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Radiological imaging in acute ischaemic stroke
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Patients who suffer acute ischaemic stroke can be treated with thrombolysis if
therapy is initiated early. Radiological evaluation of the intracranial tissue
before such therapy can be given is mandatory. In this review current radio-
logical diagnostic strategies are discussed for this patient group. Beyond non-
enhanced computed tomography (CT), the standard imaging method for many
years, more sophisticated CT stroke protocols including CT angiography and
CT perfusion have been developed, and additionally an increasing number of
patients are examined with magnetic resonance imaging as the first imaging
method used. Advantages and challenges of the different methods are dis-

Introduction

Acute ischaemic stroke (AIS) can be treatable if ther-
apy is given early. In general intravenous thrombolytic
therapy should be initiated within 4.5 h of symptom
onset and expeditious revascularization is associated
with better clinical outcome [1]. Ongoing trials regard-
ing patient selection mostly include radiological imag-
ing criteria. The main goals of imaging in patients
with symptoms of AIS are to exclude contraindica-
tions for thrombolytic and/or reperfusion therapy and
to rule out any differential diagnoses visible on imag-
ing. It is also important to detect therapeutically rele-
vant arterial stenoses and/or occlusions and to
evaluate infarction core and penumbra. At present
there is no consensus on a preferred imaging modality
in patients presenting with AIS. The European Stroke
Organization guidelines recommend brain imaging
with computed tomography (CT) or magnetic reso-
nance imaging (MRI) in all suspected stroke or tran-

Correspondence: K. D. Kurz, Department of Radiology, Stavanger
University Hospital, Postboks 8100, 4068 Stavanger, Norway (tel.:
+47 47256648; fax: +47 51519916; e-mail: kathinka.dehli.
kurz@sus.no, kdkurz@gmx.net).

sient ischaemic attack (TIA) patients [2]. Current
radiological diagnostic strategies for this patient group
are discussed in this review.

Computed tomography

Non-enhanced computed tomography

Non-enhanced computed tomography (NECT) has
the advantages of being fast, widely available and
without contraindications. In general intravenous
thrombolytic therapy can be administered after the
exclusion of contraindications on NECT. The main
contraindications visible on NECT are acute intracra-
nial haemorrhage, hypodense acute ischaemic changes
in more than one-third of the middle cerebral artery
(MCA) territory, and intracranial tumours [3]. Early
signs of ischaemia include loss of distinction between
grey and white matter, subtle hypodensities in the
brain parenchyma, sulcal effacement and obscured
delineation of the basal ganglia and the insular ribbon
(Figs 1 and 2) [4,5]. The hyperdense artery sign can
be seen in the presence of a thrombus in a large
artery; this has a high specificity but a low sensitivity
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[ RADIOLOGICAL IMAGING IN AIS 9

Figure 1 An 82-year-old male patient with acute aphasia and
confusion. (a) Non-enhanced computed tomography performed
4 h after symptom onset shows early signs of ischaemia in the
left hemisphere. This is most evident in the posterior insular cor-
tex and posterior part of the temporal lobe with loss of grey-
—white differentiation (arrow). (b) Diffusion-weighted imaging
with corresponding (c) apparent diffusion coefficient map 2 days
later show the infarcted area in the posterior insular cortex and
posterior parts of the left temporal lobe.

in MCA occlusions (30%-40%) [6]. A dense MCA
sign longer than 8 mm predicts poor recanalization
after intravenous thrombolysis [7]. An important sign
of acute cerebral stroke seen in around 3% of
patients, and which is frequently overlooked, is calci-
fied cerebral embolism. The patients are at significant
risk for recurrent embolic infarcts, often experienced
within the first year after the initial stroke. The
method of choice to detect calcified cerebral embolism
is CT [8,9].

Early signs of ischaemia are often subtle on NECT,
also having a high intra- and inter-observer variabil-
ity. Additionally it can be challenging to identify early
ischaemic changes within chronic white matter hypo-
densities. The NECT signs of ischaemia during the
first 3 h of symptom onset have a sensitivity of 26%-—
60% and a specificity of 85%; the positive and nega-
tive predictive values are 96% and 27%, respectively
[10,11]. In the setting of lacunar infarcts and hypo-
dense changes in the posterior circulation, NECT has
a lower sensitivity [12].

If the area of hypodense acute ischaemic change is
larger than one-third of the MCA territory, reperfu-
sion therapy is contraindicated. Other quantification
methods, such as the Alberta Stroke Program Early
CT Score (ASPECTYS), can also be helpful in identify-
ing patients not suitable for revascularization [13].
The MCA territory in each hemisphere is then divided
into 10 regions. For each region where hypodense
acute ischaemic changes are detected, one point is
subtracted from 10. In general, patients with an
ASPECTS below 7 are less likely to benefit from
thrombolysis [13]. The posterior circulation ASPECTS
is a predictive scale for quantifying posterior acute
hypodense ischaemic changes [14].

Computed tomography angiography

In CT angiography (CTA) iodinated contrast is
administered intravenously. The scanning typically
starts from the aortic arch up to a level above the cir-
cle of Willis when the contrast medium is in the arte-
rial phase. Stenoses and occlusions can be detected
with high diagnostic accuracy in both pre-cranial and
intracranial arteries thus revealing the origin of the
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10 K. D. KURZ ET AL. ]

Figure 2 A 91-year-old male patient with acute right-sided hemi-
paresis, aphasia and reduced consciousness. (a), (b) On non-en-
hanced computed tomography performed 5 h after symptom
onset hypodense areas with loss of differentiation between grey
and white matter in large areas of the left hemisphere are visible
due to acute ischaemic stroke. Most of the left middle cerebral
artery territory is affected, including parts of the lentiform
nucleus.
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Figure 3 Time—density curve on computed tomography perfu-
sion. Time to peak (TTP) is the time to the apex of the curve.
Mean transit time (MTT) is the time from wash in to wash out
of contrast agent. The area under the curve refers to the volume
of blood (CBV) present at a given moment in a distinct brain
area. Cerebral blood flow (CBF) is calculated from the gradient
of the wash in of the time—density curve.

AIS (Fig. 3) [15]. CTA is essential in planning mechan-
ical thrombectomy; and anatomical variations, arterial
loops and angulated origins of arteries can be identi-
fied [16]. Other different therapeutic options such as
early carotid thromboendarterectomy and appropriate
medical therapy can be discussed [12,17]. The new gen-
eration of CT scanners can reconstruct a CT digital
subtraction angiography where bone and soft tissue
are subtracted, visualizing only the vasculature. In
contrast to digital subtraction angiography, CTA lacks
information about the flow of contrast from the arter-
ies via capillaries to the veins. Despite this, CTA can
provide a relevant overview of collateral flow, includ-
ing leptomeningial collaterals around the ischaemic
area. This information may be valuable in predicting
the probability of salvaging brain tissue [17-19].

If no contrast is visible in the smaller arteries sur-
rounding a large ischaemic area, there is a low proba-
bility that tissue in the penumbra zone can be rescued
[20,21]. Studies performed on newer multislice CT
scanners may lead to an overestimation of the infarct
core volume shown on CTA source image analysis
compared to diffusion-weighted imaging (DWI) on
MRI [22].

Computed tomography perfusion

CT perfusion (CTP) is a technique where the same area
of the brain is repeatedly scanned during the passage
of the contrast medium from the arteries through the
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capillaries to the veins and then into the venous sinuses
[11]. Thereby density curves can be drawn for each
pixel in the image and different colour coded paramet-
ric maps are derived from these curves (Fig. 3). A sim-
plified explanation of the different parameters is as
follows. Time to peak (TTP) shows the time to the
apex of the time—density curve. It reflects the time it
takes until the contrast bolus reaches the tissue and is
the most sensitive marker for cerebral ischaemia. In an
ischaemic area, TTP will be increased, as it takes a
longer time for the contrast medium to reach an ischae-
mic area compared to normally perfused tissue. Alter-
natively, mean transit time (MTT) or time to
maximum (7p,,x) can be calculated. MTT is the time
from wash in to wash out of the contrast medium; this
is also prolonged in an ischaemic area. Tp.. is the
flow-scaled residue function in the tissue and is pro-
longed in an ischaemic lesion. Even if this parameter is
widely used, its physiological meaning is not well
understood. It is found to reflect delay, dispersion and
to a lesser degree also MTT [23,24]. Cerebral blood
volume (CBV) refers to the volume of blood present at
a given moment in a distinct brain area and is calcu-
lated from the area under the time—density curve.
Cerebral blood flow (CBF) is the blood supply to the
brain in a given time and is derived from the gradient
of the wash in of the time—density curve (Fig. 3). The
relation between the parameters is described in the
equation MTT = CBV/CBF [24].

The goal of CTP is to assess the ratio of infarct core
(irreversibly damaged brain tissue) to penumbra, thus
identifying the ‘tissue at risk’ [25]. The penumbra is the
critically hypoperfused, infarct core adjacent tissue,
which is still viable if reperfusion is achieved. It is of
great interest to differentiate the penumbra from benign
oligoaemia. Qutside the penumbra, there is an area of
benign oligoaemia which is hypoperfused to a lesser
degree; it remains viable even if reperfusion fails [5].

There are different approaches for estimating the
penumbra on CTP. The most common one is to pre-
sume that areas with significantly low CBV represent
the ischaemic core, whereas areas with solely reduced
CBF and/or TTP are considered to show the penum-
bra. Thus the visible mismatch comparing CBV and
CBF represents roughly the penumbral area. How-
ever, other studies indicate that the most reliable pre-
dictor of infarct core is the reduction of the CBF to
30%-50% relative to the mean CBF in the contralat-
eral hemisphere (Fig. 4) [25,26].

There are ongoing debates about the necessity of
CTP in therapeutic decision making, and it is impor-
tant to understand that the penumbra in the brain is a
dynamic region, whereas perfusion maps are derived
from a scan time of 1 min [25,27]. Results from some
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studies suggest that the use of CTP in patient selection
for reperfusion therapy can potentially identify treat-
ment responders. However, these trials show diverging
results and the yalue of penumbra imaging is not vet
fully understood [27-29]. Additionally, some regions

of the brain are more resistant to permanent tissue
damage due to ischaemia: white matter is more resis-
tant to ischaemia than grey matter. Especially vulner-
able areas of the brain include the caudate body,
putamen, insular ribbon, middle frontal gyrus, precen-
tral gyrus, paracentral lobule and the subcortical
white matter [30-33]. The larger studies do not extract
perfusion maps on selected areas of the brain.

It is important to emphasize that the rule of hypo-
densities in one-third of the MCA territory as a con-
traindication for reperfusion therapy on NECT
should not be confused with the areas of change on
colour coded perfusion maps.

Magnetic resonance imaging

A dedicated MRI protocol for AIS patients should be
short and effective aiming to show acute ischaemic
areas, exclude haemorrhage, and provide an overview
of the anatomy to exclude tumours or other differen-
tial diagnoses to ischaemic stroke whilst visualizing
the intracranial arteries [13].

Diffusion-weighted imaging

A transversal diffusion-weighted series is appreciated
in the evaluation of restricted water diffusion in brain
tissue as a sign of cytotoxic oedema. DWI has a supe-
rior sensitivity in the detection of acute ischaemia
compared to CT [34,35] and shows areas of cytotoxic
cedema as soon as 3—11 min after onset of AIS [36].
It is possible to visualize very small ischaemic areas
even in the posterior fossa [13]. As the appearance of
an acute stroke is characteristic and more detailed on
MRI, MRI is superior to CT in the detection of
stroke mimics [37]. The negative predictive value in
the case of a negative initial DWI is reported to be
0.96. However, there are numerous reports of DWI-
negative strokes, especially if the initial clinical evalua-
tion is indicative of a TIA or in patients with minor
neurological deficits [38—40]. The former clinical diag-
nosis TIA is now defined as a transient episode of
neurological dysfunction caused by focal brain, spinal
cord or retinal ischaemia without signs of acute
infarction on neuroimaging [41].

In patients with cytotoxic oedema on DWI series, the
area with diffusion restriction is defined as the ischae-
mic core [5]. Yet, there are reports of DWI lesions
being reversible especially after mechanical thrombec-

© 2015 EAN


iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight


12 K. D. KURZ ET AL. ]

Figure 4 A 77-year-old female patient presenting with right-sided hemiparesis and aphasia on wakening (wake-up stroke). (a) Non-en-
hanced computed tomography performed at admission was normal. (b) Computed tomography perfusion angiography shows an
occluding thrombus in the M1 segment of the left middle cerebral artery. (¢) Computed tomography perfusion shows increased time to
peak (TTP) in the left middle cerebral artery territory sparing the basal ganglia. (d) Relative cerebral blood flow (CBF) is reduced in
the centre of this area. (e) Relative cerebral blood volume (CBV) is almost normal and indicative of salvageable tissue (‘penumbra’).

tomy [42]. These initially reversible lesions on an early
MR (performed 24-48 h after therapy) may reappear if
imaging is repeated 1-2 weeks later [43]. The higher the
apparent diffusion coefficient value is, the higher the
chance is that the lesion is reversible [44].

In the anterior circulation, a large infarct with cyto-
toxic oedema on DWI involving more than one-third
of the MCA territory, an infarct volume >100 ml or
an ASPECTS < 8 are associated with poor clinical
outcome [10,43—45]. In this patient group reperfusion
therapy is not recommended. Some authors even dis-
cuss whether the infarct volume limit defining a ther-
apy contraindication should be as low as 70 ml [46].

Haemorrhage on MRI

A T2*-weighted image or alternatively susceptibility-
weighted imaging can be used to identify intracerebral

haemorrhage and for this purpose MRI is even more
sensitive than CT [47]. It may be difficult, however, to
differentiate smaller acute haemorrhages from older
haemosiderin deposits and their presence is a much dis-
puted contraindication for thrombolysis [48]. One study
suggests that up to five haemosiderin deposits can be
ignored whilst multiple deposits (>5) are associated
with an increased risk of intracerebral haemorrhage
after the administration of thrombolytic therapy [49].

Vessel imaging

Time of flight (TOF) MR angiography (MRA) gives
information about flow in large intracranial arteries.
This technique does not require injection of contrast
medium; however, it is important to be aware that ste-
noses may be overestimated and occlusions erro-
neously diagnosed. TOF MRA can be useful in
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diagnosing proximal vessel occlusions but is not suit-
able for identification of more distal or smaller branch
occlusions [13]. The advantage of contrast enhanced
MRA over TOF MRA is that collaterals distal to an
occlusion are visualized [50].

In some cases, it is necessary to include a pre-cere-
bral MRA to evaluate occlusions, stenoses or dissec-
tions of pre-cerebral arteries; alternatively, a carotid
ultrasound may be performed. A fat suppressed T1-
weighted series is useful in identifying a hyperintense
thrombus in the vessel wall in the case of acute dissec-
tion. However, this hyperintense signal usually devel-
ops within a few days owing to the transformation of
haemoglobin to methaemoglobin and is therefore not
always visible in the hyperacute phase [S1].

Magnetic resonance perfusion imaging

In most MR perfusion protocols in AIS patients, con-
trast medium containing gadolinium is administered
intravenously. Classically, T2*-weighted perfusion is
performed, but T1-weighted perfusion is also a possi-
bility. The area with cytotoxic oedema on DWI is
usually defined as the infarct core [52]. There is no
consensus yet regarding the definition of penumbra on
perfusion imaging (PI) and a variety of different meth-
ods are described in the literature [13]: variables such
as thresholds of TTP, MTT or T,,.x are considered in
addition to the size of the area with reduced perfu-
sion. In the DEFUSE and EPITHET trials, mismatch
is defined as a 20% difference of the area between PI
and DWI [53]. As mentioned in the section on CTP,
penumbra should be clearly differentiated from benign
oligoaemia [54]. This distinction may be difficult using
imaging alone, however, and a clinical correlate is cru-
cial since penumbra is associated with neurological
deficit and benign oligaemia is not [55].

Magnetic resonance perfusion may be helpful in
identifying those patients most likely not to profit
from reperfusion therapy: in the cohort from the
DEFUSE and EPITHET trials, the patients with a
Tmax > 8 s did not benefit from reperfusion therapy.
In the same study, patients without DWI—PI mis-
match did not profit from reperfusion therapy [54]. In
the literature, evidence for the determination of
penumbra using CTP is better corroborated compared
to MR perfusion [11].

Fluid attenuated inversion recovery series

The hyperintense signal on fluid attenuated inversion
recovery (FLAIR) series, seen in AIS, is only first visi-
ble after some hours compared to the almost instanta-
neous signal changes on DWI [56]. This delay can be

[ RADIOLOGICAL IMAGING IN AIS 13

used to approximate the time of onset of symptoms in
patients where this is unknown and to assess the pres-
ence of subacute ischaemic lesions in patients with
repetitive clinical TIA. If lesions present on DWI are
not visible on FLAIR series, it is regarded as safe to
administer reperfusion therapy, as it is anticipated
that the ischaemic event occurred within the last 4.5 h
[57]. However, if small changes are visible on FLAIR
the patient may yet profit from reperfusion therapy
[58]. The method is dependent on imaging parameters
and the magnetic field strength of the MR scanner.
The abnormalities in signal are seen earlier on FLAIR
images from a 3 T scanner; thus it is recommended
that these examinations are performed with a field
strength of 1.5 T where possible [59].

The indisputable advantages of MR in AIS imaging
are the absence of radiation exposure, the additional
imaging information provided and that early stroke
changes are more easily assessed. The main disadvan-
tage is the limited availability on a 24/7 basis. Addi-
tionally, contraindications for MRI have to be ruled
out in every patient before entering the MRI room,
challenging though this might be in the hyperacute
stroke setting. As the technical development evokes, it
takes < 15 min to examine a patient with acute stroke
using MRI, and the time used is comparable to the
time used for image acquisition and analysis of a CT
scan with CTA and CTP.

Magnetic resonance imaging does not necessarily
prolong the door to needle time in the treatment of
AIS. However, CT is often more readily available and
is better incorporated into treatment routines for
patients with AIS. Thus, the use of CT is recom-
mended based on a higher level of documented evi-
dence at present [2].

Impact on imaging of recent studies on intra-arterial
thrombectomy

In February 2013 three randomized controlled studies
were published showing no benefit of intra-arterial
thrombectomy (IAT) over standard treatment with
intravenous therapy [60-62]. However, from Decem-
ber 2014 to June 2015 several studies finally demon-
strated the efficacy of TAT in patients with large vessel
occlusions (LVOs) [63-68]. These findings have major
implications on stroke organization and radiological
imaging for acute stroke patients. As IAT has now
been shown to be an effective treatment option, most
centres emphasize that the pre-cerebral and intracra-
nial vessels should be assessed in the acute phase and
that NECT alone is no_longer sufficient in the diag-
nostic workup of acute stroke patients. It is still not
clear if NECT combined with a high National Insti-
tutes of Health Stroke Scale would be sufficient to
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14 K. D. KURZ ET AL. ]

select the right patients for IAT, the goal being to
save some time. However, most neurointerventional-
ists prefer to plan the TAT based on initial CT or MR
images before starting the procedure.

Another important consequence of studies on radio-
logical imaging is the impact of penumbra imaging.
The Extending the Time for Thrombolysis in Emer-
gency  Neurological Deficits —  Intra-Arterial
(EXTEND IA) study used fully automated CTP soft-
ware to define irreversibly injured brain [64]. Ischae-
mic core was defined as tissue where the relative CBF
was < 30% of that in normal tissue. Penumbra was
defined as the surrounding tissue with a time to maxi-
mum (7,.x) delay of more than 6 s. Some sites used
MRI in the acute setting and used the DWI—PI mis-
match instead of CT stroke imaging. Inclusion criteria
were as follows: mismatch ratio > 1.2, absolute mis-
match volume > 10 ml and ischaemic core lesion vol-
ume < 70 ml. Findings on CTP led to exclusion of
25% of the patients who probably would have been
enrolled to IAT based on NECT and CTA alone. The
selection criteria in this study led to good results in
the TAT group where 71% reached functional inde-
pendence compared to 40% in the control group
(P =0.01). There are still many questions to be
answered regarding patient selection for IAT with
radiological imaging remaining the cornerstone of the
selection criteria in combination with clinical findings.

Another implication of the positive TAT trials
addresses the organization of stroke treatment:
patients with LVO must have access to IAT. This
may imply centralization of stroke treatment or fast
transport to a stroke centre offering IAT after initia-
tion of intravenous thrombolysis in the case of LVO
(drip and ship) [69].

Imaging of patients with transient ischaemic attack

As already mentioned, the former clinical diagnosis
TIA is now defined as a transient episode of neurolog-
ical dysfunction caused by focal brain, spinal cord or
retinal ischaemia without signs of acute infarction on
neuroimaging [41]. In this patient group it is particu-
larly important to perform a thorough and rapid neu-
roradiological, neurological and cardiac workup. The
most sensitive and specific method for this patient
group to exclude signs of acute infarction is MRI
including DWI [70,71].

Acute ischaemic stroke beyond 4.5 h and wake-up
strokes

Under current guidelines, the restricted time window
for thrombolytic therapy after symptom onset
(> 4.5 h) is a challenging limitation: as many as 20%-—

25% of stroke patients wake from sleep with AIS [72].
A substantial number of acute stroke patients are
admitted to hospital with unknown onset of stroke
symptoms. It is also known that some patients arriv-
ing at hospital beyond the 4.5 h time window can still
profit from thrombolytic treatment as the infarct core

is relatively small, surrounded by a larger penumbra.
A subgroup analysis of the EPITHET trial revealed

that reperfusion and thrombolytic therapy between
4.5-6 h reduced infarct size and improved functional
outcome [73]. The recent Cochrane analysis confirms
that throm

to 6 h after stroke onset, although the_greatest benefit
is seen if therapy is initiated within the first 3 h [74].
The DWI-FLAIR mismatch was initially used to
identify patients with symptom onset < 3 h, but was
later proved to be useful up to 4.5h [57,75]. In
patients arriving between 4.5 and 6 h after stroke
onset it is a matter of discussion whether PI can select
patients suitable for reperfusion therapy; suggested
criteria are patients with infarct core less than a third
of the MCA territory and MTT—CBV mismatch
> 20% (Fig. 4) [76].

Conclusion

The goal of imaging in AIS patients should be to
ensure the optimal treatment for each patient in the
shortest time possible. As door to needle time is cru-
cial, it is recommended that each stroke centre uses
the imaging methods readily available, thus leading to
the quickest, most reliable diagnosis. Both CT and
MRI have a high specificity in AIS imaging. Indepen-
dent of the imaging modality, current guidelines
strongly recommend that an evaluation of the arteries
also should be performed. In case of pre-cranial or
intracranial stenoses or occlusions, the different thera-
peutic options such as thrombectomy or early carotid
thromboendarterectomy should be discussed and
appropriate medical therapy initiated [13,63-68].
Although PI shows promising results in identifying
patients not eligible for thrombolytic therapy, it
remains controversial whether PI can be used to pre-
dict if a patient will profit from reperfusion therapy
or not [62,64]. As fast, precise and reliable radiologi-
cal imaging and interpretation is crucial for important
therapeutic decisions and outcome of patients with
AIS, the neuroradiology department has to be tailored
to provide this function on a 24/7 basis.
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