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Abstract
Purpose of Review Multimodal CT imaging (non-contrast CT, NCCT; CT angiography, CTA; and CT Perfusion, CTP) is central
to acute ischemic stroke diagnosis and treatment. We reviewed the purpose and interpretation of each component of multimodal
CT, as well as the evidence for use in routine care.
Recent Findings Acute stroke thrombolysis can be administered immediately following NCCT in acute ischemic stroke patients
assessed within 4.5 h of symptom onset. Definitive identification of a large vessel occlusion (LVO) requires vascular imaging,
which is easily achieved with CTA. This is critical, as the standard of care for LVO within 6 h of onset is now endovascular
thrombectomy (EVT). CTA source images can also be used to estimate the efficacy of collateral flow in LVO patients. The final
component (CTP) permits a more accurate assessment of the extent of the ischemic penumbra. Complete multimodal CT,
including objective penumbral measurement with CTP, has been used to extend the EVT window to 24 h. There is also
randomized controlled trial evidence for extension of the IV thrombolysis window to 9 h with multimodal CT. Although there
have been attempts to assess for responders to reperfusion strategies beyond 6 h (“late window”) using collateral grades, the only
evidence for treatment of this group of patients is based on selection using multimodal CT including CTP. The development of
fully automated software providing quantitative ischemic penumbral and core volumes has facilitated the adoption of CTP and
complete multimodal CT into routine clinical use.
Summary Multimodal CT is a powerful imaging algorithm that is central to current ischemic stroke patient care.
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Introduction

Multimodal CT in the context of acute stroke assessment re-
fers to the combination of a non-contrast CT (NCCT) scan of
the brain, a CT angiogram of the extracranial and intracranial
neck vessels, and a CT perfusion scan of the entire brain. Each
of the three components of multimodal CT provide unique
diagnostic and prognostic information relevant to the manage-
ment of acute ischemic stroke patients.

Parenchymal Imaging: Non-contrast CT

NCCT imaging of the brain parenchyma is fundamental to the
selection of patients for all acute stroke therapies. In addition
to ruling out intracranial hemorrhage, NCCT can also be used
to estimate the extent of early ischemic injury. Early NCCT
signs of ischemia include sulcal effacement and decreased x-
ray attenuation resulting in loss of gray-white matter differen-
tiation. Isolated sulcal effacement reflects venous dilation and
elevated cerebral blood volume, which is not always associat-
ed with irreversible injury [1]. In contrast, the loss of gray-
white matter tissue differentiation indicates cytotoxic edema
that results from a failure of ATP-dependent processes within
neurons/glia and subsequent cell death. This ultimately results
in fluid shifts from the intravascular compartment into the
brain parenchyma, reducing tissue density and therefore x-
ray attenuation [2, 3]. The rate of this process is highly vari-
able, but always lags behind the changes seen on diffusion-
weighted MRI [4, 5]. Nonetheless, NCCT remains the stan-
dard initial diagnostic investigation in most stroke centers
worldwide due to ease of access and shorter acquisition time.
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Assessment of early ischemic changes is highly subjective
and inter-rater agreement is often poor. Semi-quantitative rat-
ing scales such as the Alberta Stroke Program Early CT Score
(ASPECTS) can be used to standardize assessments [6]. The
ASPECT score is a negative scale, in which one point is re-
moved for evidence of ischemic change in any of ten different
areas supplied by the middle cerebral artery (six cortical re-
gions without distinct borders, labeled M1–M6, insula, cau-
date, internal capsule, and lentiform nucleus). The ASPECT
regions are described on slices at the basal ganglionic and
immediate supraganglionic level, which has led to criticism
that this only includes approximately 50% of the MCA terri-
tory [7]. The ASPECT score is in fact intended to reflect is-
chemic changes inferior and superior to these two levels, i.e.,
the entire MCA territory [8]. Although the ASPECTscore can
be used to quantify the degree of early infarction, scores vary
with experience [9]. Any ischemic change within individual
ASPECT regions should result in a decrease of 1 point, but
this approach is not universally applied, particularly when
only a portion of the region is affected. These differences in
interpretation of ASPECTscoring rules likely contribute to the
relatively poor inter-rater reliability in some studies [10, 11].
Nonetheless, in experienced hands, inter-reliability of
ASPECT scoring has been shown to be reasonable and pre-
dictive of outcome, as well as response to therapy [8, 9].

Vessel Imaging: CT Angiography

CT angiography (CTA) is a bolus contrast tracking technique
that can be used to visualize the macrovasculature from the
aortic arch to the cranial vertex within 15 s [12]. Spatial reso-
lution is excellent and in fact superior to most clinical mag-
netic resonance angiography sequences.

Extracranial Vascular Imaging

Extracranial CTA provides important stroke etiological
information, including potential proximal embolic
sources such as atheromatous lesions, arterial dissection,
aneurysms, and thrombi anywhere from the aortic arch
to the base of the skull. It has become the de facto
standard of care for imaging the carotid bifurcation, as
it allows visualization of extracranial atherosclerotic
plaques, demonstrated as luminal irregularity/filling de-
fects, stenosis, or occlusion [13, 14]. Two-dimensional
maximum intensity projection (MIP) and three-
dimensional multiplanar reconstructed images provide
high-resolution angiographic images of the vascular tree
that can be useful in determining the need for surgical
intervention for carotid disease [12].

Intracranial Vascular Imaging

CTA can be performed immediately following a NCCT and
adds minimal time to imaging procedures, permitting efficient
imaging of the cerebral vasculature. Identification of an intra-
cranial arterial occlusion on CTA, in the presence of acute focal
neurological deficits, generally confirms the diagnosis of acute
ischemic stroke. This is a significant improvement over NCCT,
as early ischemic changes are not always present, making a
normal scan non-diagnostic. Identification of a large vessel
occlusion (LVO) is particularly important, given the dramatic
treatment effect of endovascular thrombectomy (EVT) in this
patient population [15••]. The absence of an occlusion on CTA,
however, does not exclude the possibility of an ischemic stroke,
as up to 39% of cases are not associated with CTA visible
occlusions [16, 17]. These may be related to small vessel dis-
ease at the arteriolar level, i.e., lacunar infarcts, or distal occlu-
sions that are below the resolution of CTA [18, 19].

The extent of collateral cerebral blood flow can also be in-
ferred from CT angiographic images. Opacification of smaller
vessels distal to but in the territory of the affected artery can often
be seen in LVO cases. Although sometimes incorrectly referred
to as “collateral vessels,” these are in fact smaller branches of the
affected cerebral artery, which are being filled by leptomeningeal
anastomoses, or pial collateral vessels, which are themselves
below the resolution of the CTA [20–23]. The exception to this
is collateral flow at the level of the Circle of Willis in the case of
distal internal carotid artery occlusions, which are readily visible
on CTA. Pial collateral vessels may be anastomotic channels
between the smallest branches of adjacent cerebral arteries, i.e.,
the anterior and middle cerebral artery. They may also represent
anastomotic connections between terminal branches of the ex-
tracranial and intracranial circulation, i.e., ophthalmic andmiddle
cerebral artery. [23] Collateral flowmaintains tissue viability and
is the physiological basis for the ischemic penumbra. The pres-
ence of collateral flow on CTA is predictive of outcome and
response to reperfusion therapy [24, 25]. Regions where blood
vessels do not opacify on CTA source images are severely
hypoperfused and generally go on to infarct irrespective of treat-
ment. These regions can, therefore, be used to approximate the
ischemic core. Delayed filling of vessels occurs in regions that
are viable and potentially salvageable (the ischemic penumbra).
Assessment of the extent of delay is made difficult by the fact
that conventional CTA images are acquired by simultaneous
tracking of the contrast bolus temporally and spatially (in an
inferior to superior direction). This provides a “snapshot” of
vessel filling at one time point, rather than a complete assessment
of the dynamic process.

Collateral Grading

The extent of collateral vessel filling on CTA can be assessed
qualitatively, i.e., “good” or “poor.” As with all subjective
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assessments, inter-rater variability is significant and varies
with experience [26]. A number of rating systems have been
developed in an effort to standardize CTA assessment of col-
lateral flow and improve the selection of patients for treatment
(Table 1). Rating or scoring is based on the presence of vessel
contrast opacification within the affected cerebral arterial ter-
ritory [24, 27, 29, 33, 37]. Regional rating of collateral flow,
based on an adaption of the ASPECT score, has also been
proposed [31].

Multiphase CTA

In conventional CTA, an optimal intravenous contrast bolus
profile consists of a rapid rise, plateau of peak enhancement,
followed by a rapid fall. Scan acquisition is triggered by con-
trast bolus-arrival in the aortic arch, which is designed to cap-
ture images at the peak arterial enhancement phase [38].
Multiphase CT angiography (mCTA) was developed in an
attempt to obtain temporal information by tracking the bolus
beyond the peak arterial phase [39]. By repeating the CT ac-
quisition in 1 mm slice increments following a delay of 7–8 s
and another 7–8 s, images of the vasculature in the late arterial
and venous phases can be obtained (Fig. 1). [35]

mCTA in theory assists in the differentiation of the ischemic
core and penumbra. In the peak arterial phase, all hypoperfused
territory will demonstrate lack of vessel opacification. Regions
in which perfusion is delayed due to supply via collateral ves-
sels will demonstrate vessel opacification in the later phases
only. Thus, collateral flow can bemore accurately demonstrated
with mCTA. Collateral grade scoring systems have become
increasingly complex [35, 36]. The most recent iteration has
gone beyond grading of simple opacification of vessels to in-
clude regional delay of filling between phases, the extent of
filling, and the delay of contrast washout in the late phases.
Interestingly, the investigation of regional grading indicates that
delayed washout in the late CTA phase is associated with poor
outcome, which contrasts with other rating systems where
persisting vessel opacification is considered to be consistent
with a good collateral flow pattern (Fig. 1) [36]. These variables
have been hypothesized to correspond to changes in local per-
fusion pressure and provide information that is similar to that
obtained with CT perfusion (CTP) [34–36, 40]. There are lim-
ited data supporting the use of multiphase CTA as a selection
tool for reperfusion therapies. In the ESCAPE trial, 195/314
(62%) of patients were assessed with mCTA. In all other reper-
fusion therapy trials, single-phase CTA was used to guide pa-
tient selection. Comparative studies also suggest that mCTA
may not appreciably change outcome or treatment selection
over conventional CTA [41, 42]. Themost significant limitation
of mCTA, however, is that it allows assessment only of the
macrovascular vessels. In order to demonstrate changes at the
tissue level, an assessment of the microcirculation is required.

CT Perfusion

CTP imaging is a kinetic tracer technique similar to CTA.Unlike
the latter, however, CTP also tracks the bolus of contrast over
time [1, 43–52]. The change in signal intensity resulting from
contrast arrival in the tissue, measured in Hounsfield units, is
proportional to the concentration of contrast at each time point,
allowing time-density curves to be generated for each voxel
(Fig. 1). Perfusion parameters can then be derived from the
tissue-time density curve, based on the central volume principle,
and used to generatemaps of regional (r) CBV, CBF, and time to
peak (TTP). CBF is proportional to the amplitude of the curve
and CBV to the area under the curve [53, 54]. As these mea-
surements are made on a voxel-wise level and are sensitive to
relatively small changes in the tissue signal, which provides an
assessment of the microcirculation. This makes it possible to
demonstrate focal ischemia below the resolution visualized with
CTA. This is particularly important in cases of non-large vessel
occlusion [55–58].

Errors inherent in the acquisition due to delay and disper-
sion of the intravenous bolus are corrected for mathematically,
most often using a deconvolution algorithm and a known ar-
terial time-density curve (the arterial input function).
Depending on the algorithm used, different time domain
maps, such as Tmax or delay time (DT), can also be produced.
These are essentially corrected TTP maps. In order to obtain
quantitative CBF and CBV values, it is necessary to scale
images to a region where CBV is known, i.e., an intravascular
space—generally a venous sinus (the venous output function).
Mean transit time (MTT) maps can also be calculated as the
ratio of CBV/CBF after correction.

CTP maps qualitatively demonstrate the tissue at risk for
infarction as well as the extent of the ischemic core (Fig. 1).
Areas where CBF and CBV are very low are seen in non-
viable/non-salvageable tissue and correspond to the core.
Regions where flow is lower than contralateral homologous
regions, but not part of the core, are defined as penumbral [1,
45–51]. Penumbral tissue is sometimes described as areas of
“mismatch,” where TTP/Tmax/DT are prolonged, but CBF
and CBVare partially maintained.

Given the necessity for speed in treating ischemic stroke
patients, qualitative and semi-quantitative assessments were
utilized in earlier perfusion based selection studies [59–61].
The fact that thresholds for ischemic infarction are time-
dependent has also made defining the ischemic core and pen-
umbra based on perfusion measurements challenging [62].
Over the last decade, considerable progress has been made
in this area. An increasingly accepted definition of an ische-
mic penumbral pattern is a volume of hypoperfused tissue >
15 ml and an infarct core volume < 70 ml. Significantly
hypoperfused tissue volume is defined as that with Tmax >
6 s or delay time > 3 s. Infarct core is defined by using a
“double threshold” of Tmax > 6 s (or delay time > 3 s) and a

Curr Neurol Neurosci Rep (2019) 19: 63 Page 3 of 13 63



Ta
bl
e
1

C
T
an
gi
og
ra
ph
ic
co
lla
te
ra
lg

ra
di
ng

sy
st
em

s
fo
r
ac
ut
e
is
ch
em

ic
st
ro
ke

K
im

[2
7]

a
A
S
IT
N
[2
8]

M
ite
ff
[2
4]

M
aa
s
[2
9]

L
im

a
[3
0]

M
en
on

(A
SP

E
C
T
S)

[3
1]

b

G
ra
de

0
•
A
bs
en
ce

of
ca
pi
lla
ry

bl
us
h
in

is
ch
em

ic
si
te

G
ra
de

0
•
N
o
vi
si
bl
e
co
lla
te
ra
l

Po
or

•
S
up
er
fi
ci
al
di
st
al

ve
ss
el
fi
lli
ng

G
ra
de

1
•
A
bs
en
tc
ol
la
te
ra
ls

G
ra
de

1
•
L
es
s
th
an

co
nt
ra
la
te
ra
ls
id
e

Po
or

•
Sc
or
e
of

≤
10

G
ra
de

1
•
C
ol
la
te
ra
ls
to

th
e

pe
ri
ph
er
y
of

is
ch
em

ic
si
te

G
ra
de

1
•
Sl
ow

co
lla
te
ra
ls
to

th
e

pe
ri
ph
er
y
of

th
e

is
ch
em

ic
si
te

M
od
er
at
e

•
V
es
se
ls
se
en

at
th
e

S
yl
vi
an

fi
ss
ur
e

G
ra
de

2
•
L
es
s
th
an

co
nt
ra
la
te
ra
ls
id
e

G
ra
de

2
•
E
qu
al
to

co
nt
ra
la
te
ra
ls
id
e

In
te
rm

ed
ia
te

•
Sc
or
e
of

11
–1
6

G
ra
de

2
•
C
om

pl
et
e
ir
ri
ga
tio

n
of

is
ch
em

ic
si
te
vi
a

co
lla
te
ra
ls

G
ra
de

2
•
R
ap
id

co
lla
te
ra
ls
to

th
e

pe
ri
ph
er
y
of

is
ch
em

ic
si
te
an
d
a
po
rt
io
n
of

th
e
is
ch
em

ic
te
rr
ito

ry

G
oo
d

•
V
es
se
lf
ill
in
g
in

en
tir
e
M
C
A
di
st
al

to
th
e
oc
cl
us
io
n

G
ra
de

3
•
E
qu
al
to

co
nt
ra
la
te
ra
ls
id
e

G
ra
de

3
•
G
re
at
er

th
an

co
nt
ra
la
te
ra
ls
id
e

G
oo
d

•
Sc
or
e
of

17
–2
0

G
ra
de

3
•
N
or
m
al
,a
nt
er
og
ra
de

fl
ow

G
ra
de

3
•
Sl
ow

bu
tc
om

pl
et
e

bl
oo
d
fl
ow

to
th
e

is
ch
em

ic
si
te

G
ra
de

4
•
G
re
at
er

th
an

co
nt
ra
la
te
ra
ls
id
e

G
ra
de

4
•
R
ap
id

co
m
pl
et
e
bl
oo
d

fl
ow

to
th
e
en
tir
e
is
ch
em

ic
te
rr
ito

ry
by

re
tr
og
ra
de

pe
rf
us
io
n

G
ra
de

5
•
E
xu
be
ra
nt

Ta
n
[3
2]

Y
eo

[3
3]

D
em

ch
uk

(E
SC

A
PE

)
[3
4]

M
en
on

(C
TA

)
[3
5]

M
en
on

(m
C
TA

)
[3
5]

D
’e
st
er
re

[3
6]

c

A
bs
en
t

•
A
bs
en
tc
ol
la
te
ra
l

su
pp
ly

to
th
e
oc
cl
ud
ed

M
C
A
te
rr
ito

ry

A
bs
en
t/P

oo
r

•
C
ol
la
te
ra
ls
up
pl
y
fi
lli
ng

<
50
%

of
is
ch
em

ic
si
te

A
bs
en
t/P

oo
r

•
C
ol
la
te
ra
ls
up
pl
y

fi
lli
ng

<
50
%

of
th
e

oc
cl
ud
ed

M
C
A
te
rr
ito

ry

G
ra
de

0—
Po

or
•
N
o
vi
si
bl
e
ve
ss
el
s

in
is
ch
em

ic
te
rr
ito

ry

G
ra
de

0—
Po

or
•
N
o
vi
si
bl
e
ve
ss
el
s

in
is
ch
em

ic
te
rr
ito

ry

Po
or

1.
N
o
w
as
ho
ut

2.
2
ph
as
e
de
la
y
of

pe
ak

3.
0–
50
%

co
lla
te
ra
lf
ill
in
g

Po
or

•
C
ol
la
te
ra
ls
up
pl
y

fi
lli
ng

≤
50
%

bu
t>

0%
of

th
e
oc
cl
ud
ed

M
C
A

te
rr
ito

ry

M
od
er
at
e/
G
oo
d

•
C
ol
la
te
ra
ls
up
pl
y
fi
lli
ng

≥
50
%

of
is
ch
em

ic
si
te

M
od
er
at
e

•
C
ol
la
te
ra
ls
up
pl
y
fi
lli
ng

≥
50
%

bu
t<

10
0%

of
th
e
oc
cl
ud
ed

M
C
A

te
rr
ito

ry

G
ra
de

1—
Po

or
•
F
ew

ve
ss
el
s
vi
si
bl
e

in
th
e
oc
cl
ud
ed

va
sc
ul
ar

te
rr
ito

ry

G
ra
de

1—
Po

or
•
Fe
w
ve
ss
el
s
vi
si
bl
e

in
th
e
oc
cl
ud
ed

va
sc
ul
ar

te
rr
ito

ry
in

an
y
ph
as
e

M
od
er
at
e

1.
D
el
ay
ed
/in

co
m
pl
et
e
w
as
ho
ut

2.
1
ph
as
e
de
la
y
of

pe
ak

3.
50
–9
9%

co
lla
te
ra
lf
ill
in
g

M
od
er
at
e

•
C
ol
la
te
ra
ls
up
pl
y
fi
lli
ng

>
50
%

bu
t<

10
0%

of
th
e
oc
cl
ud
ed

M
C
A

te
rr
ito

ry

G
oo
d

•
10
0%

co
lla
te
ra
ls
up
pl
y

of
th
e
oc
cl
ud
ed

M
C
A

te
rr
ito

ry

G
ra
de

2—
M
od
er
at
e

•
D
ec
re
as
ed

pr
om

in
en
ce

an
d
ex
te
nt

an
d
re
gi
on
s

w
ith

no
ve
ss
el
s
in

th
e

is
ch
em

ic
te
rr
ito

ry
of

th
e

af
fe
ct
ed

he
m
is
ph
er
e

G
ra
de

2—
M
od
er
at
e

•
2
ph
as
e
de
la
y
w
ith

de
cr
ea
se

in
ex
te
nt

an
d
pr
om

in
en
ce

O
R

•
1
ph
as
e
de
la
y
w
ith

re
gi
on
s
la
ck
in
g
an
y

ve
ss
el
s

G
oo
d

1.
C
om

pl
et
e
w
as
ho
ut

2.
N
o
Ph

as
e
de
la
y
of

pe
ak

3.
N
or
m
al
co
lla
te
ra
lf
ill
in
g

G
oo
d

•
10
0%

co
lla
te
ra
ls
up
pl
y

of
th
e
oc
cl
ud
ed

M
C
A

te
rr
ito

ry

G
ra
de

3—
M
od
er
at
e

•
m
od
er
at
el
y
re
du
ce
d

pr
om

in
en
ce

an
d
ex
te
nt

of
pi
al
ve
ss
el
s
in

th
e

is
ch
em

ic
te
rr
ito

ry

G
ra
de

3—
M
od
er
at
e

•
2
ph
as
e
de
la
y
O
R

•
1
ph
as
e
de
la
y
w
ith

si
gn
if
ic
an
tly

re
du
ce
d

nu
m
be
r
of

ve
ss
el
s

fi
lli
ng

G
ra
de

4—
G
oo
d

G
ra
de

4—
G
oo
d

63 Page 4 of 13 Curr Neurol Neurosci Rep (2019) 19: 63



relative (to the contralateral hemisphere) CBF of < 30% [63,
64]. These definitions of core and penumbra have been vali-
dated and demonstrated to predict outcomes as well as the
response to thrombolytic therapy in a large international reg-
istry [65]. A penumbral pattern has also been found to be
predictive of a good response to treatment in a post-hoc anal-
ysis of patients included in an EVT trial [66•].

In addition to the pathophysiological challenges of defining
the penumbra described above, the complex and time-consuming
nature of post-processing has hampered efforts to bring perfusion
imaging into the clinical mainstream. In the past, penumbral pat-
terns were identified subjectively as areas of “mismatch,” where
Tmax (or delay time) was prolonged, but CBF and CBV were
partially maintained. Quantitative penumbral and core volumes
could be measured “offline,” using manual thresholding and pla-
nimetric techniques, but not in real time. Physicians unfamiliar
with the various CTP maps were reluctant to make rapid clinical
decisions based on a complex array of imaging information.
Early attempts at simplifying the approach to CTP assessment
by applying the ASPECTscoring system to perfusionmaps were
not adopted widely [59]. More recently, these problems have
been resolved with the development of third-party software plat-
forms capable of automating the deconvolution, calibration,
thresholding, and volume measurement processes [67, 68]. This
results in an operator-independent measurement of the total at
risk, penumbral, and ischemic core volumes. The clinician is
presented with a very straightforward risk map, which is a visual
representation of the ischemic core and penumbra. Risk maps
remove the complexities of interpreting multiple CTP parameter
maps simultaneously, which can be challenging for non-experts.
In addition to the prognostic information important to treatment
selection, CTP is often diagnostic in the acute setting, particularly
when a proximal LVO is not present [55–58].

Although the iodinated contrast media can be associated
with acute kidney injury (contrast induced nephropathy;
CIN), the risk does not appear to be significantly increased
using multimodal CT protocols [69]. There is no evidence that
CIN occurs in patients with estimated glomerular filatration
rates > 30 ml/min. Although the risk of further injury in pa-
tients with known baseline renal dysfunction must be weighed
against the benefits of a definitive diagnosis that can be treated
in individual patients, routine screening is not recommended
prior to multimodal CT in acute stroke patients [70].

Multimodal CT in Reperfusion Trials

Patients with a large ischemic penumbra and small infarct core
are the ideal candidates for acute treatment, irrespective of
time from onset [71]. Over time, stroke treatment trials have
evolved from utilizing simple parenchymal imaging alone to
full multimodal CT for assessment of patient eligibility
(Table 2). The original thrombolysis studies did not utilizeT
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penumbral imaging to select patients for treatment. A non-
contrast CT was used largely to exclude patients presenting
with ICH or extensive early infarction [72–74]. Despite the
absence of advanced imaging, the pivotal NINDS trials
showed a strong benefit for alteplase treatment initiated within
3 h of stroke onset [72]. This non-selective approach was later
shown to be effective up to 4.5 h after onset, although with an
increased number needed to treat in the 3–4.5 h window [79].
This likely reflects the fact that most patients within this early
time window have penumbral patterns. The proportion of pa-
tients with penumbral patterns decreases rapidly over time, but
symptom duration is an imperfect surrogate for the presence
and extent of the ischemic penumbra. Recent CTP studies
have demonstrated that many patients do not have penumbral
tissue even when imaged within 3 h [59, 60, 93••, 95]. These
same studies have shown that many patients have significant
penumbral tissue persisting well beyond 3 h after stroke onset.

All of the successful EVT trials have been completed using
CTA to demonstrate an LVO. This approachwas highly success-
ful within 6 h of onset. This time window was studied almost
exclusively in the five pivotal EVT trials, which included 1287
patients [34, 83–86]. Only 78 patients were randomized more

than 6 h after onset in 2 of the trials [34, 84]. The majority of
patients enrolled in the pivotal EVT trials were randomized and
treated on the basis of this truncated form of multimodal imag-
ing, which required demonstration of an LVO and an absence of
extensive early infarct changes on NCCT. One of the trials
(ESCAPE) also required a moderate-good collateral grade [34].
The only LVO treatment trial that required a completemultimod-
al assessment was the EXTEND-IA trial [85]. Eligible patients
all had evidence of an ischemic penumbral pattern on CTP, in
addition to an LVO, prior to randomization, i.e., a “dual target.”
Despite the fact that EXTEND-IA was the smallest of the five
trials assessing EVTwithin 6 h of onset, the treatment effect was
the largest (31% absolute increased rate of functional indepen-
dence over alteplase alone). This may reflect the improved se-
lection of patient responders, on the basis of penumbral patterns.
Although not required, CTP was in fact obtained in many pa-
tients included in the other four HERMES trials. Post-hoc anal-
ysis of the Endovascular Treatment for Small Core and Proximal
Occlusion Ischemic Stroke (ESCAPE) trial (138 of 316 patients
underwent CTP) suggested that most patients had a penumbral
pattern (90.6%) [66•]. Non-penumbral patterns were associated
with a poorer outcome, although a response to EVTcould not be

Fig. 1 Multimodal CTobtained in a 74-year-old male at 7.5 h after stroke
onset. The NCCT shows no evidence of parenchymal early ischemic
change (Alberta Stroke Program Early CT Score, ASPECTS = 10).
Occlusion of the M1 segment of the left middle-cerebral artery (MCA)
is demonstrated on the CTAngiogram (CTA). Multiphase CTA obtained
from CTP source images suggests good collateral flow, although delayed
late phase washout has been associated with poor outcome (see text). CT
perfusion (CTP) images were post-processed using both the MIStar and
RAPID software. Both programs utilize a double threshold approach to

ischemic core definition, based on a relative cerebral blood flow (rCBF)
of < 30%, within an area at risk defined by contrast delay. The larger
penumbral volume reported with RAPID (108–11 = 97 ml) than MIStar
is related to differences in deconvolution algorithms and the time domain
parameter utilized to define tissue at risk (delay time (DT) = 74.0 ml
(MISTAR) cf. Tmax = 108 ml (RAPID)). Successful recanalization
(thrombolysis in cerebral infarction; TICI grade 3) was associated with
a 24 h infarct volume and topography comparable to the ischemic core
predicted by both RAPID and MIStar
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ruled out, given the small number of patients. Another post-hoc
analysis of seven major endovascular trials (MR CLEAN,
EXTEND-IA, ESCAPE, SWIFT PRIME, REVASCAT,
PISTE, and THRACE—acronyms defined in Table 2) included
591 of 1764 patients who underwent CTP prior to randomization
to EVT/standard therapy [95]. Although this analysis suggested
some treatment benefit, even in patients with large cores, the
odds of independent recovery decreased by 23% with every
10 ml increase in the core volume measured with CTP even in
patients successfully treated with EVT [95]. Within 6 h of onset
therefore, CTP identification of large cores may help temper
expectations of the response to EVT.

In patients presenting more than 6 h after onset, the only
available evidence for treatment with EVT is based on a com-
plete multimodal assessment including CTP. The diffusion-
weighted imaging (DWI) or Computerized Tomography
Perfusion (CTP) Assessment With Clinical Mismatch in the
Triage of Wake Up and Late Presenting Strokes Undergoing
Neurointervention (DAWN) trial randomized patients with
acute ischemic stroke, CTA evidence of an LVO and salvage-
able brain 6–24 h after symptom onset (Table 2). The
Endovascular Therapy Following Imaging Evaluation for
Ischemic Stroke 3 (DEFUSE 3) trial included patients be-
tween 6 and 16 h after onset with CTA evidence of an LVO
and a CTP penumbral pattern. In both the DAWN and
DEFUSE trials, an objective measurement of ischemic core
volume based on pre-defined thresholds and an automated
post-processing algorithm were used (Table 2) [92••, 93••].

Multimodal imaging including CTP-based penumbral
measurements has also been used to extend the treatment win-
dow for thrombolysis up to 9 h. The Extending the Time for
Thrombolysis in Emergency Neurological Deficits
(EXTEND) trial randomized patients with ischemic stroke
between 4.5 and 9 h of the last known well time (65% were
wake up). Patients were randomized to alteplase or placebo.
Alteplase significantly improved the odds of a good functional
outcome in this relatively late time window [94••]. In addition,
a meta-analysis of 414 patients from the EXTEND, the
European Cooperative Acute Stroke Study 4 (ECASS 4),
and the Echolplanar Imaging Thrombolysis Evaluation Trial
(EPITHET) trials (both of which utilized MRI to identify vi-
sually estimated penumbral patterns) indicated that alteplase
in the 4.5–9 h window was associated with an absolute in-
crease in the rate of excellent functional outcome (mRS 0–1 at
90 days) of 10% (36% versus 26% of patients with objective
penumbral patterns, p = 0.012) [96, 97, 98••].

Evidence Gaps and Ongoing Trials

It is unknown if thrombolysis candidates can also be select-
ed on the basis of penumbral imaging in the very late time
window (9–24 h after onset). It is biologically plausible that

these patients will respond to lytic reperfusion therapy as
well. Certainly, the evidence from the EXTEND, ECASS-
4, and EPITHET trials suggests that patients with penumbral
patterns do respond to thrombolytic therapy up to 9 h after
onset, although it remains to be seen if this will change
practice guidelines [98••]. The ongoing Prospective,
Double-blind, Randomized, Placebo-controlled Trial of
Thrombolysis in Imaging-eligible, Late-window Patients to
Assess the Efficacy and Safety of Tenecteplase (TIMELESS
ClinicalTrials.gov number, NCT03785678) trial is testing
the hypothesis that patients presenting 4.5–24 h after onset
with a penumbral pattern will benefit from thrombolysis
with the novel agent tenecteplase. Unlike the EXTEND
trial, patients are eligible for EVT following randomization
to tenecteplase or placebo. All patients are screened with full
multimodal CT and must have a dual target of vessel
occlusion on CTA and objective penumbral on CTP
(Table 2). Another ongoing trial, the Tenecteplase versus
Alteplase for Stroke Thrombolysis Evaluation (TASTE
anzctr.org number, ACTRN12613000243718) Trial, is
testing the hypothesis that tenecteplase is superior to
alteplase within 4.5 h is also using CTP defined penumbral
imaging to select patients.

Multimodal CT in Clinical Care: Current
Practice Patterns

Current guidelines recommend treatment of all patients with
ischemic stroke symptoms and disabling deficits who present
within 4.5 h of onset be treated with intravenous alteplase
without delay immediately after NCCT, provided no blood
or extensive early ischemic changes are identified [13].
Identification of an LVO requires a CTA, which has resulted
in the common practice of administering a bolus of alteplase
immediately after the NCCT head is obtained and while the
patient remains on the CT table. This ensures rapid treatment
while allowing the assessment process to continue. It is criti-
cal, however, that the infusion begins immediately after the
tPA bolus, in order to avoid a drop to pre-bolus lytic activity
levels [99].

Once the tPA infusion is running, a CTA can be obtained.
In many centers, the assessment may stop here and the deci-
sion on whether to proceed to EVT is based entirely on the
appearance of the NCCTand the CTA. This practice pattern is
certainly supported by the available evidence in patients pre-
senting within 6 h of onset. All evidence for selection of pa-
tients for EVT between 6 and 24 h after onset is based on
complete multimodal imaging including CTP. Although it
has been advocated that patients presenting in the “late win-
dow” (6–24 h after onset) can be selected for EVTon the basis
of NCCT and CTA alone, this approach is an unproven ex-
trapolation of available evidence [100]. Current guidelines do
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not support this approach and clearly state a complete multi-
modal CT including CTP is required to assess EVTcandidates
in this late treatment window [13, 70, 101, 102].

The evidence for treatment response based on differ-
ential methods of imaging assessment depending on the
time from symptom onset has led to variable practice
patterns. In some centers, the choice of imaging is
based on time to presentation, where CTP is reserved
for late-presenting patients only. In primary stroke cen-
ters, the assessment may be limited to NCCT only, with
multimodal imaging completed only after transfer to
comprehensive referral centers. Increasingly, referral is
based on the presence of LVO identified after CTA at
the primary center. In other centers, a more universal
approach to stroke assessment, with immediate multi-
modal imaging in all cases of suspected stroke.
Although this does increase the total time required to
assess patients, it also provides an immediate assess-
ment of the state of both the intracranial and extracra-
nial vasculature, as well as the cerebral tissue at the
microvascular level. Furthermore, the EXTEND results
suggest additional treatment responders to alteplase can
be identified using CTP up to 9 h after onset. Although
treatment guidelines have not yet changed, this evidence
further supports the use of full multimodal CT imaging
assessment of all stroke patients. Aside from the selec-
tion of patients for treatment, CTP is a highly sensitive
diagnostic tool, second only to diffusion-weighted MRI.
One practical issue is that objective ischemic core and
penumbra volume measurements are currently available
only with relatively expensive third-party software,
which may be an issue particularly in low–middle-in-
come countries. This can lead to use of the more sub-
jective hardware vendor supplied maps, with subsequent
errors in patient selection. In time, however, it is likely
that vendor-provided software will also improve and in-
clude objective volume measurements.

Conclusions

Multimodal CT is an ideal acute stroke imaging tool
that has become the standard of care in many centers
around the world. The accessibility of this technology
means that it can be acquired in both primary and com-
prehensive stroke centers in order to rapidly diagnose
and prognosticate acute ischemic stroke patients. CT
angiography and perfusion provide complementary in-
formation useful for treatment selection. Recent im-
provements in standardization and objective volume as-
sessment have made CT perfusion approachable and
useful for clinicians less experienced with the technique.
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