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Magnetic Resonance Imaging in Acute Ischemic
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Although intravenous administration of tissue plasminogen activator is the only proven treat-
ment after acute ischemic stroke, there is always a concern of hemorrhagic risk after throm-
bolysis. Therefore, selection of patients with potential benefits in overcoming potential harms
of thrombolysis is of great importance. Despite the practical issues in using magnetic reso-
nance imaging (MRI) for acute stroke treatment, multimodal MRI can provide useful infor-
mation for accurate diagnosis of stroke, evaluation of the risks and benefits of thrombolysis,
and prediction of outcomes. For example, the high sensitivity and specificity of diffusion-
weighted image (DWI) can help distinguish acute ischemic stroke from stroke-mimics. Addi-
tionally, the lesion mismatch between perfusion-weighted image (PWI) and DWI is thought
to represent potential salvageable tissue by reperfusion therapy. However, the optimal thresh-
old to discriminate between benign oligemic areas and the penumbra is still debatable. Sig-
nal changes of fluid-attenuated inversion recovery image within DWI lesions may be a sur-
rogate marker for ischemic lesion age and might indicate risks of hemorrhage after throm-
bolysis. Clot sign on gradient echo image may reflect the nature of clot, and their location,
length and morphology may provide predictive information on recanalization by reperfu-
sion therapy. However, previous clinical trials which solely or mainly relied on perfusion-dif-
fusion mismatch for patient selection, failed to show benefits of MRI-based thrombolysis.
Therefore, understanding the clinical implication of various useful MRI findings and com-
prehensively incorporating those variables into therapeutic decision-making may be a more
reasonable approach for expanding the indication of acute stroke thrombolysis.
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Introduction

Ischemic stroke is one of the major causes of death and dis-
ability. For the last few decades, many efforts have been made to
improve the outcome of acute ischemic stroke treatment. How-
ever, thrombolytic therapy is still the only proven treatment for
patients following an acute ischemic stroke within 3 or 4.5 hours

of symptom onset.”” Studies focusing on expansion of the ther-

apeutic time window and indication for thrombolysis are ongo-
ing, but the adverse effects stemming from reperfusion injury,
including hemorrhagic transformation (HT) or massive edema
are still a concern.” Therefore, it is important to select appropri-
ate patients based on an assessment of individual risks and ben-
efits for thrombolysis.

Multimodal magnetic resonance imaging (MRI) is useful for
diagnosing ischemic stroke and for determining treatment strat-
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egies in the acute phase.”” In the acute stage, early diagnosis of
ischemic stroke and its differentiation from stroke-mimics are
important.®” Various imaging findings from MRI sequences
help determine stroke mechanisms, which affect prognosis, and
thereby play an important role in treatment decisions. Lesion
mismatch profiles on MRI help us to assess potential risks and
benefits of thrombolysis by providing information on salvage-
able tissue or ischemic lesion age.* "

Some of these parameters have been used in previous MRI-
based thrombolysis trials, but the results were not satisfactory.
While simply using a few parameters may be easily applicable,
other valuable information for diagnosing stroke, determining
the mechanism, and assessing the potential risks and benetfits
may be overlooked. Therefore, it is critical to understand the
clinical implication of various imaging findings, and compre-
hensively consider them before deciding the treatment for acute
stroke.

In this review, we discuss the clinical implication of various
MRI findings, specifically focusing on 1) MRI for diagnosis of
acute stroke and its mechanism, 2) MRI-based patient selection
for reperfusion therapy, 3) MRI outcome measures, and 4) the
practicality of using MRI for hyperacute stroke.

Imaging for acute stroke diagnosis

Diagnosis of acute stroke

Diagnosis of stroke largely depends on clinical presentation.
Stroke-mimics account for 19%-30% of suspected stroke pre-
sentations, with diverse underlying etiology (Figure 1)." Physi-
cians need to consider a broad differential diagnosis when eval-
uating a patient presenting with a focal neurological deficit. With
recent advances in MRI technology, ischemic lesions can be
identified with high accuracy using diffusion-weighted image
(DWI; 88%-100% sensitivity and 95%-100% specificity). The

lesions appear as hyperintense areas on DWI and as correlative

Seizure 20%
Syncope

Sepsis or systemic infectious disease
Functional or medically unexplained
Primary headache disorder

Space occupying lesion

Metabolic causes

Neuropathy or spinal cord lesion
Peripheral vestibular disorder
Dementia or confusional state

Drug or alcohol

Common stroke mimics, identified in a systematic review and meta-
analysis of case series."
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hypointense areas on apparent diffusion coefficient (ADC)
maps, even within 3 minutes of stroke onset.”” Moreover, small
cortical or subcortical lesions, especially in the posterior fossa
or brain stem, are more easily detected by MRI than computed
tomography (CT) at the acute stage. However, the small lesions
located at the brain stem that present mild symptoms, especially
ataxic hemiparesis or intranuclear ophthalmoplegia, could be
invisible on initial DWL">'* In addition, other neurological dis-
eases (ie., Creutzfeldt-Jakob disease or progressive multifocal
leukodystrophy) may also show high-intensity lesions on DWI,
mimicking ischemic stroke.''® Therefore, considering clinical
presentation as well as performing follow-up images may be
beneficial for diagnosis.

Assessing the mechanism of stroke

Many studies have attempted to unravel stroke pathomecha-
nism by ischemic lesion topography on DWTI. It has been report-
ed that multiple lesions in the unilateral anterior circulation or
small, scattered lesions in one vascular territory are related to
large artery atherosclerosis (Figure 2A, B)."” Perforating infarcts,
in addition to pial or borderzone infarcts were distinctive pat-
tern for intracranial atherosclerosis (Figure 2A)."*" DWI also
enables the detection of small lacunar infarcts that had previous-
ly been undetectable on CT. Fluid-attenuated inversion recov-
ery (FLAIR) image demonstrate subacute or chronic ischemic
lesions, which may help in classifying the subtype of index stroke.”
For example, recurrent deep perforating infarcts may develop in
patients who have high burden of small vessel pathology.

Cardioembolism can be suspected when patients exhibit acute
multiple territorial lesions™ or a single large cortical and subcor-
tical lesion on DWL.'7* Particularly, early spontaneous recanali-
zation of initially occluded vessels or abrupt occlusion without
other atherosclerotic diseases on magnetic resonance angiogra-
phy (MRA) may suggest cardioembolic stroke (Figure 2C).”**
Hypointense signals with blooming artifacts in the vascular cis-
tern on gradient echo (GRE) image (susceptible vessel sign;
SVS), which may reflect the presence of deoxygenated hemo-
globin of red thrombi, are usually associated with cardioembol-
ic stroke (Figure 2C).”* Patent foramen ovale, another source of
cardioembolism, usually causes small cortical lesions in verte-
bro-basilar circulation, which may reflect high blood flow in the
posterior circulation provoked by the Valsalva maneuver.”® Cur-
rently, aortic arch atherosclerosis is accepted as a possible em-
bolic source in cryptogenic stroke, and the resulting ischemic
lesion patterns and clinical outcomes differ from those of car-
diogenic embolism. Moreover, aortic arch embolism has a high-
er propensity of causing left hemispheric stroke and multiple

)‘27,28

small infarcts (Figure 2D
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Intracranial atherosclerotic stenosis

Aortic arch atherosclerosis

DWI lesion patterns according to stroke subtypes. (A) Intracranial
atherosclerotic stenosis, (B) extracranial atherosclerotic stenosis, (C) cardioem-
bolism, and (D) aortic arch embolism.

Early assessment of the etiology ischemic stroke in the acute
stage using MRI is advantageous to guide specific diagnostic
work-ups and proper strategy for hyperacute reperfusion thera-
py and secondary stroke prevention.

Evaluation of salvageable tissue
Concept of penumbra

When the cerebral blood vessel is occluded, a complex series
of pathophysiological events evolve in time and space.”” First,
the core of the area rapidly develops an infarction (ischemic
core). However, the surrounding part of the core still exhibits
minimum blood flow supplied by collateral circulation, even

when neuronal function has been suspended (ischemic penum-

bra). The neuronal function of some parts of the ischemic pen-
umbra can recover when blood supply is restored, and goes
through a dynamic change during the acute period of ischemic
stroke.” Perfusion-weighted image (PWI) can identify isch-
emic penumbral tissue, whereas DWI-depicted lesions repre-
sent the ischemic core. Therefore, areas with PWI-DWI mis-
match (ie.,, when the perfusion lesion is larger than the diffu-
sion lesion) have been considered representative salvageable

tissue that require active treatment (Figure 3A).

PWI parameters

PWTI is a semi-quantitative method for evaluating brain per-
fusion - microcirculation in the capillary network.” When a
contrast agent is administered into a vein, it passes through ce-
rebral vessels and alters the local magnetic field resulting in the
rapid decrease of signal intensity in the surrounding brain tissue
by the paramagnetic effect of the contrast. The variation of sig-
nal intensity is measured during 1 minute, serially with 1- to
2-second intervals by the echo-planar image technique. From
this data, time-concentration curves can be obtained at the tis-
sue level, voxel-by-voxel (Figure 3B). After deconvolution with
arterial input functions, a deconvolved curve can be obtained
(Figure 3C), and various perfusion parameters can be calculat-
ed. These parameters include cerebral blood flow (CBF), cere-
bral blood volume (CBV), mean transit time (MTT), time to
peak (TTP), and Tmax (Figure 3D).*

CBF and CBV

CBF is a parameter usually taken at the height of deconvolved
curve (Figure 3C). It reflects the blood supply to the brain tis-
sue in a given time and is most directly related to the viability of
the infarcted tissue.” CBF is determined by cerebral perfusion
pressure, the dilation of blood vessels, and blood viscosity. An
area with normal CBF and delayed MTT or TTP demonstrates
an area with blood flow maintained by blood vessel dilation (in-
creased CBV), but reaching the particular area late through col-
laterals. CBV is measured by the whole blood quantity within
the target area (area under the deconvolved curve; Figure 3C).
Areas of decreased CBV correlate well with the final size of a ce-
rebral infarction.** This is especially the case when the area of
delayed MTT with decreased CBV represents the area of brain
tissue not having sufficient collateral circulation; thus, these re-

gions will eventually evolve into cerebral infarctions.®

MTT, TTR and Tmax
MTT is the average time required for blood flow to enter the

artery and maintain the inside of the cerebral artery. MTT is
calculated by CBV/CBF and is used to estimate vulnerable brain
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PWI-DWI mismatch (A), time-concentration curves (B and C) and various PWI parameters (D).

tissue which may evolve from the infarction.”® MTT shows the
widest range of perfusion deficits compared to other parame-
ters, and is therefore likely to overestimate areas with risk. If an
area with MTT delay shows increased CBV, that area may have
received sufficient collateral circulation or may have been cur-
rently recanalized.®

TTP describes the time it takes CBF to reach the highest val-
ue at the target tissue location (Figure 3B). TTP is an indirect
measurement of brain perfusion; therefore, it provides mini-
mum information. Since a delay in TTP can occur in a patient
with chronic carotid artery stenosis without acute infarction
(prolonged arrival time), TTP can also overestimate the hypo-
perfused area in an acute infarction.”

Tmax is the time it takes for the tissue residue function to

reach its maximum value. Tmax is a sensitive parameter reflect-
ing changes of brain tissue into an infarction and changes in the
perfusion state. Tmax has also been used as a predictor of tissue
viability in many studies as a non-physiological parameter of
the capability of brain tissue to survive. Since this parameter is
not influenced by scan duration, Tmax has the merit that suffi-
cient scanning for a long time is possible so that contrast agent
can reach all parts.*® Thus, Tmax is the most widely accepted

parameter to measure the penumbra.

PWI parameter thresholds in discriminating between
penumbra and benign oligemic area

Recent studies have focused on the threshold for distinguishing
a true penumbra from a benign oligemia. Although time-based
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perfusion variables are widely used methods assessing penum-
bra, there are still a lot of controversies on interpreting them.

Previously, many different thresholds for Tmax representing
the true penumbra area have been suggested. For example, a
Tmax > 6 seconds was defined as the penumbra in the Diffu-
sion and Perfusion Imaging Evaluation for Understanding Stroke
Evolution (DEFUSE) trial,*® whereas in the effects of alteplase
beyond 3 hours after stroke in the Echoplanar Imaging Throm-
bolytic Evaluation (EPITHET) trial cohort, a Tmax of 4 to 6
seconds delay was used.”” Another study showed that a Tmax
>4 seconds delay provided the most accurate final infarct vol-
ume in patients within 3 to 6 hours after stroke onset.” Com-
pared with the penumbra measured from a positron emission
tomography study, a Tmax > 5.5 seconds delay matched most
well.”” Recently, another study suggested that Tmax > 10 sec-
onds delay best predicts the final infarction.””

Taken together, these studies indicate that there is no estab-
lished criterion to discriminate between benign oligemic area
and the penumbra. Although a number of studies have been
conducted on Tmax threshold for that purpose, there are still a
lot of controversies on the optimum criterion since the thresh-
old value to determine the final infarction varies from study by

study.

PWI-DWI mismatch in patient selection

Previously, PWI-DWI mismatch was used for patient selec-
tion in several clinical trials focusing on acute stroke treatment.
In the DEFUSE study, patients with PWI-DWI mismatch in
the 3 to 6 hours window demonstrated more favorable clinical
response after reperfusion compared to patients without a PWI-
DWI mismatch.** However, this previous study had no placebo
control group and it was not designed to demonstrate the effi-
cacy of MRI-based intravenous thrombolysis. In the EPITHET
study, infarct growth was compared between patients who re-
ceived tissue plasminogen activator (tPA) and those who re-
ceived a placebo. The primary outcome measure was the atten-
uation of infarct growth using a ratio of geometric means.* How-
ever, their results failed to demonstrate beneficial outcomes of
using PWI-DWI mismatch in thrombolysis. The Desmoteplase
in Acute Ischemic Stroke (DIAS) clinical trial was a phase-II
trial that employed a pre-randomization penumbral imaging
screening as an indication for patient selection.” Within 3-9
hours of symptom onset, patients with ischemic stroke and at
least 20% PWI-DWI mismatch (as evaluated by visual inspec-
tion) were included in the trials. However, the results of the
DIAS study have failed to prove the benefit of desmoteplase
versus placebo in patients with MRI-identified penumbras.

The previous trials of imaging-based thrombolysis were sole-
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JoS

ly or mostly based on PWI-DWI mismatch and failed to prove
any advantages. These failures however, have reinforced the
benefit of salvaging the penumbral tissue by thrombolysis, and
the fact that HT risk should be considered when deciding to

treat a patient via thrombolysis.

Hemorrhagic risk stratification after thrombolysis
Mechanisms and clinical implication

HT is a frequent, often asymptomatic event that occurs after
acute ischemic stroke. It is thought to negatively influence the
early clinical course and outcome of patients, particularly those
receiving thrombolytic therapy.”® HT is presumed to occur in
the infarcted brain area due to the extravasation of blood com-
ponents.* Disruption of the blood-brain barrier has been pro-
posed to precede HT.** In addition, the dose-dependent side
effects of tPA treatment have been discussed as risk factors for
HT.¥ Early blood-brain barrier disruption is associated with
HT even in patients who do not receive tPA treatment for stroke.*
This might be due to an increase in vascular permeability in isch-
emic tissue, resulting in a leakage from small vessels when ex-

posed to restored blood flow.

Definition and classification of HT

In the European Cooperative Acute Stroke Study (ECASS)
trials,” the types of HT after acute ischemic stroke were classi-
fied into hemorrhagic infarctions (types 1 and 2) and parenchy-
mal hemorrhages (types 1 and 2) on the basis of CT scan char-
acteristics (Figure 4). In the NINDS tPA Stroke Trial,' the defi-
nition of HT required blood to be detected by CT after treat-
ment. Irrespective of other features, detection of any blood by
CT in a patient with neurological deterioration qualified the pa-
tient for symptomatic HT. In the ECASS-II trial, investigators
looked for an increase of more than 4 points on the National In-
stitutes of Health Stroke Scale (NIHSS) score and detection of
blood at any site by CT for this qualification.” Finally, in ECASS-
111, an increase of more than 4 points on the NIHSS score had
to be “correlated” with blood detection by CT to suggest HT as

the probable cause of neurological deterioration.”

Factors associated with HT

Several factors are known to be associated with HT, and the
combination of clinical and imaging data helps identify patients
at high risk of symptomatic HT:** Clinical factors such as a high
initial NIHSS,*' delayed treatment time,* and high blood pres-
sure* are well known to increase the incidence of HT and have
been used as exclusion criteria for thrombolytic therapy. The

t54

imaging data indicative of a large infarct™ and early ischemic

signs on CT are also widely used as exclusion criteria for throm-
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Hemorrhagic infarction - 1

Isolated petechial staining of infarcted tissue without mass effect

B | Hemorrhagic infarction - 2

Onfluent patechiae in infarcted tissue without mass effect

C | Parenchymal Hemorrhage - 1

Homogeneous high attenuation lesion with minimal mass effect
occupying less than 30% of the infarcted area

with definite mass effect
D | Parenchymal Hemorrhage - 2

Lesion occupying more than 30% of the infarcted area

Possible extension of hemorrhage into the ventricular space,

Aswell as any hemorrhage outside the infracted area

Types of hemorrhagic transformation
according to ECASS criteria.

MRI markers predicting hemorrhagic transformation (A) Delayed gadolinium enhancement of the CSF space (arrows); (B) Parenchymal enhancement at post
contrast T1-weighted image (arrow) and hemorrhagic transformation at the corresponding area at follow-up (arrow).

bolytic therapy.” In fact, early ischemic changes were defined in
the NINDS tPA trial as the presence of one or more of the fol-
lowing characteristics: 1) loss of grey-white matter distinction,
2) hypodensity (hypo-attenuation) of brain parenchyma, and
3) compression of CSF spaces. However, the sensitivity and re-

producibility of early ischemic signs on brain CT is poor.*®

MRI predictors for HT

Alow ADC value on baseline MRIs has been suggested as an
independent predictor of HT after thrombolysis.** Results of
other studies have shown that large DWI lesion volume, or very
low/absent apparent CBV or CBF can increase the risk of HT.”
Focal FLAIR hyperintensity within acute infarcts is also associ-
ated with an increased risk of symptomatic HT in several stud-

s.>® The predictive value of silent microbleeds for HT after
thrombolysis is unclear. Although their presence on GRE has
been suggested to be predictive of increased HT risk after treat-

136 http://j-stroke.org

ment with tPA,*” data from a large cohort study indicated that
micro-hemorrhages were not an independent risk factor for
early and symptomatic HT, irrespective of the number of mi-
crobleeds.” In addition, a larger PWI lesion volume (a measure
of ischemic duration) was associated with hemorrhagic infarc-
tion, but not with parenchymal hemorrhage.®'

Considering the pathomechanism of HT, radiological mark-
ers that directly indicate blood-brain barrier permeability could
predict HT after acute ischemic stroke. In fact, it has been shown
that contrast-enhancement can predict tPA-induced hemor-
rhages in rat models.” These techniques have been assessed in
humans, including delayed gadolinium enhancement of the
CSF space (Figure SA)*% or sulcal enlargement on FLAIR
images,* parenchymal enhancement on post-contrast T'1-weight-
ed images (Figure SB),” and permeability images derived from
pretreatment perfusion MRIs.®®

http://dx.doi.org/10.5853/j0s.2014.16.3.131
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Clot presented on gradient echo image (arrow) with long segment (A) and tortuous vessel (B).

Assessing the nature and burden of clots

Magnetic susceptibility artifacts distort ferromagnetic ob-
jects. Technically, shortening the echo-time, increasing the fre-
quency matrix, and decreasing the slice thickness could reduce
artifact size. On the other hand, magnetic susceptibility artifacts
may also enhance the detection of red thrombi clots, which are
ferromagnetic. As the composition, size, and site of clot occlud-
ing cerebral arteries are important factors for selecting the treat-
ment strategy, GRE and SVS may be useful for treatment deci-
sions. Initial, long-standing, platelet-rich, and well-organized

white thrombi in the cerebral artery under high shear-stress are

http://dx.doi.org/10.5853/j0s.2014.16.3.131

more resistant to thrombolytic therapy than fresh, fibrin-rich
red thrombi formed under static conditions. Therefore, SVS is
known as a marker with higher possibility of recanalization.”
Second, the location of a clot is also important. SVS of M1 is a
strong predictor of recanalization failure after tPA.” Therefore,
intra-arterial thrombolysis may be more effective than tPA in
certain cases. Third, the clot length is typically used to quantify
the thrombotic burden.”" This is important since intra-venous
tPA has nearly no potential to recanalize an MCA occlusion
with a clot length exceeding 8 mm (Figure 6A).” Finally, irregu-
lar and tortuous clot morphologies can decrease the technical

http://j-stroke.org 137



DWI-FLAIR mismatch (+)

DWI-FLAIR mismatch: positive (A) and negative (B).

and clinical success of thrombectomies in M1 occlusions (Fig-
ure 6B).”

MRI-based thrombolysis in unclear-onset patients

Physicians are frequently confronted with patients in whom
the exact time of stroke symptom onset is not known,” and at-
tempts have been made to use signal changes in FLAIR images
as a kind of “tissue clock””® For example, it is known that signal
intensity in FLAIR images proportionately increases with a rise
in water content inside the infarcted tissue. The water content
rises due to vasogenic edema as the blood-brain barrier is dis-
rupted, and occurs within 1 to 4 hours of stroke onset.”* There-
fore, DWI-FLAIR mismatch (i.e., lesion visible on DWI but not
on FLAIR) has been used as a surrogate marker for estimating
the lesion age of unknown stroke onset, and can help determine
the use of thrombolytic agent (Figure 7).””” Patients with DWI-
FLAIR mismatch are likely to be within the time window for
thrombolysis, the specificity and predictive value of which have
both been shown to be high (93% and 94%, respectively).”” Fi-
nally, in the reperfusion therapy in unclear-onset stroke based
on MRI evaluation (RESTORE), patients with unclear stroke
onset, within 6 hours of symptom detection with PWI-DWI
mismatch >20% and negative or subtle FLAIR change, were
treated with tPA or endovascular therapy, and MRI-based re-
perfusion therapy was found to be feasible and safe.”

However, potential confounding factors that interfere with
the diagnostic accuracy of DWI-FLAIR mismatch also exist. In
addition to the time from symptom onset, younger age and
large ischemic lesion volume have been reported to be associat-
ed with high FLAIR signal intensity.” As age and lesion size alter
permeability in the blood-brain barrier, these biological varia-
tions may cause altered FLAIR signal intensity.*’ In addition,

there is an issue stemming from the low inter-rater reliability of

DWI-FLAIR mismatch (-)

DWI-FLAIR mismatch. For example, in a previous study it was
reported that the inter-rater reliability of FLAIR change was
only moderate, based on visual rating.” In other studies, the mean
signal intensity of a circular region-of-interest inside the infarct-
ed tissue was quantitatively measured and used to overcome
this issue, but even this approach failed to improve inter-rater
reliability.*" On the other hand, color-coding of FLAIR signal
change has been reported to enhance visual distinguishability,
and seems to be effective in decreasing the disagreement be-
tween raters.”” Further results of the on-going trials may provide
more knowledge on the risk and benefit of MRI-based throm-
bolysis in this particular group of patients. Table 1 introduces

these major on-going clinical trials.

MRI-based thrombolysis in patients with minor stroke

One-third of acute ischemic strokes that have occurred with-
in the therapeutic time window have been excluded because of
mild or rapidly improving symptoms.* However, poor outcome
in patients who did not receive tPA because of minor stroke
symptoms has been reported with up to 30% of these patients
at risk of death and dependence.** Moreover, a subgroup of pa-
tients with minor stroke and proximal vessel occlusion were
found to be at higher risk of neurological deterioration.** Clini-
cal criteria, such as NIHSS scores, are poorly predictive of prox-
imal intracranial occlusion, and underestimate the risk of subse-
quent neurological deterioration.* Thus, off-label thrombolytic
therapy was not associated with higher complication rates in
cases of minor stroke.®

MRI has been suggested as a tool to identify patients with
minor stroke who may benefit from thrombolysis. In patients
that have experienced a minor stroke, a significant mismatch
can persist for days and their symptoms may aggravate without

recanalization therapy. Recent studies have reported that treat-
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On-going clinical trial to expand the time-window of intra-venous thrombolysis

Sample

MR-parameter for

Trial name (identifier) Trial design Inclusion criteria . i . Primary endpoint Place
size inclusion
\WAKE-UP Multicenter Age: 18-80 800 DWI-FLAIR mismatch (+) At 90 days after stroke, Europe
(NCT01525290) Randomized Wake-up stroke or Unclear-on- Favorable outcome:
Double-blind set stroke Patients within mRS (0-1)
Placebo-control 45hrof LNNT Death or dependency:
Phase Il mRS (4-6)
EXTEND Multicenter Age: >18 400 Infarct core <70 mL At 90 days after stroke, Australia,
(NCT00887328) Randomized Wake-up stroke (<9 hr from PWI-DWI lesion volume Favorable outcome: New Zealand
Double-blind midpoint) or Patients within ratio >1.2 mRS (0-1)
Placebo-control 3or4.5-9 hrof LNNT PWI-DWI difference
Phase llI NIHSS score: 4-26 >10mL
THAWS Multicenter Age: >20 300 DWI-FLAIR mismatch (+) At 90 days after stroke, Japan
(NCT02002325) Randomized Wake up stroke (<4.5 hr from DWI ASPECT score >5 Favorable outcome:
Single blind FFAT) mRS (0-1)
Phase Il Unknown onset stroke 4.5-12 hr
tPA dose=0.6 mg/kg from LNNT
NIHSS score: 5-25
MR WITNESS Multicenter Age: 18-85 80 Brain MRI findings consis-  No significant increase of ~ United States
(NCT01282242) Open label Wake up stroke and Unknown tent with early stroke symptomatic hemorrhage
Phase lla onset stroke (< 24 hr from onset
LNNT and <4.5 hr from FFAT)
NIHSS score: <26
TAIS Single center Age: >18 20 MR mismatch score >2  Symptomatic hemorrhagic Canada
(NCT02101606) Nonrandomized Onset stroke <24 hr from FFAT trans- formation evident
Safety study or LNNT onMRlor CTon 24 hor
Open label NIHSS score: 4-18 day5
Phase Il

LNNT, last known normal time; FFAT, first found abnormal time; DWI, diffusion-weighted image; FLAIR, fluid attenuated inversion recovery; PWI, perfusion-weighted image;
MRI, magnetic resonance image; ASPECT, Alberta stroke program early CT; NIHSS, National Institutes of Health Stroke Scale.

ment with tPA based on PWI-DWI mismatch is safe and effec-
tive in patients with minor stroke.” However, the lesion pattern,
rather than the PWI-DWI mismatch, has been shown to be an
important predictor of neurological decline in patients that have
undergone a minor stroke.” Still, no systematic data are avail-
able on the effect of IV-tPA in cases of minor stroke. Thus, only
the inclusion of patients with minor stroke in future random-
ized controlled trials of intravenous thrombolysis will allow us
to answer the question of whether thrombolysis is effective and

safe in this group of patients.

MRI outcome measures

Clinical trials evaluating the success of thrombolysis have re-
lied on various outcome parameters to measure how well an
ischemic vascular bed responds to treatment. Usually, clinical
parameters based on the severity of neurological deficits (NI-
HSS scores) or functional disability (modified Rankin Scale or
Barthel Index) are used. However, as these clinical parameters
are influenced by various confounders, including the lesion lo-
cation or patient age, they do not directly demonstrate the treat-

ment effect of salvaging the penumbral tissue. On the other

http://dx.doi.org/10.5853/j0s.2014.16.3.131

hand, imaging parameters have an advantage in quantitatively
measuring the effect of treatment by demonstrating the initial
infarction core, penumbra, and the final infarction volume.”
The three main categories used in outcome measures by MRI
are, 1) DWI lesion volume change, 2) PW1 lesion volume change,
and 3) recanalization of the occluded vessel on MRA.
Currently, there is no consensus on how to determine infarct
growth. This measure has been based on the change in lesion
volume between baseline and follow-up MRIs (DWI at 24
hours and FLAIR at S days).” In the EPITHET study, various
measures of infarction volume were suggested, such as geomet-
ric mean and the difference in cube-root volumes.*' However,
measurement tools in the clinical setting should be easy to use,
and PWI parameters used in the previous clinical trials differ
from study to study. Thus, there are some difficulties in com-
paring the results of each study. For example, in the DEFUSE
study, early reperfusion was defined as a more than 50% reduc-
tion in the volume of the PWI lesion (Tmax > 6 seconds).”’ On
the other hand, reperfusion in the EPITHET study was defined
as >90% reduction between baseline and day-3 PWI lesion
volumes.* This discrepancy is also seen in the DIAS study as
these investigators defined reperfusion as > 30% reduction of
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Recanalization grading system
TiMI TICI AOL
Poor revascularization 0  Absence of any antegrade flow beyond 0 No perfusion 0  Complete occlusion of the primary occlu-

the target occlusion (no perfusion)

1 Antegrade flow beyond the target 1
occlusion, without distal branch fill-
ing (penetration without perfusion)

Good revascularization 2 Antegrade flow beyond occlusion, 2b
without distal branch filling (penetra-
tion without perfusion)
3 Normal flow which fills all distal 3

branches (complete perfusion)

Antegrade perfusion beyond the occlu- 1
sion, but limited distal branch filling
with slow distal perfusion

2a  Antegrade perfusion of less than half of 2
the occluded artery ischemic territory

Antegrade perfusion of more than half of 3
the target artery ischemic territory

sive lesion

Incomplete or partial recanalization of the
primary occlusive lesion with no distal
flow

Incomplete or partial recanalization of the
occlusive lesion with any distal flow

Complete recanalization of the primary
occlusive lesion with any distal flow

Complete antegrade perfusion of the oc-
cluded target artery ischemic territory

TIMI, thrombolysis in myocardial infarction; TICI, thrombolysis in cerebral infarction; AOL, arterial occlusive lesion.

Basic principles and clinical implications of multimodal MRl

Sequence Basic principles

Clinical implications

DWI Maps the diffusion process of water molecules and represents the

area with cytotoxic edema

FLAIR Pulse sequence, which inverses and recovers null fluids and
represents the area with vasogenic edema

GRE Basic sequence varied by adding de-phasing or re-phasing gradients
at the end of the sequence, susceptibility artifact enhances the
detection of ferromagnetic material

PWI Gadolinium contrast injected and signal intensity drops as the
contrast passes during fast scanning of T2*-weighted images

MRA Time-of-flight MRA: uses a short echo time and flow compensation

to make flowing blood much brighter than stationary tissue
Contrast-enhanced MRA: uses contrast to obtain a high-resolution
image of cerebral vessels

- Appears rapidly after ischemic insult as a high

signal intensity lesion

- High specificity and sensitivity of detecting ischemia

- Lesion pattern differs according to stroke mechanism

- May reflect the time from stroke onset

- Visible lesion increases the risk of hemorrhage after reperfusion therapy
- Helps evaluate the burden of old white matter ischemic change

- Sensitive to detect hemorrhagic infarction or hemorrhagic transformation
- Susceptible vessel sign is associated with red-blood cell rich clot

- Reveals the area of penumbral tissue

- Represents the potential benefit of recanalization

- Debates still exist in defining the threshold of the true penumbra

- Non-invasive technique to evaluate cerebral vessel stenosis or occlusion

- No exposure to radiation or more nephrotoxic contrast agents compared to CT

angiography

DI, diffusion weighted image; FLAIR, fluid-attenuated inversion recovery image; GRE, gradient echo image; PWI, perfusion weighted image; MRA, magnetic resonance angi-

ography; CT, computerized tomography.

MTT volume abnormality between baseline and follow-up im-
ages.”

Two distinct measures for assessing recanalization have been
used to evaluate the effectiveness of thrombolytic therapy. First,
recanalization of the primary arterial occlusive lesion has been
evaluated using the Arterial Occlusive Lesion (AOL) grading
system. Second, reperfusion of the distal vascular bed has been
evaluated using the Thrombolysis in Myocardial Infarction
(TIMI) and the Thrombolysis in Cerebral Infarction (TICI)
grading system (Table 2). However, the use of multiple scales
has resulted in some confusion and limits the comparison among
studies.

In the Interventional Management of Stroke (IMS)-1 trial,”
the AOL grading system was used. However, recanalization of
the primary arterial occlusive lesion does not guarantee com-

plete reperfusion of the downstream arterioles. The TIMI defi-
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nition, which has been used to describe flow in the coronary ar-
teries, was adapted to evaluate the degree of reperfusion.””*
Therefore, in order to emphasize the use of a standard grading
system specific to intracranial circulation, a TICI grading sys-
tem has been suggested.” Recently, the TICI grading system is
regarded as the most reliable parameter for recanalization. While
there are some limitations of angiography based scales, combin-
ing the scales with MR perfusion may be a good parameter for

treatment outcome.

Correlation of MRI parameters and clinical outcome

It is important to ask whether MRI parameters are correlated
with clinical outcomes. In fact, it has been shown that early in-
farct growth within the first week can predict long-term clinical
outcome after thrombolysis.”® Specifically, when recanalization
scores were dichotomized into poor (AOL 0-2, TIMI 0-1, and

http://dx.doi.org/10.5853/j0s.2014.16.3.131
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TICI 0-2a) versus good revascularization (AOL 3, TIMI 2-3,
TICI 2b-3), investigators found a significant difference between
the two groups (Table 2). Moreover, it was revealed that pa-
tients with good clinical outcomes (modified Rankin scale 0-2)
had smaller infarct growth, smaller perfusion growth, and good

revascularization.”

Practicality of MRI for use in hyperacute
stroke

Multimodal MRI reveals various useful parameters for decid-
ing treatment routes of acute stroke (Table 3). This technology
is especially useful when stroke diagnosis is uncertain (stroke-
mimics), stroke onset is unclear (wake-up or unwitnessed day-
time strokes), or clinic-imaging mismatches exist. However, in
spite of the potential benefits of MRI, practical issues exist lim-
iting the use of MRI in the acute stage of ischemic stroke.”® One
of the major issues is the long scan time when compared to CT.
In general, although MRI-based decisions of thrombolysis have
prolonged the door-to-needle time, the clinical outcome has
been more favorable.”'® Therefore, the use of MRI in acute
stroke treatment is clinically practical and feasible.""'* On the
other hand, considering that “time is brain” in the hyperacute
stage of ischemic stroke, minimizing the evaluation time taken
for the decision of treatment may expand the benefit of throm-
bolysis. Interestingly, a recent study revealed a feasible diagnostic
quality of 6-minute multimodal MRI using echo-planar FLAIR
and GRE in patients with acute ischemic stroke, and this may
enhance the usage of MRI in acute stroke treatment.'” The ef-
fect and usefulness of this paradigm in acute stroke treatment
should be verified by future trials. In addition, various new MRI
advancements are actively under research, such as arterial spin
labeling, techniques to measure collateral flows, computational
flow dynamics, and high-resolution vessel-wall MRI. These
novel imaging biomarkers may be helpful in determining the

treatment strategy for acute ischemic stroke.

Conclusion

Multimodal imaging provides information that is useful for
diagnosing ischemic stroke, selecting appropriate patients for
thrombolytic therapy, and predicting the prognosis of ischemic
stroke. Only depending on a single or a few parameters may not
be sufficient, instead comprehensively combining the informa-
tion from each MRI sequence (i.e,, DWI, FLAIR, GRE, and
PWI) and using various mismatch parameters (DWI-FLAIR
mismatch and/or PWI-DWI mismatch) may be more helpful
in establishing an indication of MRI-based thrombolysis.
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