 5 or 6 Fr)
- 19 -

is positioned within the cerebral arterial circle, often in the distal segments
of the ICA. A microcatheter (usually 0.018 inches) is then pushed past the
thrombus under aspiration or with the assistance of a microguidewire
(Maus et al. 2017; Maus et al. 2018). After reaching a satisfying set up,
the microguidewire is carefully extracted and the stent retriever is
deployed, unfolding around the clot, similarly to a stent, but unlike this one
remaining attached to its wire. After a variable time, but usually 2-3
minutes, the stent retriever gets enmeshed with the thrombus. At this point
the stent retriever gets retracted in the intermediate catheter under
vacuum aspiration. The stent retriever- intermediate catheter system is
then removed through the guide catheter and angiography series are
performed in standard technique to assess the reperfusion of the brain
territory (Evans et al. 2017; Maus et al. 2017; Maus et al. 2018). A
summary of the main steps of a mechanical thrombectomy procedure can
be found in figure 5, while figure 6 pictures a thrombus extracted with a
stent retriever. As stated above, vessel conformation, the mechanism of
the LVO, thrombus type and location might require a diverse approach as
well as different techniques and materials.
The issue of anesthesia versus awake thrombectomy is still somewhat
controversial. In two recent prospective, randomized studies (GOLIATH,
General or Local Anesthesia in Intra-Arterial Therapy and ANSTROKE,
Anesthesia During Stroke) no difference in terms of neurological outcome
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where found when comparing general anesthesia to conscious sedation
(Löwhagen Hendén et al. 2017; Simonsen et al. 2018). Our current
approach (further discussed in materials and methods, interventional
treatment) is to conduct endovascular treatment under conscious sedation
with support from an anaesthesiologist. General anesthesia is only applied
in cases of lack of consciousness to protect the airways or in the event of
agitation of the patient, which might complicate the procedure or
jeopardize its safety.

2.3 Revascularization scores

To categorize and standardize the success of the interventional treatment
several grading systems have been used. All different grading systems
classify the results of endovascular therapy based on the amount of
revascularization of previously ischemic brain tissue (Zaidat et al. 2012).
Historically the very first score utilized to assess cerebral reperfusion has
been the “Thrombolysis in Myocardial infarction” (TIMI) scale, originally
constructed to quantify the reperfusion of the myocardium after
percutaneous coronary angioplasty (TIMI Study Group 1985; Gobin et al.
2004). A modified version of TIMI scale, named “Thrombolysis in Cerebral
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Infarction” (TICI) grading, was introduced in 2003 by Higashida and
colleagues and represented the first dedicated scale for cerebral
reperfusion (see table 2) (Higashida et al. 2003). Further several scales
have been described, such as the AOL and the ACG (IMS II 2007; Bang
et al. 2011). Currently the most utilized in clinical practice is the “Modified
Treatment in Cerebral Infarction” score (mTICI), shown in table 3 (Zaidat
et al. 2013). In 2014 Almekhlafi and colleagues proposed an additional
category to the mTICI scale, named mTICI2c (indicating a “near complete
reperfusion except slow flow or few distal cortical emboli”), see table 4. In
their study they showed that mTICI2c reperfusions result in significantly
better early neurological improvement compared to mTICI2b (Almekhlafi
et al. 2014). These results were also validated by Tung and colleagues in
2017 (Tung et al. 2017). Recently Liebeskind and colleagues reexamined
the data from the HERMES study utilizing a new 7-point eTICI score
(Expanded Treatment in Cerebral Infarction) in relation to the prediction of
functional outcome at 90 days. Their results indicated that increasing TICI
grades were linked with better clinical outcomes (Liebeskind et al. 2019).
As techniques and expertise in interventional stroke therapy evolve and
improve, so do the radiological and clinical outcomes. Most of the actual
interventional outcomes are placed somewhere between 50 to 99 % of
anterograde revascularization of the previously ischemic territory
(Almekhlafi et al. 2014). Parallel to these developments there has been a
- 22 -

significant change in the definition of what should be considered a
successful recanalization result, increasing the threshold from TICI 2a to
TICI 2b (Jayaraman et al. 2013).
Although the mTICI represents a practical and relatively simple scale
easily utilized in everyday clinical practice, it shows a considerable lack of
predictability of clinical outcome in middle to high percentages of
revascularization of ischemic territory (50 to 99 % of territory are graded
all together TICI 2b, see table 3). This wide spectrum of radiological
results correlates therefore with an equally heterogeneous variety of
clinical outcomes. In all likelihood a difference in almost 50 % of
reperfused brain territory can have a marked impact on the neurological
outcome of the patient. To imagine a scenario, the ICA supplies through
the ACA and MCA ca. 72 % of the ipsilateral cerebral hemisphere
(Zarrinkoob et al. 2015). In a distal ICA occlusion therefore up to 72 % of
a brain hemisphere volume can become ischemic due to the thrombus,
depending on the rate of collateralization. A successful revascularization
with mTICI2b (50 – 99 %) could then mean a loss of 1 to 36 % of the
volume of the cerebral hemisphere. It is intuitive to understand that the
neurological outcome may vary considerably within this range (also being
dependent on the localization of the infarction), yet the revascularization
result would still be classified as mTICI2b.
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So ultimately one of the major issues of mTICI scale is that mTICI2b is a
very broad definition and de facto a rather imprecise grade covering 5099 % of reperfused territory, lacking adequate predictability of clinical
outcome (Kallmes et al. 2018). Even the newly introduced mTICI2c
category does not solve this issue of the mTICI scale and has also shown
unsatisfying inter-reader agreement, likely because of vague criteria (Tung
et al. 2017). Numerous authors reported further limitations of the TICI
scale, including internal inconsistencies (Kallmes 2012), confusing
nomenclature (Tomsick 2007) and a substantial variability in the definition
and application of the TICI scale in the literature (Fugate et al. 2013).
Despite the relative diffusion of the mTICI scale, the current heterogeneity
in brain angiographic revascularization scores represents a relevant
hindrance to the development in interventional treatment, not to mention
the possible discrepancies in everyday clinical practice. Furthermore, the
varied definitions within a certain scale plus a certain inaccuracy, and this
holds true particularly for the mTICI score, might cause confusion to its
application and interpretation, potentially affecting its predictive power
regarding clinical outcome. Ideally an optimal grading system should
demonstrate a good correlation with the clinical neurological outcome,
simplicity and feasibility in the clinical practice and high inter-rater
reproducibility (Zaidat et al. 2013). To date no revascularization score
takes the effect of time into account, which probably represents a major
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disadvantage. In a case with a particularly challenging and protracted
intervention, successful angiographic recanalization might be achieved,
yet a considerable amount of brain parenchyma may have meanwhile
infarcted and poor neurological status would likely follow, thus likely
resulting in a discrepancy between angiographic and clinical outcome.

2.4 Study design

In order to address these limitations we evaluate the novel angiographic
revascularization grading, named “Expanded Treatment in Cerebral
Infarction” (eTICI) in a real world cohort. The eTICI score is partially based
and could be considered an expansion on the mTICI score (see table 5
and 6). The eTICI score classifies the revascularization outcome in 7
grades (from 0 to 3). Grades 0 – 2a are equivalent to the similar grades
on the mTICI scale. Angiographic revascularization outcomes with 50 to
99 % of anterograde revascularization of the previously ischemic territory,
which are graded altogether grade 2b in the mTICI score, are divided in 3
grades in the eTICI score (in detail grade 2b50, 2b67 and 2c. The definition
of eTICI2c differs from mTICI2c. See table 4, 5 and 6). Grade 3 defines
complete reperfusion in the eTICI as well as in the mTICI scale.
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In this study we examine the ability of the newly introduced expanded TICI
(eTICI)

compared

to

the

modified

TICI

(mTICI)

angiographic

revascularization grading in predicting the favorable clinical neurological
outcome and functional independence (Farrell et al. 1991) in patients with
LVO after treatment with endovascular thrombectomy. Additionally, since
time heavily affects the neurological outcome in acute ischemic stroke, the
influence of the “time factor” on the angiographic results (also assessed
with the eTICI scale) will be investigated.
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3

MATERIALS AND METHODS

3.1 Study population

The prospectively acquired database of the Department of Neuroradiology
of the University of Medicine, Göttingen was retrospectively queried for all
stroke patients who received interventional therapy for LVO between
January 2015 and April 2017. LVO involving both the anterior (distal ICA,
MCA) and posterior circulation (BA, PCA) were included in the study. We
also enclosed cases which presented with concomitant cervical ICA
affection (tandem lesions, including both subocclusive stenosis and
occlusion) as well as occlusion exclusively of the proximal M2-segment of
the MCA. No other in- or exclusion criteria were applied, resulting in a
cohort of 225 patients.
After the evaluation of angiograms with the eTICI score was performed
(see 2.3 Radiological assessment), the patient cohort was screened for
cases who underwent endovascular treatment of LVO in the anterior
circulation and received successful recanalization (eTICI2b50 – eTICI3),
which resulted in a second study population of 164 individuals.
All analyzed intra-arterial thrombectomies were performed prior to the
01.08.2017. The patient`s informed consent for medical treatment was
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acquired in line with the institutional guidelines of the UMG. Ethics
committee vote for the study was obtained (Application number 16/2/16,
13/7/15An and 7/5/19). No individual-related data has been included in
the study. No further questions regarding medical data or any data
whatsoever were directed to the patients, their relatives or other hospitals.

3.2 Interventional treatment

Endovascular therapy was considered suitable for patients within 6 hours
of onset of symptoms presenting with a large vessel occlusion and
absence of an intracranial bleed. Imaging was performed by either multidetector (MDCT/MDCT-Angiography. SOMATOM Definition AS 128slices, Siemens Healthcare, Germany) or flat-detector computed
tomography (FDCT/FDCTA. AXIOM Artis biplane, Siemens Healthcare)
(Leyhe et al. 2017; Psychogios et al. 2017). Within the first 6 hours of
symptom onset patients received EVT independently to the ASPECTS
(Alberta Stroke Program Early CT Score) (Barber et al. 2000; Pexman et
al. 2001). After 6 hours from onset of symptoms supplementary imaging
via computed tomography perfusion (CTP) was conducted and exclusively
cases with a CBV-CTP ASPECT (cerebral blood volume in CTP) score of
5 or more were considered eligible for EVT. Ancillary IV therapy with r-tPA
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was delivered in conformity with the present German guidelines (DGN
2016). Intra-arterial r-tPA has never been administered in cases included
in the study.
Patients transferred to the department of neuroradiology of the UMG from
an external stroke center and potentially treatable with EVT, received
imaging (MDCT/MDCTA or FDCT/FDCTA) before treatment to exclude an
intracranial bleed and to assess the cerebral vascular status. All
mechanical thrombectomies were performed in the neuroangiography
suite of the Department of Diagnostic and Interventional Neuroradiology
of the University of Medicine, Göttingen, equipped with an AXIOM Artis
biplane angiographic imaging system (Siemens Healthcare). Most
patients received EVT under conscious sedation while general anesthesia
with intubation was necessary when psychomotor agitation or impairment
of consciousness were present.
Mechanical thrombectomy was performed in the majority of cases using a
standard tri-axial approach with either an 8F femoral long sheath
(Destination Terumo Medical, Somerset, NJ, USA) or an 8F guiding
catheter (VISTA Brite tip, Cordis, Milpitas, CA, USA ), a 5 or 6F
intermediate/aspiration

catheter

(Catalyst,

Stryker

Neurovascular,

Kalamazoo, MI, USA or Penumbra ACE 64/68, Penumbra, Alameida, CA,
USA), a microcatheter (Trevo pro 14/18, Stryker) and a stent-retriever
(Trevo pro Vue 4x30mm, Stryker Neurovascular). Different thrombectomy
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techniques were performed comprising “a direct aspiration first pass
technique” (ADAPT) (Turk et al. 2014), Solumbra (Behme et al. 2016) and
stent assisted vacuum locked extraction (SAVE) (Kowoll et al. 2016; Maus
et al. 2017). From July 2015 on all patients were treated using solely SAVE
(Maus et al. 2017; Maus et al. 2018). See figure 5 for a detailed illustration
of the SAVE technique. A balloon guide catheter was never utilized in the
cases included in the study. The total of passes performed (i. e.
thrombectomy maneuvers) was judged singularly in every case by the
interventional neuroradiologist.

3.3 Radiological assessment

The angiographic imaging was retrospectively and independently
examined by two readers with varied experience in interventional
neuroradiology (I. Tsogkas > 5 years and R. Colla > 3 years), who were
blinded to all clinical data. The amount of reperfusion of the ischemic
territory was assessed in percentage analyzing postero-anterior as well as
lateral view images of the final angiograms after EVT, based on the
definitions of the eTICI scale. Regarding large vessel occlusions involving
the posterior circulation, the quantification was similarly adapted to the
correspondent supplying brain area and judged accordingly in every single
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case. All images have been classified via mTICI score immediately after
EVT and before further data was included into the data-base; both readers
were blinded to these data as well. In cases with score disagreement the
angiograms were reexamined by the same two readers in a collective
meeting in order to attain a general agreement, therefore generating an
additional harmonized body of data. This was then used for further
analysis. The initial separate evaluation of the two readers was kept for
calculation of the interclass correlation coefficient.
The 7-point scale eTICI is structured as follows: eTICI0 = 0 % = mTICI0;
eTICI 1 = reduced clot without any reperfusion = mTICI1; eTICI2a = 1-49
% = mTICI2a; eTICI2b50 = 50-66 % = mTICI2b; eTICI2b67 = 67-89 % =
mTICI2b; eTICI2c = 90-99 % = mTICI2b; eTICI3 = complete reperfusion =
mTICI3 (see table 5 and 6). An example of an ICA/MCA reperfusion
grading from eTICI2a to eTICI2c (with mTICI2b divided into eTICI2b50, 2b67 and -2c) is given in figures 7-10.

3.4 Clinical assessment

The ischemic stroke database of the Department of Neuroradiology of the
UMG was interrogated for the following information: age, gender, time of
symptom onset/ wake up, site of occlusion, baseline NIHSS, baseline
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mRS, discharge NIHSS, discharge mRS, 90 days mRS, all intra hospital
time points: admission, CT, tPA start, groin puncture, reperfusion and final
angiogram. All neurological assessment data were collected and entered
in the stroke database by an experienced vascular neurologist (I. Maier >
5 years or J. Liman > 10 years). Data at 90 days after ischemic stroke and
EVT was acquired during a follow up examination of the patients by the
same vascular neurologists. The two examining neurologists were blinded
neither to the angiographic result of the interventional procedure nor to the
precedent clinical data. Functional independence was designated as a 90day mRS score of 0 to 2.

3.5 Statistical analysis

Statistical analysis was conducted with either SAS 9.4 (SAS, Wallisellen,
CH) or Med Calc software (Med Calc, Ostend, Belgium). At the beginning
of the analysis relevant population characteristics were examined. An
overview of the results of that investigation can be found in table 7 and
10. Analysis comparing eTICI with mTICI were conducted exclusively on
cases of LVO in the anterior circulation (ICA and MCA). Regarding the
comparison of mTICI2b with its eTICI equivalents (eTICI2b50, -2b67 and
-2c) results of all patients were included in the examination. Receiver
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Operating Characteristics (ROC) curves of eTICI and mTICI were obtained
comparing good clinical outcome (mRS 0-2 at 90 days) versus unfavorable
outcome (mRS 3-6 at 90 days) as dichotomized classification variables.
The difference between the two ROC-curves (eTICI and mTICI) was then
additionally tested applying the DeLong test comparing the area under the
curves (AUC) (DeLong et al. 1988).
To assess if the subdivision of mTICI2b category into corresponding
eTICI2b50, -2b67 and -2c subtypes could provide more precise prediction
of clinical outcome, these two groups were tested concerning the
difference in outcome (favorable: mRS 0 – 2 and unfavorable: mRS 3 – 6)
with the Jonckheere-Terpstra test (Bewick et al. 2004). The Bonferroni
correction for the p-value was added to control for the family-wise error
rate (Ranstam 2016). Inter-rater agreement between neuroimaging
readers was calculated with Cohen’s Kappa (Cohen 1960) and interclass
correlation coefficient (ICC) (Donner et al. 1998).
Concerning the analysis of the time factor, the clinical outcome at 90 days
has been dichotomized in two categories (favorable outcome: mRS 0 – 2
and unfavorable outcome: mRS 3 – 6). The following time parameters
were analyzed (admission to recanalization and groin puncture to
recanalization)

together

with

successful

revascularization

scores

(eTICI2b50 to eTICI3) in the multiple logistic regression analysis
(Sperandei 2014). In each of the two models p-values for eTICI grade, the
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time frames and the patient’s age were calculated. The influence of time
on the angiographic results (assessed with the eTICI scale) and on the
treatment outcome (good vs. poor outcome) was investigated using
specific intercepts in the models. These models assume that the effect of
time is constant for the scores of the eTICI scale (eTICI2b50 – 3) over
time.
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4

RESULTS

4.1 Large vessel occlusion

Collectively 225 patients were enclosed in the study. The median age was
76 (Interquartile range: 66-82) years, the NIHSS score at baseline was 16
(IQR: 10-20); 48.4 % were male and 51.6 % were female patients. The
most common localization of LVO was the MCA (132/225, 58.7 %)
followed by the ICA (64/225, 28.4 %); in 44 cases (44/225, 19.6 %) a
tandem occlusion was present, simultaneously involving the ICA and the
MCA. In a minority of cases the posterior circulation was affected: in 24
cases a BA occlusion (24/225, 10.7 %) and in 5 cases a PCA occlusion
(5/225, 2.2 %) was treated (see table 7 and figure 11).

4.2 Reperfusion and clinical outcomes

The median time from arterial puncture to reperfusion was 50 min (IQR:
32-74). The degree of recanalization covered the whole range of the 7
points eTICI, varying from no reperfusion (eTICI0) to complete reperfusion
of the previously ischemic territory (eTICI3). All angiographic views were
adequate

to

the

assessment

of
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the

results

after

mechanical

thrombectomy, so the grade of reperfusion could be evaluated in all the
cases included in the study, resulting in 225 eTICI scores. Recanalization
could not be achieved in 13 cases (13/225, 5.2 %), accounting for 9 cases
of eTICI0 (9/255, 4 %) and 4 cases of eTICI1 (4/255, 1.8 %). In another
22 cases (22/225, 9,8 %) an eTICI2a result was obtained. In the remaining
84.4% of cases substantial perfusion was restored with eTICI2b50
(23/225, 10.2 %), eTICI2b67 (71/225 31.6 %), eTICI2c (46/225, 20.4 %)
and eTICI3, i. e. complete reperfusion (50/225, 22.2 %), see table 7 and
figure 12. A favorable clinical outcome (mRS 0-2 at 90days) was achieved
in 88 cases (88/225, 39.1 %), see table 7 and figure 13. Clinical
demographics, angiographic and procedural information of patients are
summarized in table 7.
Higher eTICI reperfusion grades are linked with better clinical outcomes
(mRS at 90 days), particularly the higher the eTICI score is (i. e. greater
reperfusion), the lower the mRS at 90 days tends to be (i. e. better
neurological outcome). A higher revascularization score is related to a
greater likelihood of achieving a good neurological outcome at 90 days
(eTICI0: 0 %, eTICI1: 0 %, eTICI2a: 18 %, eTICI2b50: 17,39 %,
eTICI2b67: 23,94 %, eTICI2c: 54,34 %, eTICI3: 76 %). A relatively wide
distribution of neurological outcomes at 90 days stratified along all eTICI
scores can nevertheless be observed, see table 8 and figure 14.
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Concerning the analysis comparing eTICI scores with mTICI scores, ROC
analysis with dichotomized mRS scores at 90 days (mRS 0-2) as outcome
were calculated using the respective scores. Derived from the ROC-curve
the AUC could be calculated leading to an AUC of 0.779 (95 % CI: 0.7190.839) for eTICI and 0.740 (95 % CI: 0.683-0.797) for mTICI. Using the
Youden-Index as criterion for optimal cutoff values, optimal cutoff for eTICI
was achieved at eTICI2b67 with 75.9 % sensitivity (95 % CI: 67.86 % 82.8 %) and a 71.6 % specificity (95 % CI: 60.98 % - 80.7 %) for favorable
outcome. For mTICI a cutoff at mTICI2b with 89.7 % sensitivity (95 % CI:
83.44 % - 94.3 %) and 44.3 % specificity (95 % CI: 33.72 % - 55.3 %) was
obtained (figure 15). Comparing AUC of both raters resulted in a p-value
of 0.047.
Analyzing outcome differences of eTICI2b50, -2b67 and -2c scores in
cases which were initially categorized as mTICI2b resulted in a significant
association between increasing scores and growing probability of success
(p=0.033). In the study cohort mTICI2b patients had a probability of 36 %
for a favorable outcome, whereas the granulated success probabilities
were 17 % for eTICI2b50; 24 % for eTICI2b67 and 54 % for eTICI2c (see
table 9).
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4.3 Interrater reliability

Overall agreement (Cohen’s Kappa) between raters was 0.706 (95 % CI:
0.645-0.769). Interclass correlation (ICC) within eTICI was 0.862 (95 %
CI: 0.821-0.894).

4.4 Role of time

The screening of the initial patient cohort for cases of LVO in the anterior
circulation who received EVT with successful recanalization (eTICI2b50 –
eTICI3) produced a second study population of 164 patients. 45.1 % of
these were male and the median age was 76 (IQR 66 – 82). The LVO
involved the distal ICA in 31 % (51/164) and MCA in the remaining 69 %
(113/164) of cases.
Median procedural times included the following results: admission to
recanalization time: 97 minutes (IQR 76 – 116 min), admission to groin
puncture: 47 min (IQR 29 – 63), groin puncture to recanalization: 47 min
(IQR 31 – 66). Angiographic outcomes: 12.2 % (20/164) of cases obtained
an eTICI2b50 result, 36.6 % (60/164) eTICI2b67, 23.2 % (38/164) eTICI2c
and 28 % (46/164) eTICI3. The global of favorable outcome (mRS 0 – 2)
was 42.7 % (70/164), subdivided in 15 % (3/20) for eTICI2b50, 18.3 % for
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eTICI2b67 (11/60), 57.9 % (22/38) for TICI2c and 73.9 % (34/46) for
eTICI3 (see table 10).
In the analysis of time of admission to vessel recanalization the p-values
resulted overall in p=0.2281 (OR 0.994, CI: 0.984-1.004) and p=0.0161
(OR: 0.957, CI: 0.923-0.992) for patient’s age. Concerning the
investigation inside the eTICI scale, double grade correlation p-values
were: p=0.5744 (eTICI2b50 vs. 2b67), p=0.0388 (eTICI2b50 vs. 2c),
p=0.0012 (eTICI2b50 vs. 3), p=0.0366 (2b67 vs. 2c), p<0.0001 (2b67 vs.
3) and p=0.0731 (eTICI2c vs. 3). The odds change was calculated to be
0.9939 per minute and 0.9574 per year of age. For a complete report of pvalues plus odd ratios of admission to recanalization see table 11 – 12
and figure 16.
In the evaluation of time of groin puncture to recanalization these p-values
were calculated: for eTICI grades p<0.0001, overall p=0.1713 (OR 0.989,
CI: 0.974-1.005) and for the age of the patient p=0.0139 (OR: 0.955, CI:
0.921-0.991). About the comparison within the eTICI scale, the following
double grade correlation p-values emerged: p=0.5017 (eTICI2b50 vs.
2b67), p=0.0392 (eTICI2b50 vs. 2c), p=0.0016 (eTICI2b50 vs. 3),
p<0.0001 (2b67 vs. 2c plus 2b67 vs. 3) and p=0.0933 (eTICI2c vs. 3). The
odds change per minute was 0.9879 per minute and per year of age
0.9550. The exhaustive report of p-values, odd ratios and confidence
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intervals of time from groin puncture to recanalization can be found in
table 13 - 14 and figure 17.
The regression analysis permits a computation of the probability or
reaching a certain outcome, in this case: log odds (probability of good
outcome (mRS 0 – 2) / probability of poor outcome (mRS 3 – 6). In the
model of the groin puncture to recanalization the likelihood of good
outcome could be calculated as follows:
𝐥𝐨𝐠 𝐨𝐝𝐝𝐬 = 5.3988 − (0.0108 𝑥 𝑔𝑟𝑜𝑖𝑛 𝑡𝑜 𝑟𝑒𝑐𝑎𝑛. 𝑡𝑖𝑚𝑒 [𝑚𝑖𝑛] ) − (0.0456 𝑥 𝑎𝑔𝑒 [𝑦𝑒𝑎𝑟𝑠]) − 
: correction factor of the eTICI scale
•

eTICI3:

0.

•

eTICI2c:

0.9434.

•

eTICI2b67:

3.1095.

•

eTICI2b50:

2.5662.

E. g. an 80 y. o. patient recanalized in 50 minutes (groin to recanalization)
with an eTICI2c result would have a log odds for obtaining a good
neurological outcome of:
log 𝑜𝑑𝑑𝑠 = 5.3988 − (0.0108 𝑥 50) − (0.0456 𝑥 80) − 
log 𝑜𝑑𝑑𝑠 = 5.3988 − 0.54 − 3.648 − 0.9434
log 𝑜𝑑𝑑𝑠 = 0.2674
The odds are: 1.31 and probability is: 0.57
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In another example an 87 y. o. patient recanalized in 90 min. (groin to
recanalization) with a eTICI2b50 result would have a log odds for
achieving a good outcome of:
log 𝑜𝑑𝑑𝑠 = 5.3988 − (0.0108 𝑥 90) − (0.0456 𝑥 87) − 
log 𝑜𝑑𝑑𝑠 = 5.3988 − 0.972 − 3.9672 − 2.5662
log 𝑜𝑑𝑑𝑠 = −2.1066
The odds are: 0.122 and probability is: 0.11

In a further example a 65 y. o. patient recanalized in 35 min. (groin to
recanalization) with an eTICI3 result would have a log odds for obtaining
a good outcome of:
log 𝑜𝑑𝑑𝑠 = 5.3988 − (0.0108 𝑥 35) − (0.0456 𝑥 65) − 
log 𝑜𝑑𝑑𝑠 = 5.3988 − 0.378 − 2.964 − 0
log 𝑜𝑑𝑑𝑠 = 2.0568
The odds are: 7.821 and probability is: 0.89.
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5

DISCUSSION

This is the first study which investigates the 7-point expanded
Thrombolysis in Cerebral Ischemia score (eTICI) in a real world study
population.

The

research

group

of

Liebeskind

and

collegues

retrospectively analyzed the HERMES angiography dataset using the
eTICI score in their recent publication (Liebeskind et al. 2019). This
analysis confirms the higher incidence of occlusions of the MCA, followed
by the ICA and then the posterior circulation in ischemic stroke. A higher
reperfusion score is linked to a greater probability of achieving a favorable
neurological outcome at 90 days. The results of this study show overall
several advantages of the expansion of the widely used and accepted
mTICI and the application of the eTICI score. In the first instance the eTICI
leads to a better overall outcome prediction as validated by ROC analysis.
Secondly outcome stratification of eTICI2b50, 2b67 and 2c compared to
mTICI2b resulted in more accurate prediction of good outcome at 90 days
(mRS 0-2). In our cohort a significant increasing trend was observed
between eTICI2b50 to eTICI2c results and the probability of good outcome
with higher eTICI scores underlines the value of a more precise
interpretation of angiographic result after mechanical thrombectomy. The
results of this study confirm most of the conclusions of Liebeskind and
colleagues when analyzing the HERMES data with the eTICI score. In
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contrast to their findings, a statistically significant difference between
eTICI2b50 and eTICI2b67 concerning the prediction of functional outcome
at 90 days could not be determined. An increasing trend towards better
neurological outcome in the eTICI2b67 versus the eTICI2b50 could
nevertheless be found (23,94 % and 17,39 % respectively). This
phenomenon could partially be due to the different number of patients in
the cohort of the two studies (HERMES: 801 subjects, eTICI2b50 103
patients, eTICI2b67 218 patients. Present study: 225 subjects, eTICI2b50
23 patients, eTICI2b67 71 patients) (Liebeskind et al. 2019). Moreover the
angiographic results after mechanical thrombectomy were substantially
better in comparison to the ones of the HERMES study (In HERMES
eTICI2b50-eTICI3: 75,4 % versus 84,4 % in the present study) (Liebeskind
et al. 2019). This phenomenon might be a manifestation of the improving
trend in mechanical thrombectomy over the past years, concerning both
interventional techniques and speed of reperfusion. This hypothesis is
corroborated by the recent results of Psychogios et al. and Maus et al.
(Psychogios et al. 2017; Maus et al. 2018).
Furthermore, the eTICI score expands and implements the concepts
proposed by Almekhlafi et al. and more recently by Tung et al. Both
research groups suggested to add a supplementary category to the mTICI
scale which indicates an almost complete reperfusion of the previously
ischemic territory” named mTICI2c (Almekhlafi et al. 2014; Tung et al.
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2017). Almekhlafi and colleagues showed that mTICI2c resulted in better
clinical outcomes when compared to mTICI2b reperfusion. Tung’s
research group also found significant differences between early and 90
days neurological outcome when comparing patients with mTICI2c with
patients having mTICI2b results. Remarkably, this was not observed when
comparing mTICI3 with mTICI2c results (Tung et al. 2017). However, a
noteworthy limitation of mTICI2c category is its somewhat unclear
definition, being originally denominated as “near complete reperfusion
except slow flow or few distal cortical emboli” (table 4). The eTICI scale
overcomes this lack of precision by offering a clear percentage cutoff
division to evaluate the grade of reperfusion for all its grades from 1 to 100
%, hence including the eTICI2c (90-99 % of the territory. See table 5 and
6).
Determining clear percentage-cutoffs of the reperfused territory may not
be easy in some cases and it might be influenced by the quality of the
angiograms, but as shown in this study a distinction between three
different mTICI2b grades (eTICI2b50 – 2c, 50-99 % of the previously
ischemic territory) seems to be attainable in the everyday clinical setting.
The initiating motive of the improvement of the angiographic scale in the
above cited studies is the need to establish a more precise grading (see
introduction, revascularization scores). A score which defines a “good”
reperfusion result as an extremely broad area spanning from 51 to 99 %,
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like mTICI2b does, is intrinsically weak in the predictive power of clinical
outcome. More specifically in the current analysis 36 % of patients
presenting with a mTICI2b result achieved a favorable neurological
outcome at 90 days. When the mTICI2b category was granulated into
three eTICI subgroups, a clear distinction of probability of outcome arose.
In detail, 54 % of cases with an eTICI2c score reached a favorable
neurological outcome at 90 days, while just ca. 17 % and 24 % of patients
obtained a good outcome with an eTICI2b50 and eTICI2b67 result
respectively (see table 9).
Recently Kaesmacher et al. reported a significant difference in the rate of
good neurological outcome comparing mTICI2b and mTICI2c/3 results,
specifically 28.7 % vs. 46.5 % (p=0.008) (Kaesmacher et al. 2018). This
research group also reexamined the database for thrombectomies where
an initial mTICI2b outcome could be subsequently upgraded to mTICI2c/3,
finding 28 cases where the revascularization and consequently the clinical
outcome was improved. Remarkably no difference between the primary or
secondary groups of mTICI2c/3 results could be observed.
Compared to an overall Cohen’s Kappa of 0.609 and an ICC of 0.845 that
were reached by the readers of the Tung group for mTICI grading and a
Cohen’s Kappa of 0.83 by the Liebeskind group, we calculated an overall
Kappa of 0.706 and an ICC of 0.862. These data show a higher interrater
agreement than in the results of Tung et al., possibly because of a clearer
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definition of the grades of the eTICI compared to the mTICI scale. The
novel score, being derived from the widely used mTICI score, appears
very easy to implement and requires only minor changes in the daily
routine of angiographic grading.
As stated above and confirming the results of Liebeskind’s research group,
higher eTICI scores reperfusion are associated with better clinical
outcome, which represents a prerequisite for a model which includes the
impact of the time factor. Both the admission to recanalization and the
groin to recanalization time affect the probability of achieving a good
outcome at 90 days (mRS 0 – 2) and this hold true for all successful eTICI
reperfusion grades (eTICI2b50 - eTICI3). The longer the time to
recanalization is, the lower the probability of attaining a favorable outcome
is. This effect is more accentuated in high reperfusion scores (eTICI2c and
eTICI3) and less pronounced in eTICI2b50 and eTICI2b67, although still
noticeable (see figure 16 and 17). A considerable distinction between
eTICI2b50/eTICI2b67 and eTICI2c/3 groups in relation to the probability
of reaching a good clinical outcome can be determined, further confirming
the results of Tung’s and Kaesmacher’s groups. Significantly this study
shows a circa 10 % difference in probability of achieving a good outcome
at 90 days when comparing eTICI2c and eTICI3, reinforcing the
importance of high revascularization results. This is in contrast with the
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data reported by Tung et al., yet a different definition of eTICI2c/mTICI2c
was used in the two studies, as stated above.
The model here presented might help to identify patients who might benefit
from a further secondary improvement of the angiographic score,
depending on age, time of groin puncture to actual recanalization and
current eTICI revascularization score, thus increasing the probability of a
favorable neurological outcome. For instance, younger patients with rapid
interventions and an eTICI2b50/2b67 angiographic outcome would likely
benefit from a proceeding in the intervention, with the goal of achieving a
higher angiographic reperfusion grade and increasing the likelihood of a
favorable neurologic outcome. As Kaesmacher’s research group reported,
a secondary angiographic improvement from a mTICI2b to mTICI2c/3
results leads to a benefit in clinical outcome. In the presented model
patients with an eTICI2b50 or eTICI2b67 score which are improved to
eTICI2c within 90 minutes of groin puncture to recanalization have an
overall 50 % probability of achieving a favorable outcome. Likewise, this
model could be of use in identifying cases where persisting in the
intervention would not be convenient, despite a low revascularization
grade, specifically in older patients with extended intervention times,
considering the low chance of obtaining a favorable outcome. Additionally
a higher number of stent retriever passes and a prolonged intervention
time are linked with inferior recanalization percentages and greater rates
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of complications, which must be considered in the evaluation of these
patients as well (Behme et al. 2014; Spiotta et al. 2014).
This study presents several limitations. The first of them is represented by
the retrospective evaluation of prospectively acquired data from a single
center. The angiographic grading was blinded to the clinical outcome.
However, the neurological assessment was not blinded to the
angiographic result. Moreover, the radiological reviewers also performed
or assisted some of the endovascular interventions, which might have
affected their evaluation. We tried to mitigate this possible bias by blinding
them to the clinical results as well as having them discuss eventual
discrepancies of evaluation in a joint meeting. However, the imaging was
not examined by an independent laboratory. Unlike others, we included
cases with anterior as well as posterior circulation occlusion, since in our
opinion all LVO cases need a reperfusion grading and we performed the
grading according to the percentage definitions of eTICI regarding the
downstream territory distal to the initial occlusion site. In this regard the
eTICi score seems feasible for the assessment of LVO of the posterior
circulation as well as for isolated proximal occlusions of a M2-segment of
the MCA. Since the mTICI scale was not originally designed for the
posterior circulation, this might have had an impact on our results. It is
worth noticing that the regression analysis as well as the investigation of
the time parameters was only performed for patients with an anterior
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circulation stroke. The role of time was implied to be equal in the examined
eTICI categories, which could possibly be an oversimplification, since the
impact of time might vary depending on the volume of the initially
reperfused territory. Another limiting factor of the eTICI is that the score
does not include a categorization of large vessel occlusion site or of
eloquent brain areas affected by the acute ischemic stroke. It is known that
involvement of eloquent areas in stroke is a predictor of cognitive outcome
(Munsch et al. 2016; Kallmes et al. 2018). These aspects might influence
the outcome after mechanical thrombectomy and could represent
interesting subjects of research in the future, perhaps leading to a score
which includes the specific occlusion site or eloquent brain areas involved
in the ischemic stroke, similarly to the Spetzler-Martin grading system in
cerebral arteriovenous malformations (Spetzler and Martin 1986; Kallmes
et al. 2018). More studies, ideally prospective, multicentric and including
larger patient cohorts are necessary to validate the presented results.
Several international research teams are currently investigating the
possibilities of using a flat-detector CT-perfusion (FDCTP) directly in the
angiography suite (Yang et al. 2015). This could be used for the preinterventional evaluation of stroke patients together with FDCT and FDCTAngiography when transferred directly to the angiography suite as well as
for intra- and immediate post-interventional assessment of brain perfusion.
During the trombectomy procedure the interventionalist might perform a
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FDCTP to assess the extent of reperfusion in real time, which might differ
from the revascularization, for instance in the case of revascularization of
already infarcted brain parenchyma. This might also guide the
interventionalist in carrying on the thrombectomy, like in the eventuality of
persisting perfusion deficit in eloquent brain areas despite a good
revascularization grade. The assessment of brain perfusion directly after
the procedure (through an ASPECTS-Score or a dedicated new score)
might correlate to neurological outcome more precisely than an
angiographic revascularization score.
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6

CONCLUSIONS

Several recent randomized controlled trials have validated the major role
of mechanical thrombectomy in the treatment of acute ischemic stroke. In
summary, this study demonstrates the utility of the novel eTICI score,
which expands the previous mTICI scale. This analysis shows that the
eTICI score allows an overall better neurological outcome prediction
compared to mTICI. Thereby granulation of the mTICI2b category into
three more precise subdivisions (eTICI2b50, 2b67 and 2c) grants a more
refined prediction of neurological outcome after thrombectomy of a large
vessel occlusion compared to mTICI2b alone. This analysis also confirms
the critical role of time in interventional stroke therapy and may provide a
helpful tool in the management of patients with initial unfavorable
angiographic score. Furthermore, this study corroborates that current
endovascular reperfusion therapies allow for high recanalization rates and
high rates of favorable clinical outcome. Moreover, higher degrees of
recanalization of large vessel occlusion treated with mechanical
thrombectomy result in greater neurological improvement and functional
independence. Further multicentric trials may be necessary to investigate
outcome prediction of the eTICI score on a larger cohort of patients as well
as deepen our understanding of the role of time in interventional stroke
treatment.
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7

SUPPLEMENTS

7.1 Tables
Table 1. The modified Ranking Scale (mRS) (Quinn et al. 2007).
Score

Definition
0
1

2

3

4

5

No symptoms
No significant disability. Able to carry out all usual activities,
despite some symptoms.
Slight disability. Able to look after own affairs without
assistance, but unable to carry out all previous activities.
Moderate disability. Requires some help, but able to walk
unassisted.
Moderately severe disability. Unable to attend to own bodily
needs without assistance, and unable to walk unassisted.
Severe disability. Requires constant nursing care and attention,
bedridden, incontinent.

6

Dead

Table 2. The original TICI grading scale (Higashida et al. 2003).
TICI grades

Definitions

Grade 0

No reperfusion

Grade 1

Minimal reperfusion

Grade 2a

Only partial filling (less than 2/3) of the
entire vascular territory
Complete filling of all the expected

Grade 2b

vascular territory, but the filling is slower
than normal

Grade 3

Complete reperfusion
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Table 3. The mTICI revascularization score (Zaidat et al. 2013, Ginsberg 2016).
mTICI grades

Definitions

Grade 0

No reperfusion

Grade 1

Anterograde reperfusion past the initial occlusion, but limited distal
branch filling with little or slow distal reperfusion
Antegrade reperfusion of less than half (1 – 49 %) of the occluded

Grade 2a

target artery previously ischemic territory (e.g. in one major
division of the middle cerebral artery and its territory)
Antegrade reperfusion of more than half (50 – 99 %) of the

Grade 2b

previously occluded target artery ischemic territory (e.g. in two
major divisions of the MCA and their territories)
Complete antegrade reperfusion (100 %) of the previously

Grade 3

occluded target artery ischemic territory, with absence of
visualized occlusion in all distal branches

Table 4. The mTICI revascularization score with the 2c grade (Almekhlafi et al. 2014).
Grade

mTICI

mTICI with 2c

0/1

No / minimal reperfusion

No / minimal reperfusion

2a

Partial filling < 50 % territory

Partial filling < 50 % territory

2b

Partial filling  50 % territory

Partial filling  50 % territory
Near complete reperfusion

2c

…

except slow flow or few distal
cortical emboli

3

Complete reperfusion
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Complete reperfusion

Table 5. The newly introduced expanded Treatment In Cerebral Ischemia (eTICI)
revascularization score.
eTICI score

Definition

eTICI0

No reperfusion
Reduced clot without reperfusion of

eTICI1

distal branches
1 – 49 % Anterograde reperfusion of the

eTICI2a

previously occluded target artery
ischemic territory
50 – 66 % Anterograde reperfusion of

eTICI2b50

the previously occluded target artery
ischemic territory
67 – 89 % Anterograde reperfusion of

eTICI2b67

the previously occluded target artery
ischemic territory
90 – 99 % Anterograde reperfusion of

eTICI2c

the previously occluded target artery
ischemic territory
100 % Anterograde reperfusion of the

eTICI3

previously occluded target artery
ischemic territory
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Table 6. Comparison of the newly introduced eTICI with the mTICI revascularization
score. The mTICI2b grade is divided in 3 grades (2b50, 2b67 and 2c) in the eTICI
score.
Reperfusion

mTICI

eTICI

No reperfusion

0

0

Reduced clot without reperfusion

1

1

1 – 49 %

2a

2a

50 – 66 %

2b

2b50

67 – 89 %

2b

2b67

90 – 99 %

2b

2c

100 %

3

6

Table 7. Clinical demographics, angiographic and procedural information of patients
for the eTICI analysis (Behme et al. 2019).
Item

Median (IQR) or n (%)

Age

76 (66-82)

Initial NIHSS

16 (10-20)

Male gender

109 (48.4 %)

Female gender

116 (51.6 %)

Site of occlusion
Internal carotid artery (ICA)

64 (28.4 %)

Middle cerebral artery (MCA)

132 (58.7 %)

Tandem lesions (ICA + MCA)

44 (19.6 %)

Basilar artery

24 (10.7 %)

Posterior cerebral artery (PCA)

5 (2.2 %)
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Procedural information
Groin to recanalization time, min

50 (32-74)

eTICI0 (mTICI0)

9 (4 %)

eTICI1 (mTICI1)

4 (1.8 %)

eTICI2a (mTICI2a)

22 (9.8 %)

eTICI2b50 (mTICI2b)

23 (10.2 %)

eTICI2b67 (mTICI2b)

71 (31.6 %)

eTICI2c (mTICI2b)

46 (20.4 %)

eTICI3 (mTICI3)

50 (22.2 %)

Neurological outcome at 90days
mRS0

26 (12 %)

mRS1

32 (14 %)

mRS2

30 (13 %)

mRS3

27 (12 %)

mRS4

31 (14 %)

mRS5

22 (10 %)

mRS6

57 (25 %)
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Table 8. Classification of eTICI categories respectively to the clinical outcomes
(measured with mRS at 90 days) for all patients of the study.
mRS 0

mRS 1

mRS 2

mRS 3

mRS 4

mRS 5

mRS 6

0/9

0/9

0/9

0/9

0/9

2/9

7/9

(0 %)

(0 %)

(0 %)

(0 %)

(0 %)

(22,2 %)

(77,8 %)

0/4

0/4

0/4

0/4

1/4

1/4

2/4

(0 %)

(0 %)

(0 %)

(0 %)

(25 %)

(25 %)

(50 %)

1/22

2/22

1/22

0/22

5/22

5/22

8/22

(4,5 %)

(9 %)

(4,5 %)

(0 %)

(22,8 %)

(22,8 %)

(36,4 %)

2/23

1/23

1/23

1/23

7/23

4/23

7/23

(8.7 %)

(4.3 %)

(4.3 %)

(4.3 %)

(30.4 %)

(17.4 %)

(30.4 %)

5/71

8/71

4/71

19/71

15/71

7/71

13/71

(7 %)

(11.3 %)

(5.6 %)

(26.8 %)

(21.1 %)

(9.9 %)

(18.3 %)

8/46

7/46

10/46

4/46

2/46

1/46

14/46

(17.4 %)

(15.2 %)

(21.7 %)

(8.7 %)

(4.3 %)

(2.2 %)

(30.4 %)

10/50

14/50

14/50

3/50

1/50

2/50

6/50

(20 %)

(28 %)

(28 %)

(6 %)

(2 %)

(4 %)

(12 %)

eTICI 0

eTICI 1

eTICI 2a

eTICI 2b50

eTICI 2b67

eTICI 2c

eTICI 3

Table 9. Probability of good outcome at 90 days according to mTICI2b versus
eTICI2b50-2c (Behme et al. 2019).
mRS=0,1,2

mRS=3,4,5,6

% (mRS=0,1,2)

mTICI2b

44

78

36,06 %

eTICI2b50

4

19

17,39 %

eTICI2b67

17

54

23,94 %

eTICI2c

25

21

54,34 %
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Table 10. Demographics, angiographic and procedural information of patients for the
time analysis of the eTICI scale (reproduced with permission of "Springer Nature").
Item

Median (IQR) or n (%)

Age

76 (66-82)

Initial NIHSS

16 (10.5-20)

Male gender

74 (45.1 %)

Site of occlusion
Internal carotid artery (ICA)

51/164 (31 %)

Middle cerebral artery (MCA)

113/164 (69 %)

Procedural information
Admission to recanalization

97 min (76 - 116)

Admission to groin puncture

47 min (29 - 63)

Groin puncture to recanalization time

47 min (31 - 66)

eTICI2b50

20 (12.2 %)

eTICI2b67

60 (36.6 %)

eTICI2c

38 (23.2 %)

eTICI3

46 (28 %)

Neurological outcome at 90days
mRS 0 - 2

70 (42.7 %)

mRS 3 - 6

94 (57.3 %)

Favorable outcome (mRS 0 - 2)
eTICI2b50

3/20 (15 %)

eTICI2b67

11/60 (18.3 %)

eTICI2c

22/38 (57.9 %)

eTICI3

34/46 (73.9 %)
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Table 11. Statistical analysis of admission to recanalization time (pt. 1) (Behme et al.
2019, reproduced with permission of "Springer Nature").
Comparison (eTICI)

p-value

Odds ratio

Lower CI

Upper CI

2b50 vs. 2b67

0.5744

1.569

0.326

7.546

2b50 vs. 2c

0.0388

0.2

0.043

0.928

2b50 vs. 3

0.0012

0.0073

0.015

0.358

2b67 vs. 2c

0.0366

0.127

0.043

0.374

2b67 vs 3

<0.0001

0.073

0.015

0.358

2c vs. 3

0.0731

0.367

0.123

1.098

Table 12. Statistical analysis of admission to recanalization time (pt. 2). The variables
are the time of admission to recanalization and the patient’s age (Behme et al. 2019,
reproduced with permission of "Springer Nature").
Variable

p-value

Odd-ratio

Lower-CI

Upper-CI

Change per min.

Admin. to rec. 0.2281

0.994

0.984

1.004

0.9939

Age

0.957

0.923

0.993

0.9574

0.0161
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Table 13. Statistical analysis of groin puncture to recanalization time (pt. 1) (Behme et
al. 2019, reproduced with permission of "Springer Nature").
Comparison (eTICI)

p-value

Odds ratio

Lower CI

Upper CI

2b50 vs. 2b67

0.5017

1.722

0.974

1.005

2b50 vs. 2c

0.0392

0.197

0.042

0.923

2b50 vs. 3

0.0016

0.077

0.016

0.379

2b67 vs. 2c

<0.0001

0.115

0.039

0.34

2b67 vs 3

<0.0001

0.045

0.014

0.143

2c vs. 3

0.0933

0.197

0.042

0.923

Table 14. Statistical analysis of groin puncture to recanalization time (pt. 2). The
variables are the time of groin puncture to recanalization and the patient’s age (Behme
et al. 2019, reproduced with permission of "Springer Nature").
Variable

p-value

Odd-ratio

Lower-CI

Upper-CI

Change per min.

Groin to rec.

0.1713

0.989

0.974

1.005

0.9879

Age

0.0139

0.955

0.921

0.991

0.9550
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7.2 Figures
Figure 1. The arterial circulation of the brain. The right temporal pole and a portion of
the right cerebellar hemisphere have been removed (Gray 1918. Fig. 516. Public
domain image).
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Figure 2. A typical imaging of a patient affected by acute ischemic stroke with spiral
computed tomography. A 79 years old patient presented with global aphasia and rightsided hemiparesis. A: The non-contrast CT shows no early signs of infarction. B: In the
maximum intensity projection (MIP) reconstruction of the CT-Angiography can be seen
the abrupt cessation of contrast flow within the proximal portion of the middle cerebral
artery (MCA), as an indirect sign of thrombotic occlusion. C: The CT-Perfusion depicts
a CBF/CBV mismatch and a reduction of the other hemodynamic parameters, a sign
of brain ischemia.
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Figure 3. Graphic representation of the evolution of major techniques and devices in
mechanical thrombectomy (Spiotta et al. 2015. Reproduced with permission of "BMJ
Publishing group Ltd.").

Figure 4. The Solitaire FR stent retriever device (Castaño et al. 2016. Reproduced
with permission of "BMJ Publishing Group Ltd.").
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Figure 5. Representation of the Stent retriever Assisted Vacuum-locked Extraction
technique (SAVE). A: Initial angiogram shows an occlusion of the right middle cerebral
artery (MCA). B: A 4 x 30 mm stent retriever (Trevo ProVue, Stryker Neurovascular,
Kalamazoo, MI, USA) placed distally and across the thrombus (along the proximal
third, white arrow). C, D and E: The aspiration catheter is advanced distally under
continuous aspiration, until a wedge position is achieved. After the unit retrieval
process, posterior-anterior and lateral angiograms (F and G) show the successful
reperfusion of the right MCA-territorium. H: Thrombus incorporated in the proximal/
middle portion the stent retriever with a clot fragment caught by the distal end of the
device (Maus et al. 2017. Reproduced with permission of "Springer Nature").

Figure 6. A large thrombus extracted with a stent retriever and partially incorporated
in the distal portion of the device (Papanagiotou and White 2016. Reproduced with
permission of "Elselvier").
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Figure 7. Lateral and posterior-anterior (PA) views of large vessel occlusion (LVO) and
eTICI2a (mTICI2a) reperfusion results. A and B show a right-sided, proximal occlusion
of the middle cerebral artery (MCA). After mechanical thrombectomy (C and D) the
distal portion of the right MCA remains occluded, while reperfusion of the right anterior
temporal artery and of the right medial lenticulostriate arteries can be appreciated,
rated as eTICI2a (mTICI2a).
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Figure 8. Lateral and posterior-anterior (PA) views of large vessel occlusion (LVO) and
eTICI2b50 (mTICI2b) reperfusion results. A and B show a left-sided, proximal
occlusion of the middle cerebral artery (MCA). Lateral and PA-views (C and D) after
recanalization depict residual fronto-parieto-temporal occlusions in the left MCAterritorium, rated as eTICI2b50 (mTICI2b). Please note that, since the LVO involves
the left MCA, only the left MCA-territorium (and therefore not the anterior cerebral
artery vascular territory) must be evaluated with eTICI.
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Figure 9. Lateral and posterior-anterior (PA) views of large vessel occlusion (LVO) and
eTICI2b67 (mTICI2b) reperfusion results. A and B show a left-sided, distal occlusion
of the internal carotid artery (ICA). Lateral and PA-views (C and D) after recanalization
depict residual frontoparietal occlusions in the left anterior- and media-territorium, rated
as eTICI2b67 (mTICI2b). Please note that, since the LVO involves the left ICA, both
the left middle and anterior vascular territory must be included in the eTICI evaluation.
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Figure 10. Lateral and posterior-anterior (PA) views of large vessel occlusion (LVO)
and eTICI2c (mTICI2b) reperfusion results. A and B show a distal occlusion of the right
internal carotid artery (ICA). In the lateral and PA-views (C and D) after recanalization
only very small, distal parietal branches do not fill with contrast medium. The result was
rated eTICI2c (mTICI2b). As noted before, since the LVO involves the right ICA, both
the right anterior and media vascular territory must be evaluated in the eTICI analysis.
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Figure 11. Circle chart illustrating the distribution of the large vessel occlusions (LVO)
included in the study. The majority of the LVO were located in the anterior circulation
(ICA, MCA and tandem lesions), while thrombotic occlusions of proximal vessels of the
posterior circulation (Basilar artery and PCA) represented ca. 13 % of the LVO.
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Figure 12. Bar chart depicting reperfusion outcomes classified with the eTICI scale.
Reperfusion of 50 % or more of the previously ischemic territory was achieved in more
than 84 % of cases. Complete reperfusion was achieved in almost one fourth of the
patients (22.2 %). Reperfusion of 50-99 % of ischemic territory (eTICI2b50, eTICI2b67
and eTICI2c) accounts to ca. 62 % of cases.
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Figure 13. Bar chart representing the neurological outcome after mechanical
thrombectomy, measured with modified Ranking Scale (mRS) at 90 days. Favorable
outcome (mRS 0-2) was achieved in ca. 39 % of patients.
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Figure 14. Graphic representation of neurological outcome (mRS at 90 days) after
thrombectomy, depending on revascularization score, evaluated with the eTICI scale.
Several distinctive trends can be observed. Most importantly with the improvement of
the revascularization outcome (eTICI0 to 3), a progressive higher percentage of
favorable outcome (mRS 0 – 2) can be achieved.
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Figure 15. Receiver operating characteristic (ROC) curve for eTICI and mTICI.
Comparison of both ROC curves for the prediction of good functional outcome (mRS
0 – 2) at 90 days (Behme et al. 2019).

Figure 16. Analysis of time of admission to recanalization A: probability of achieving
good outcome according to angiographic reperfusion grade, measured with eTICI. The
x-axis shows the admission to recanalization time (in minutes) while the y-axis displays
the probability of good outcome at 90 days (mRS 0-2). B: Log odds for attaining a good
outcome at 90 days (mRS 0-2) depending on eTICI reperfusion grade. x-axis: time in
minutes, y-axis: log odds (Behme et al. 2019, reproduced with permission of "Springer
Nature").

- 73 -

Figure 17. Analysis of time of arterial groin puncture to recanalization A: probability of
achieving good outcome (mRS 0-2 at 90 days, y-axis) according to eTICI grade
(colored lines) and depending on the groin to recanalization time (x-axis). B: Log odds
for attaining a good outcome at 90 days (mRS 0-2) depending on eTICI reperfusion
grade (colored lines). x-axis: time in minutes, y-axis: log odds (Behme et al. 2019,
reproduced with permission of "Springer Nature").

- 74 -

8

BIBLIOGRAPHY

Albers GW, Marks MP, Kemp S, Christensen S, Tsai JP, Ortega-Gutierrez S,
McTaggart RA, Torbey MT, Kim-Tenser M, Leslie-Mazwi T, et al. (2018):
Thrombectomy for Stroke at 6 to 16 Hours with Selection by Perfusion Imaging. N Engl
J Med 378, 708–718
Allen CL, Bayraktutan U (2008): Risk factors for ischaemic stroke. Int J Stroke 3, 105–
116
Almekhlafi MA, Mishra S, Desai JA, Nambiar V, Volny O, Goel A, Eesa M, Demchuk
AM, Menon BK, Goyal M (2014): Not all „successful“ angiographic reperfusion patients
are an equal validation of a modified TICI scoring system. Interv Neuroradiol 20, 21–
27
Arboix A (2015): Cardiovascular risk factors for acute stroke: Risk profiles in the
different subtypes of ischemic stroke. World J Clin Cases 3, 418–429
Balucani C, Levine SR, Khoury JC, Khatri P, Saver JL, Broderick JP (2016): Acute
Ischemic Stroke with Very Early Clinical Improvement: A National Institute of
Neurological Disorders and Stroke Recombinant Tissue Plasminogen Activator Stroke
Trials Exploratory Analysis. J Stroke Cerebrovasc Dis 25, 894–901
Bang OY, Saver JL, Kim SJ, Kim G-M, Chung C-S, Ovbiagele B, Lee KH, Liebeskind
DS (2011): Collateral flow predicts response to endovascular therapy for acute
ischemic stroke. Stroke 42, 693–699
Barber PA, Demchuk AM, Zhang J, Buchan AM (2000): Validity and reliability of a
quantitative computed tomography score in predicting outcome of hyperacute stroke
before thrombolytic therapy. ASPECTS Study Group. Alberta Stroke Programme Early
CT Score. Lancet 355, 1670–1674
Behme D, Gondecki L, Fiethen S, Kowoll A, Mpotsaris A, Weber W (2014):
Complications of mechanical thrombectomy for acute ischemic stroke-a retrospective
single-center study of 176 consecutive cases. Neuroradiology 56, 467–476
Behme D, Kowoll A, Mpotsaris A, Hader C, Hechelhammer L, Weber J, Weber W
(2016): Multicenter clinical experience in over 125 patients with the Penumbra
Separator 3D for mechanical thrombectomy in acute ischemic stroke. J Neurointerv
Surg 8, 8–12
Berkhemer OA, Fransen PSS, Beumer D, van den Berg LA, Lingsma HF, Yoo AJ,
Schonewille WJ, Vos JA, Nederkoorn PJ, Wermer MJH, et al. (2015): A randomized
trial of intraarterial treatment for acute ischemic stroke. N Engl J Med 372, 11–20

- 75 -

Bewick V, Cheek L, Ball J (2004): Statistics review 10: Further nonparametric methods.
Crit Care 8, 196–199
Bhatia R, Hill MD, Shobha N, Menon B, Bal S, Kochar P, Watson T, Goyal M, Demchuk
AM (2010): Low rates of acute recanalization with intravenous recombinant tissue
plasminogen activator in ischemic stroke: real-world experience and a call for action.
Stroke 41, 2254–2258
Blank-Reid C (1996): How to have a stroke at an early age: the effects of crack, cocaine
and other illicit drugs. J Neurosci Nurs 28, 19–27
Blum CA, Yaghi S (2015): Cervical Artery Dissection: A Review of the Epidemiology,
Pathophysiology, Treatment, and Outcome. Arch Neurosci 2, e26670
Bracard S, Ducrocq X, Mas JL, Soudant M, Oppenheim C, Moulin T, Guillemin F,
THRACE investigators (2016): Mechanical thrombectomy after intravenous alteplase
versus alteplase alone after stroke (THRACE): a randomised controlled trial. Lancet
Neurol 15, 1138–1147
Broderick JP, Palesch YY, Demchuk AM, Yeatts SD, Khatri P, Hill MD, Jauch EC, Jovin
TG, Yan B, Silver FL, et al. (2013): Endovascular therapy after intravenous t-PA versus
t-PA alone for stroke. N Engl J Med 368, 893–903
Bush CK, Kurimella D, Cross LJS, Conner KR, Martin-Schild S, He J, Li C, Chen J,
Kelly T (2016): Endovascular Treatment with Stent-Retriever Devices for Acute
Ischemic Stroke: A Meta-Analysis of Randomized Controlled Trials. PloS One 11,
e0147287
Campbell BCV, Mitchell PJ, Kleinig TJ, Dewey HM, Churilov L, Yassi N, Yan B,
Dowling RJ, Parsons MW, Oxley TJ, et al. (2015): Endovascular therapy for ischemic
stroke with perfusion-imaging selection. N Engl J Med 372, 1009–1018
Casaubon LK, Boulanger J-M, Glasser E, Blacquiere D, Boucher S, Brown K, Goddard
T, Gordon J, Horton M, Lalonde J, et al. (2016): Canadian Stroke Best Practice
Recommendations: Acute Inpatient Stroke Care Guidelines, Update 2015. Int J Stroke
11, 239–252
Castaño C, Dorado L, Remollo S, García-Bermejo P, Gomis M, Pérez de la Ossa N,
Millán M, García-Sort MR, Hidalgo C, López-Cancio E, et al. (2016): Unwanted
detachment of the Solitaire device during mechanical thrombectomy in acute ischemic
stroke. J Neurointerv Surg 8, 1226–1230
Choi DW (1988): Glutamate neurotoxicity and diseases of the nervous system. Neuron
1, 623–634
Ciccone A, Valvassori L, Nichelatti M, Sgoifo A, Ponzio M, Sterzi R, Boccardi E,
SYNTHESIS Expansion Investigators (2013): Endovascular treatment for acute
ischemic stroke. N Engl J Med 368, 904–913
- 76 -

Cohen J (1960): A Coefficient of Agreement for Nominal Scales. Educ Psychol Meas
20, 37–46
DeLong ER, DeLong DM, Clarke-Pearson DL (1988): Comparing the areas under two
or more correlated receiver operating characteristic curves: a nonparametric approach.
Biometrics 44, 837–845
Del Zoppo GJ, Higashida RT, Furlan AJ, Pessin MS, Rowley HA, Gent M (1998):
PROACT: a phase II randomized trial of recombinant pro-urokinase by direct arterial
delivery in acute middle cerebral artery stroke. PROACT Investigators. Prolyse in
Acute Cerebral Thromboembolism. Stroke 29, 4–11
DGN (2016): Akuttherapie des ischämischen Schlaganfalls – Rekanalisierende
Therapie (Ergänzung 2015) - Leitlinien für Diagnostik und Therapie in der Neurologie.
Leitlinien der deutschen Gesellschaft für Neurologie.
[https://www.dgn.org/leitlinien/3198-030-140-rekanalisierende-therapie-ergaenzungakuttherapie-schlaganfall] accessed 07.04.2019
Donner A, Eliasziw M, Shoukri M (1998): Review of inference procedures for the
interclass correlation coefficient with emphasis on applications to family studies. Genet
Epidemiol 15, 627–646
Dromerick AW, Reding MJ (1995): Functional outcome for patients with hemiparesis,
hemihypesthesia, and hemianopsia. Does lesion location matter? Stroke 26, 2023–
2026
ESO (European Stroke Organisation) Executive Committee, ESO Writing Committee
(2008): Guidelines for management of ischaemic stroke and transient ischaemic attack
2008. Cerebrovasc Dis 25, 457–507
Evans MRB, White P, Cowley P, Werring DJ (2017): Revolution in acute ischaemic
stroke care: a practical guide to mechanical thrombectomy. Pract Neurol 17, 252–265
Farrell B, Godwin J, Richards S, Warlow C (1991): The United Kingdom transient
ischaemic attack (UK-TIA) aspirin trial: final results. J Neurol Neurosurg Psychiatry 54,
1044–1054
Felten RP, Ogden NRP, Peña C, Provost MC, Schlosser MJ, Witten CM (2005): The
Food and Drug Administration medical device review process: clearance of a clot
retriever for use in ischemic stroke. Stroke 36, 404–406
Fischer U, Arnold M, Nedeltchev K, Brekenfeld C, Ballinari P, Remonda L, Schroth G,
Mattle HP (2005): NIHSS score and arteriographic findings in acute ischemic stroke.
Stroke 36, 2121–2125
Fisher M (1997): Characterizing the target of acute stroke therapy. Stroke 28, 866–872
Fugate JE, Klunder AM, Kallmes DF (2013): What is meant by „TICI“? AJNR Am J
Neuroradiol 34, 1792–1797
- 77 -

Furlan A, Higashida R, Wechsler L, Gent M, Rowley H, Kase C, Pessin M, Ahuja A,
Callahan F, Clark WM, et al. (1999): Intra-arterial prourokinase for acute ischemic
stroke. The PROACT II study: a randomized controlled trial. Prolyse in Acute Cerebral
Thromboembolism. JAMA 282, 2003–2011
Ginsberg MD (2016): Expanding the concept of neuroprotection for acute ischemic
stroke: The pivotal roles of reperfusion and the collateral circulation. Prog Neurobiol
145–146, 46–77
Gobin YP, Starkman S, Duckwiler GR, Grobelny T, Kidwell CS, Jahan R, Pile-Spellman
J, Segal A, Vinuela F, Saver JL (2004): MERCI 1: a phase 1 study of Mechanical
Embolus Removal in Cerebral Ischemia. Stroke 35, 2848–2854
Goldstein LB (2014): Modern Medical Management of Acute Ischemic Stroke.
Methodist DeBakey Cardiovasc J 10, 99–104
Goldstein LB, Samsa GP (1997): Reliability of the National Institutes of Health Stroke
Scale. Extension to non-neurologists in the context of a clinical trial. Stroke 28, 307–
310
Goldstein LB, Bertels C, Davis JN (1989): Interrater reliability of the NIH stroke scale.
Arch Neurol 46, 660–662
Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thornton J, Roy D, Jovin TG,
Willinsky RA, Sapkota BL, et al. (2015): Randomized assessment of rapid
endovascular treatment of ischemic stroke. N Engl J Med 372, 1019–1030
Goyal M, Menon BK, van Zwam WH, Dippel DWJ, Mitchell PJ, Demchuk AM, Dávalos
A, Majoie CBLM, van der Lugt A, de Miquel MA, et al. (2016): Endovascular
thrombectomy after large-vessel ischaemic stroke: a meta-analysis of individual patient
data from five randomised trials. Lancet 387, 1723–1731
Gray, H: Anatomy of the Human Body. 20th edition; Lea & Febiger, Philadelphia 1918
Herholz K, Heiss WD (2000): Functional imaging correlates of recovery after stroke in
humans. J Cereb Blood Flow Metab 20, 1619–1631
Higashida RT, Furlan AJ, Roberts H, Tomsick T, Connors B, Barr J, Dillon W, Warach
S, Broderick J, Tilley B, et al. (2003): Trial design and reporting standards for intraarterial cerebral thrombolysis for acute ischemic stroke. Stroke 34, e109-137
Hinkle JL, Guanci MM (2007): Acute ischemic stroke review. J Neurosci Nurs 39, 285–
293, 310
Hirano T, Sasaki M, Mori E, Minematsu K, Nakagawara J, Yamaguchi T, Japan
Alteplase Clinical Trial II Group (2010): Residual vessel length on magnetic resonance
angiography identifies poor responders to alteplase in acute middle cerebral artery
occlusion patients: exploratory analysis of the Japan Alteplase Clinical Trial II. Stroke
41, 2828–2833
- 78 -

IMS II Trial Investigators (2007): The Interventional Management of Stroke (IMS) II
Study. Stroke 38, 2127–2135
Jauch EC, Saver JL, Adams HP, Bruno A, Connors JJB, Demaerschalk BM, Khatri P,
McMullan PW, Qureshi AI, Rosenfield K, et al. (2013): Guidelines for the early
management of patients with acute ischemic stroke: a guideline for healthcare
professionals from the American Heart Association/American Stroke Association.
Stroke 44, 870–947
Jayaraman MV, Grossberg JA, Meisel KM, Shaikhouni A, Silver B (2013): The clinical
and radiographic importance of distinguishing partial from near-complete reperfusion
following intra-arterial stroke therapy. AJNR Am J Neuroradiol 34, 135–139
Jovin TG, Chamorro A, Cobo E, de Miquel MA, Molina CA, Rovira A, San Román L,
Serena J, Abilleira S, Ribó M, et al. (2015): Thrombectomy within 8 hours after
symptom onset in ischemic stroke. N Engl J Med 372, 2296–2306
Kaesmacher J, Maegerlein C, Zibold F, Wunderlich S, Zimmer C, Friedrich B (2018):
Improving mTICI2b reperfusion to mTICI2c/3 reperfusions: A retrospective
observational study assessing technical feasibility, safety and clinical efficacy. Eur
Radiol 28, 274–282
Kalaria RN (2012): Cerebrovascular disease and mechanisms of cognitive impairment:
evidence from clinicopathological studies in humans. Stroke 43, 2526–2534
Kallmes DF (2012): TICI: if you are not confused, then you are not paying attention.
AJNR Am J Neuroradiol 33, 975–976
Kallmes DF, Rabinstein AA, Gounis MJ (2018): To be or not 2b? To see or not 2c?
Alas, the clock is ticking on TICI. J Neurointerv Surg 10, 323–324
Kamalian S, Morais LT, Pomerantz SR, Aceves M, Sit SP, Bose A, Hirsch JA, Lev MH,
Yoo AJ (2013): Clot length distribution and predictors in anterior circulation stroke:
implications for intra-arterial therapy. Stroke 44, 3553–3556
Kaufmann AM, Firlik AD, Fukui MB, Wechsler LR, Jungries CA, Yonas H (1999):
Ischemic core and penumbra in human stroke. Stroke 30, 93–99
Khoury NN, Darsaut TE, Ghostine J, Deschaintre Y, Daneault N, Durocher A, Lanthier
S, Pope AY, Odier C, Lebrun L-H, et al. (2017a): Endovascular thrombectomy and
medical therapy versus medical therapy alone in acute stroke: A randomized care trial.
J Neuroradiol 44, 198–202
Khoury NN, Darsaut TE, Ghostine J, Deschaintre Y, Daneault N, Durocher A, Lanthier
S, Poppe AY, Odier C, Lebrun L-H, et al. (2017b): Erratum to „Endovascular
thrombectomy and medical therapy versus medical therapy alone in acute stroke: A
randomized care trial“ [J Neuroradiol 44, 198-202]. J Neuroradiol 44, 351

- 79 -

Kidwell CS, Jahan R, Gornbein J, Alger JR, Nenov V, Ajani Z, Feng L, Meyer BC,
Olson S, Schwamm LH, et al. (2013): A trial of imaging selection and endovascular
treatment for ischemic stroke. N Engl J Med 368, 914–923
Kowoll A, Weber A, Mpotsaris A, Behme D, Weber W (2016): Direct aspiration first
pass technique for the treatment of acute ischemic stroke: initial experience at a
European stroke center. J Neurointerv Surg 8, 230–234
Lee JM, Zipfel GJ, Choi DW (1999): The changing landscape of ischaemic brain injury
mechanisms. Nature 399, A7-14
Lee JM, Grabb MC, Zipfel GJ, Choi DW (2000): Brain tissue responses to ischemia. J
Clin Invest 106, 723–731
Lee M, Hong KS, Saver JL (2010): Efficacy of intra-arterial fibrinolysis for acute
ischemic stroke: meta-analysis of randomized controlled trials. Stroke 41, 932–937
Levine SR, Brey RL, Tilley BC, Thompson JLP, Sacco RL, Sciacca RR, Murphy A, Lu
Y, Costigan TM, Rhine C, et al. (2004): Antiphospholipid antibodies and subsequent
thrombo-occlusive events in patients with ischemic stroke. JAMA 291, 576–584
Leyhe JR, Tsogkas I, Hesse AC, Behme D, Schregel K, Papageorgiou I, Liman J,
Knauth M, Psychogios MN (2017): Latest generation of flat detector CT as a periinterventional diagnostic tool: a comparative study with multidetector CT. J Neurointerv
Surg 9, 1253–1257
Liebeskind DS, Bracard S, Guillemin F, Jahan R, Jovin TG, Majoie CB, Mitchell PJ,
van der Lugt A, Menon BK, San Román L, et al. (2019): eTICI reperfusion: defining
success in endovascular stroke therapy. J Neurointerventional Surg 11, 433–438
Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJL (2006): Global and regional
burden of disease and risk factors, 2001: systematic analysis of population health data.
Lancet 367, 1747–1757
Löwhagen Hendén P, Rentzos A, Karlsson J-E, Rosengren L, Leiram B, Sundeman H,
Dunker D, Schnabel K, Wikholm G, Hellström M, Ricksten S-E (2017): General
Anesthesia Versus Conscious Sedation for Endovascular Treatment of Acute Ischemic
Stroke: The AnStroke Trial (Anesthesia During Stroke). Stroke 48, 1601–1607
Marrugat J, Arboix A, García-Eroles L, Salas T, Vila J, Castell C, Tresserras R, Elosua
R (2007): The estimated incidence and case fatality rate of ischemic and hemorrhagic
cerebrovascular disease in 2002 in Catalonia. Rev Esp Cardiol 60, 573–580
Maus V, Behme D, Kabbasch C, Borggrefe J, Tsogkas I, Nikoubashman O, Wiesmann
M, Knauth M, Mpotsaris A, Psychogios MN (2017): Maximizing First-Pass Complete
Reperfusion with SAVE. Clin Neuroradiol 28, 327–338

- 80 -

Maus V, Henkel S, Riabikin A, Riedel C, Behme D, Tsogkas I, Hesse AC, Abdullayev
N, Jansen O, Wiesmann M, et al. (2018): The SAVE Technique : Large-Scale
Experience for Treatment of Intracranial Large Vessel Occlusions. Clin Neuroradiol (in
press) doi: 10.1007/s00062-018-0702-4
Mehta B, Leslie-Mazwi TM, Chandra RV, Chaudhry ZA, Rabinov JD, Hirsch JA,
Schwamm LH, Rost NS, Yoo AJ (2013): Assessing variability in neurointerventional
practice patterns for acute ischemic stroke. J Neurointerv Surg 5 Suppl 1, i52-57
Meyer BC, Lyden PD (2009): The modified National Institutes of Health Stroke Scale:
its time has come. Int J Stroke 4, 267–273
Mishra SM, Dykeman J, Sajobi TT, Trivedi A, Almekhlafi M, Sohn SI, Bal S, Qazi E,
Calleja A, Eesa M, et al. (2014): Early reperfusion rates with IV tPA are determined by
CTA clot characteristics. AJNR Am J Neuroradiol 35, 2265–2272
Mocco J, Zaidat OO, von Kummer R, Yoo AJ, Gupta R, Lopes D, Frei D, Shownkeen
H, Budzik R, Ajani ZA, et al. (2016): Aspiration Thrombectomy After Intravenous
Alteplase Versus Intravenous Alteplase Alone. Stroke 47, 2331–2338
Mohr JP (1997): Some clinical aspects of acute stroke. Excellence in Clinical Stroke
Award Lecture. Stroke 28, 1835–1839
Mohr JP, Biller J, Hilal SK, Yuh WT, Tatemichi TK, Hedges S, Tali E, Nguyen H, Mun
I, Adams HP (1995): Magnetic resonance versus computed tomographic imaging in
acute stroke. Stroke 26, 807–812
Muir KW, Ford GA, Messow C-M, Ford I, Murray A, Clifton A, Brown MM, Madigan J,
Lenthall R, Robertson F, et al. (2017): Endovascular therapy for acute ischaemic
stroke: the Pragmatic Ischaemic Stroke Thrombectomy Evaluation (PISTE)
randomised, controlled trial. J Neurol Neurosurg Psychiatry 88, 38–44
Munsch F, Sagnier S, Asselineau J, Bigourdan A, Guttmann CR, Debruxelles S, Poli
M, Renou P, Perez P, Dousset V, et al. (2016): Stroke Location Is an Independent
Predictor of Cognitive Outcome. Stroke 47, 66–73
NINDS National Institute of Neurological Disorders and Stroke rt-PA Stroke Study
Group (1995): Tissue plasminogen activator for acute ischemic stroke. N Engl J Med
333, 1581–1587
Nogueira RG, Lutsep HL, Gupta R, Jovin TG, Albers GW, Walker GA, Liebeskind DS,
Smith WS, TREVO 2 Trialists (2012): Trevo versus Merci retrievers for thrombectomy
revascularisation of large vessel occlusions in acute ischaemic stroke (TREVO 2): a
randomised trial. Lancet 380, 1231–1240

- 81 -

Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF, Bhuva P, Yavagal DR,
Ribo M, Cognard C, Hanel RA, et al. (2018): Thrombectomy 6 to 24 Hours after Stroke
with a Mismatch between Deficit and Infarct. N Engl J Med 378, 11–21
Obrenovitch TP, Richards DA (1995): Extracellular neurotransmitter changes in
cerebral ischaemia. Cerebrovasc Brain Metab Rev 7, 1–54
Ogawa A, Mori E, Minematsu K, Taki W, Takahashi A, Nemoto S, Miyamoto S, Sasaki
M, Inoue T, MELT Japan Study Group (2007): Randomized trial of intraarterial infusion
of urokinase within 6 hours of middle cerebral artery stroke: the middle cerebral artery
embolism local fibrinolytic intervention trial (MELT) Japan. Stroke 38, 2633–2639
Papanagiotou P, White CJ (2016): Endovascular Reperfusion Strategies for Acute
Stroke. JACC Cardiovasc Interv 9, 307–317
Pexman JH, Barber PA, Hill MD, Sevick RJ, Demchuk AM, Hudon ME, Hu WY, Buchan
AM (2001): Use of the Alberta Stroke Program Early CT Score (ASPECTS) for
assessing CT scans in patients with acute stroke. AJNR Am J Neuroradiol 22, 1534–
1542
Powers WJ, Derdeyn CP, Biller J, Coffey CS, Hoh BL, Jauch EC, Johnston KC,
Johnston SC, Khalessi AA, Kidwell CS, et al. (2015): 2015 American Heart
Association/American Stroke Association Focused Update of the 2013 Guidelines for
the Early Management of Patients With Acute Ischemic Stroke Regarding
Endovascular Treatment: A Guideline for Healthcare Professionals From the American
Heart Association/American Stroke Association. Stroke 46, 3020–3035
Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, Biller
J, Brown M, Demaerschalk BM, Hoh B, et al. (2018): 2018 Guidelines for the Early
Management of Patients With Acute Ischemic Stroke: A Guideline for Healthcare
Professionals From the American Heart Association/American Stroke Association.
Stroke 49, e46–e110
Przybylowski CJ, Ding D, Starke RM, Durst CR, Crowley RW, Liu KC (2014): Evolution
of endovascular mechanical thrombectomy for acute ischemic stroke. World J Clin
Cases 2, 614–622
Psychogios MN, Behme D, Schregel K, Tsogkas I, Maier IL, Leyhe JR, Zapf A, Tran J,
Bähr M, Liman J, Knauth M (2017): One-Stop Management of Acute Stroke Patients:
Minimizing Door-to-Reperfusion Times. Stroke 48, 3152–3155
Quinn TJ, Lees KR, Hardemark H-G, Dawson J, Walters MR (2007): Initial experience
of a digital training resource for modified Rankin scale assessment in clinical trials.
Stroke 38, 2257–2261
Quinn TJ, Dawson J, Walters M (2008): Dr John Rankin; his life, legacy and the 50th
anniversary of the Rankin Stroke Scale. Scott Med J 53, 44–47
- 82 -

Rankin J (1957): Cerebral vascular accidents in patients over the age of 60. II.
Prognosis. Scott Med J 2, 200–215
Ranstam J (2016): Multiple P-values and Bonferroni correction. Osteoarthritis Cartilage
24, 763–764
Raychev R, Saver JL (2012): Mechanical thrombectomy devices for treatment of
stroke. Neurol Clin Pract 2, 231–235
Richardson J, Murray D, House CK, Lowenkopf T (2006): Successful implementation
of the National Institutes of Health Stroke Scale on a stroke/neurovascular unit. J
Neurosci Nurs 38, 309–315
Riedel CH, Jensen U, Rohr A, Tietke M, Alfke K, Ulmer S, Jansen O (2010):
Assessment of thrombus in acute middle cerebral artery occlusion using thin-slice
nonenhanced Computed Tomography reconstructions. Stroke 41, 1659–1664
Riedel CH, Zimmermann P, Jensen-Kondering U, Stingele R, Deuschl G, Jansen O
(2011): The importance of size: successful recanalization by intravenous thrombolysis
in acute anterior stroke depends on thrombus length. Stroke 42, 1775–1777
Rodrigues FB, Neves JB, Caldeira D, Ferro JM, Ferreira JJ, Costa J (2016):
Endovascular treatment versus medical care alone for ischaemic stroke: systematic
review and meta-analysis. BMJ 353, i1754
Romano JG, Sacco RL (2015): Decade in review-stroke: progress in acute ischaemic
stroke treatment and prevention. Nat Rev Neurol 11, 619–621
Rubiera M, Alvarez-Sabín J, Ribo M, Montaner J, Santamarina E, Arenillas JF, Huertas
R, Delgado P, Purroy F, Molina CA (2005): Predictors of early arterial reocclusion after
tissue plasminogen activator-induced recanalization in acute ischemic stroke. Stroke
36, 1452–1456
Saarinen JT, Sillanpää N, Rusanen H, Hakomäki J, Huhtala H, Lähteelä A, Dastidar
P, Soimakallio S, Elovaara I (2012): The mid-M1 segment of the middle cerebral artery
is a cutoff clot location for good outcome in intravenous thrombolysis. Eur J Neurol 19,
1121–1127
Saver JL (2006): Time is brain-quantified. Stroke 37, 263–266
Saver JL, Jahan R, Levy EI, Jovin TG, Baxter B, Nogueira RG, Clark W, Budzik R,
Zaidat OO, SWIFT Trialists (2012): Solitaire flow restoration device versus the Merci
Retriever in patients with acute ischaemic stroke (SWIFT): a randomised, parallelgroup, non-inferiority trial. Lancet 380, 1241–1249
Saver JL, Goyal M, Bonafe A, Diener H-C, Levy EI, Pereira VM, Albers GW, Cognard
C, Cohen DJ, Hacke W, et al. (2015): Stent-retriever thrombectomy after intravenous
t-PA vs. t-PA alone in stroke. N Engl J Med 372, 2285–2295
- 83 -

Saver JL, Goyal M, van der Lugt A, Menon BK, Majoie CBLM, Dippel DW, Campbell
BC, Nogueira RG, Demchuk AM, Tomasello A, et al. (2016): Time to Treatment With
Endovascular Thrombectomy and Outcomes From Ischemic Stroke: A Meta-analysis.
JAMA 316, 1279–1288
Searls DE, Pazdera L, Korbel E, Vysata O, Caplan LR (2012): Symptoms and Signs
of Posterior Circulation Ischemia in the New England Medical Center Posterior
Circulation Registry. Arch Neurol 69, 346–351
Simonsen CZ, Yoo AJ, Sørensen LH, Juul N, Johnsen SP, Andersen G, Rasmussen
M (2018): Effect of General Anesthesia and Conscious Sedation During Endovascular
Therapy on Infarct Growth and Clinical Outcomes in Acute Ischemic Stroke: A
Randomized Clinical Trial. JAMA Neurol 75, 470–477
Smith WS, Sung G, Starkman S, Saver JL, Kidwell CS, Gobin YP, Lutsep HL, Nesbit
GM, Grobelny T, Rymer MM, et al. (2005): Safety and efficacy of mechanical
embolectomy in acute ischemic stroke: results of the MERCI trial. Stroke 36, 1432–
1438
Smith WS, Sung G, Saver J, Budzik R, Duckwiler G, Liebeskind DS, Lutsep HL, Rymer
MM, Higashida RT, Starkman S, et al. (2008): Mechanical thrombectomy for acute
ischemic stroke: final results of the Multi MERCI trial. Stroke 39, 1205–1212
Sperandei S (2014): Understanding logistic regression analysis. Biochem Medica 24,
12–18
Spetzler RF, Martin NA (1986): A proposed grading system for arteriovenous
malformations. J Neurosurg 65, 476–483
Spiotta AM, Vargas J, Turner R, Chaudry MI, Battenhouse H, Turk AS (2014): The
golden hour of stroke intervention: effect of thrombectomy procedural time in acute
ischemic stroke on outcome. J Neurointerv Surg 6, 511–516
Spiotta AM, Chaudry MI, Hui FK, Turner RD, Kellogg RT, Turk AS (2015): Evolution of
thrombectomy approaches and devices for acute stroke: a technical review. J
Neurointerv Surg 7, 2–7
TIMI Study Group (1985): The Thrombolysis in Myocardial Infarction (TIMI) trial. Phase
I findings. N Engl J Med 312, 932–936
Tomsick T (2007): TIMI, TIBI, TICI: I came, I saw, I got confused. AJNR Am J
Neuroradiol 28, 382–384
Tung EL, McTaggart RA, Baird GL, Yaghi S, Hemendinger M, Dibiasio EL, Hidlay DT,
Tung GA, Jayaraman MV (2017): Rethinking Thrombolysis in Cerebral Infarction 2b:
Which Thrombolysis in Cerebral Infarction Scales Best Define Near Complete
Recanalization in the Modern Thrombectomy Era? Stroke 48, 2488–2493

- 84 -

Turk AS, Spiotta A, Frei D, Mocco J, Baxter B, Fiorella D, Siddiqui A, Mokin M, Dewan
M, Woo H, et al. (2014): Initial clinical experience with the ADAPT technique: a direct
aspiration first pass technique for stroke thrombectomy. J Neurointerv Surg 6, 231–
237
Vidale S, Agostoni E (2017): Endovascular Treatment of Ischemic Stroke: An Updated
Meta-Analysis of Efficacy and Safety. Vasc Endovascular Surg 51, 215–219
Vymazal J, Rulseh AM, Keller J, Janouskova L (2012): Comparison of CT and MR
imaging in ischemic stroke. Insights Imaging 3, 619–627
Wahlgren N, Moreira T, Michel P, Steiner T, Jansen O, Cognard C, Mattle HP, van
Zwam W, Holmin S, Tatlisumak T, et al. (2016): Mechanical thrombectomy in acute
ischemic stroke: Consensus statement by ESO-Karolinska Stroke Update 2014/2015,
supported by ESO, ESMINT, ESNR and EAN. Int J Stroke 11, 134–147
Wardlaw JM, Murray V, Berge E, del Zoppo G, Sandercock P, Lindley RL, Cohen G
(2012): Recombinant tissue plasminogen activator for acute ischaemic stroke: an
updated systematic review and meta-analysis. Lancet 379, 2364–2372
White PM, Bhalla A, Dinsmore J, James M, McConachie N, Roffe C, Young G (2017):
Standards for providing safe acute ischaemic stroke thrombectomy services
(September 2015). Clin Radiol 72, 175.e1-175.e9
Yang P, Niu K, Wu Y, Struffert T, Dorfler A, Schafer S, Royalty K, Strother C, Chen GH (2015): Time-Resolved C-Arm Computed Tomographic Angiography Derived From
Computed Tomographic Perfusion Acquisition: New Capability for One-Stop-Shop
Acute Ischemic Stroke Treatment in the Angiosuite. Stroke 46, 3383–3389
Yu Y, Han Q, Ding X, Chen Q, Ye K, Zhang S, Yan S, Campbell BCV, Parsons MW,
Wang S, Lou M (2016): Defining Core and Penumbra in Ischemic Stroke: A Voxel- and
Volume-Based Analysis of Whole Brain CT Perfusion. Sci Rep 6, 20932
Zaidat OO, Lazzaro MA, Liebeskind DS, Janjua N, Wechsler L, Nogueira RG, Edgell
RC, Kalia JS, Badruddin A, English J, et al. (2012): Revascularization grading in
endovascular acute ischemic stroke therapy. Neurology 79, 110-116
Zaidat OO, Yoo AJ, Khatri P, Tomsick TA, von Kummer R, Saver JL, Marks MP,
Prabhakaran S, Kallmes DF, Fitzsimmons B-FM, et al. (2013): Recommendations on
angiographic revascularization grading standards for acute ischemic stroke: a
consensus statement. Stroke 44, 2650–2663
Zarrinkoob L, Ambarki K, Wåhlin A, Birgander R, Eklund A, Malm J (2015): Blood flow
distribution in cerebral arteries. J Cereb Blood Flow Metab 35, 648–654

- 85 -

ACKNOWLEDGEMENTS

First and foremost, I would like to thank my Doktorvater Prof. Dr. med.
Marios N. Psychogios for the selection of the topic and the always friendly,
competent, and overall excellent scientific supervision of my dissertation.
Moreover, I wish to acknowledge all colleagues of the department of
Neuroradiology of the University Medical Center Göttingen for the
everyday shoulder to shoulder work and the invaluable professional as
well as personal growth.

- 86 -

