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Is limited-coverage CT perfusion helpful in treatment
decision-making in patients with acute ischemic stroke?
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Background: The initial core infarct volume predicts treatment outcome in patients with acute ischemic
stroke (AIS) due to large vessel occlusion (LVO). According to the literature, CT perfusion (CTP) is able to
evaluate cerebral parenchymal viability and assess the initial core in AIS. We prospectively studied whether
limited-coverage CTP with automated core calculation correlates with the final infarct volume on follow-up
non-enhanced CT (NECT) in patients successfully treated by mechanical thrombectomy.

Methods: We enrolled 31 stroke patients (20 women aged 74.4£12.9 years and 11 men aged 66£15.4 years;
median initial NTHSS score 15.5) with occlusion of the medial cerebral artery and/or the internal carotid
artery that were treated by successful mechanical thrombectomy. CTP performed in a 38.6 mm slab at the
level of basal ganglia was included in the CT stroke protocol, but was not used to determine indication for
mechanical thrombectomy. The infarction core volume based on CTP was automatically calculated using
dedicated software with a threshold defined as cerebral blood flow <30% of the value in the contralateral
healthy hemisphere. The final infarction volume was measured on 24-hour follow-up NECT in the same
slab with respect to CTP. Pearson and Spearman correlation coefficients and robust linear regression were
used for comparison of both volumes, P values <0.05 were considered as statistically significant.

Results: The median time from stroke onset to CT was 77 minutes (range, 31-284 minutes), and the
median time from CT to vessel recanalization was 95 minutes (range, 55-215 minutes). The mean CTP-
calculated core infarct volume was 24.3+19.2 mL (median 19 mL, range 1-79 mL), while the mean final
infarct volume was 21.5£39.5 mL (median 8 mL; range 0-210 mL). Only a weak relationship was found
between the CTP—calculated core and final infarct volume [Pr ) =0.32, P=0.078; rho =0.40, P=0.028].
Regression analysis showed CTP significantly overestimated lower volumes.

Conclusions: In our prospective study, the infarction core calculated using limited-coverage CTP only
weakly correlated with the final infarction volume measured on 24-hour follow-up NECT; moreover, CTP
significantly overestimated lower volumes. Our results do not support the use of limited-coverage CTP for

guiding treatment recommendations in patients with AIS.
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Introduction

Globally, stroke is the second most common cause of death
after ischemic heart disease, with an annual incidence in
Europe ranging from 95-290 per 100,000 inhabitants (1).
In the Czech Republic, the annual mortality rate of stroke
is roughly 56 per 100,000 inhabitants (2). Stroke is also
associated with significant long-term disability, affecting
up to 50% of patients (3,4). Long-term disability may be
evaluated by various outcome scales, with the modified
Rankin Scale (mRS) being commonly used (3,4). The most
important risk factors for stroke include diabetes mellitus,
hypertension, hypercholesterolemia, age, smoking, and
alcohol consumption (3).

Stroke is a generic term that describes a clinical event of
sudden-onset neurologic deficit due to vascular occlusion
or hemorrhage. Stroke syndromes have significant clinical
and pathological heterogenicity, however, arterial ischemia
or infarction are by far the most common cause of stroke,
accounting for 80-85% of cases due to impaired blood
supply to the brain with subsequent loss of function (5).
Roughly 24-46% of acute ischemic strokes (AIS) are caused
by large vessel occlusion (LVO) (6).

Rapid neuroimaging is crucial for the successful
therapeutic management of stroke. Routine stroke imaging
protocols generally include non-enhanced CT (NECT)
and CT angiography (CTA). NECT very quickly answers
the first important question in the workup of stroke: is
intracranial hemorrhage or a stroke “mimic” present? Once
intracranial hemorrhage and stroke mimic are excluded,
the next critical question must be answered: is there LVO
with a “retrievable” intravascular thrombus present? To
answer that question, CTA is the method of choice. CTA
can demonstrate not only intravascular thrombus and the
site of occlusion, but also collateral blood flow. Additionally,
ischemic changes visible on NECT must be evaluated.
For the territory of the medial cerebral artery (MCA), the
Alberta Stroke Program Early CT score (ASPECTS) is a
quick, straightforward and reproducible measure of early
ischemic changes. The MCA territory is divided into 10
regions and assigned 1 point per region; ASPECTS is then
calculated by subtracting 1 point for each of 10 regions
affected (7). ASPECTS <6 equates to 21/3 of the MCA
territory and is associated with increased risk of hemorrhage
and poor outcome after reperfusion (8). Based on NECT
and CTA findings, patients are referred for appropriate
therapy. In the case of AIS with LVO, mechanical
thrombectomy provides the best clinical outcome (8,9).
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Indication criteria for mechanical thrombectomy are the
causative occlusion of the internal carotid artery (ICA) or
MCA segments 1/2 (M1, M2), age >18, ASPECTS >6,
the National Institute of Health Stroke Scale (NTHSS) >6,
pre-stroke mRS 0-3 and ideally treatment initiated (groin
puncture) within 6 hours from symptomatic stroke onset (9).

CT perfusion (CTP) is an established method used to
evaluate the viability of cerebral parenchyma, which is
key to acute stroke management. The method has been in
use for many years, with controversial results (10). After a
period of diminished use, CTP had a resurgence in 2017
following the large multicenter Dawn and Defuse 3 trials,
which used the infarction volume (core) and the volume
of salvageable tissue (penumbra) calculated from CTP as
predictive factors for clinical outcome in patients treated by
mechanical thrombectomy (11,12).

We evaluated patients with AIS with LVO that were
successfully treated by mechanical thrombectomy. The aim
of our prospective study was to evaluate whether limited-
coverage CTP with automated core calculation correlates
with the final infarction volume on follow-up NECT in the
same volume slab as CTP was performed.

Methods
Patient selection

We prospectively included all consecutive patients with AIS,
NIHSS >6, pre-stroke mRS 0-1, age >18, that underwent
initial NECT with ASPECTS >6 and CTA-proven LVO
(M1 segment of the MCA and/or ICA). Moreover, CTP was
performed in all subjects, however CTP was not evaluated
in the acute setting and was not used to guide indication
for mechanical thrombectomy. All patients underwent
technically-successful mechanical thrombectomy, follow-up
NECT was performed 24 hours after thrombectomy.

The study was approved by the Ethics committee of
Faculty Hospital Kralovske Vinohrady, Prague, Czech
Republic. Signed, informed consent was provided by all
patients to participate in the study. The study was initiated
in January 2019 and terminated early in August 2019 due to
preliminary results.

CT imaging

All examinations were performed on a 128-slice CT
scanner (Definition AS+, Siemens, Erlangen, Germany).
Initially, before treatment, all patients underwent NECT
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Table 1 Acquisition and reconstruction parameters of non-enhanced CT, CT angiography and CT perfusion

Kremenova et al. Comparison of infarct volumes on CT perfusion and follow-up CT

Parameter NECT CTA CTP
Rotation time (s) 1 0.5 1
Tube voltage (kVp) 120 100 80
Tube current (mA) 350 175 270
Gantry tilt yes no yes
Field of view (mm) 250 250 200
Iterative reconstruction Yes” Yes” No
Reconstruction filter/kernel Soft tissue Soft tissue Soft tissue
Primary reconstruction slice thickness/increment (mm) 3/3 0.75/0.5 3/3
Multiplanar reconstruction (slice/increment mm) 4/4 transversal, coronal, 3/3 transversal, sagittal o
sagittal
Maximum intensity projection (slice/increment mm) - 12/2 transversal; 10/2 coronal, sagittal o
lodine contrast agent concentration (mgl/mL) 370-400 370-400
Contrast volume (mL) 60 50
Injection rate (mL/s) 5 6
Z-axis coverage Whole brain From aortic arch to vertex 38.6 mm

a, CTP was evaluated in entire acquired volume automatically by dedicated software; A, Raw data based iterative reconstruction. CTA, CT

angiography; CTP, CT perfusion; NECT, non-enhanced CT.

and CTA followed by CTP. Acquisition and reconstruction
parameters for NECT, CTA and CTP are summarized in
Table 1.

Imaging analysis and evaluation

All image analyses and measurements were performed
using Syngo.via software (Siemens Healthineers). CTP
was performed in a limited volume slab (38.6 mm in the
z-axis) only at the level of the basal ganglia. The ischemic
core was automatically calculated on CTP by dedicated
software. The core was defined as an area with cerebral
blood flow (CBF) <30% of CBF in the contralateral healthy
hemisphere. The penumbra was defined as an area with
a time to maximum (TMAX) over 6 seconds. TMAX was
defined as the time from inflow of an intraarterial contrast
agent to the area of interest to the peak density in the area.
Definitive infarction on 24-hour follow-up NECT was
defined as a visible hypodense area with indistinct gray-
white matter borders. The volume of definitive infarction
was manually segmented using 1.5 mm slices. This manual
segmentation was performed only in the same volume
(38.6 mm in the z-axis) as CTP was performed. All manual
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segmentations and measurements were performed using
Syngo.via software by one radiologist, who was blinded to
the initial automatic measurement results.

Statistics

Data were expressed as mean + SD and median. We report
both Pearson and Spearman correlation coefficients
to describe the relationship between the core volume
calculated on CTP and the final infarct volume measured
on follow-up NECT, 24 hours after initial imaging. Robust
linear regression (13) was used to model the relationship
between the core volume calculated on CTP (dependent
variable) and the final infarct volume measured on NECT
(predictor), where we report parameter confidence intervals.
The Mann-Whitney U test was used to compare differences
between patient groups, based on CTP and follow-
up NECT volumetric differences. P values <0.05 were
considered as statistically significant.

We additionally included all participants fulfilling the
inclusion criteria in a post-hoc power analysis. While the
sample size appears low, the two methods need to be very
highly correlated to be useful in clinical settings. Even if we
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Table 2 Patient selection and demographic data (31 subjects; 20 females, 11 males)

Parameters Mean Median SD Minimum Maximum
Age (years) 721 72 13.7 41 96
Age female (years) 74.4 77 10 49 96
Age male (years) 66 62 154 41 92
NIHSS 14.5 15.5 6.5 6 30
ASPECTS 8 8 1.3 6 10
Time from stroke onset to CT (minutes) 95 77 57.5 31 284
Time from CT to mechanical recanalization (minutes) 107.5 95 43 55 215

ASPECTS, Alberta Stroke Program Early CT score; CT, computed tomography; CTA, CT angiography; CTP, CT perfusion; NECT,
non-enhanced CT; NIHSS, National Institute of Health Stroke Scale; SD, standard deviation.

assume conservatively that r=0.80 would be sufficient, the
achieved power is very high: power =0.999 for alpha =0.05
and N=31.

Results
Patient selection

Thirty-one subjects (20 females, 11 males) fulfilled
all inclusion criteria and were enrolled in the study.
Eighteen subjects received additional bridging intravenous
thrombolysis before mechanical thrombectomy. The
median NIHSS score of included subjects was 15.5. The
median time from stroke onset to CT was 77 minutes
(range, 31-284 minutes), while the median time from CT
examinations to vessel recanalization was 95 minutes (range,
55-215 minutes). Selection and demographic data of all
included subjects are summarized in Table 2.

Volume measurements and statistics

The volume of the ischemic core (38.6 mm slab in the z-axis)
according to the above-described automatic calculation
was mean 24.3£19.2 mL (median 19 mL, range, 1-79 mL).
The final infarction volume on 24-hour follow-up NECT
measured in the same slab was mean 21.5+39.5 mL (median
8 mL, range 0-210 mL).

We found a weak relationship between CTP and
follow-up NECT core measurements [rq, =0.32, P=0.078;
Spearman rho =0.40, P=0.028]. Even for Spearman rho,
the bootstrapped 95% confidence interval (0.00-0.71)
showed the correlation coefficient was substantially lower
than we expected from the two measurements. As our

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

sample primarily contained patients with low values in both
measurements, and patients with large values (especially
in the final infarct volume) could constitute outliers, we
used robust linear regression to evaluate the nature of the
relationship. We tested a linear regression model predicting
perfusion measurements from final infarct volume
measurements (V_perfusion = a+b * V_core). We found that
CTP significantly overestimated lower values (estimated
parameter a =12.4; 95% confidence interval 8.6-16.1), and
its values change slower with higher core values (b=0.55;
95% confidence interval 0.45-0.64). The association is
demonstrated in Figure 1.

Subjects were further divided into 3 subgroups according
to the difference between the initial core volume calculated
by CTP and the volume of final infarct manually measured
on follow-up NECT (CTP core volume minus the final
infarct volume on follow-up NECT), with cut-off values of
10 mL. In subgroup 1, which consisted of 6 (19%) patients,
the final infarct volume was underestimated by more than
10 mL using CTP (Figure 2). Subgroup 2 consisted of 12
patients and had 10 mL volumetric differences. In the
remaining 13 patients (42%) in subgroup 3, the final infarct
volume was overestimated by more than 10 mL using CTP
(Figure 3A4,B). In subgroup 3, in comparison with subgroups
1 and 2, a shorter time from CT to recanalization was
found; however, no differences in times from stroke onset
to CT and from CT to recanalization were significant (all
P>0.05). For further details see Table 3.

Discussion

The purpose of our study was to evaluate whether initial
CTP can accurately predict the final infarct volume in
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Figure 1 Correlation of ischemic core volume on CT perfusion
with definitive infarct volume measured on non-enhanced
follow-up CT. The dashed line represents the identity of both
measurements and the blue line represents the regression line. The
marginal plots depict the distribution of the volume data.

patients treated by successful mechanical thrombectomy.
We compared the initial core volume automatically
calculated from CTP and the final infarct volume manually
measured on 24-hour follow-up NECT. All patients
suffered from AIS due to occlusion of the MCA (the M1
segment) and/or the ICA and fulfilled indication criteria for
mechanical thrombectomy (9). Mechanical thrombectomy
was indicated regardless of CTP results; CTP data were
evaluated separately at a later time using dedicated,
automated software.

We found only a weak correlation between the initial
CTP-measured core and the final infarct volume. However,
we found CTP significantly overestimated lower volumes.
We conclude that CTP performed in a 38.6 mm volume
slab is not a suitable method for the selection of patients for
interventional treatment, as according to our data, several
patients that profited from mechanical thrombectomy
would have been excluded from interventional treatment
based on CTP results. Therefore, the study was terminated
early; we did not detect any benefit to exposing our patients
to a higher radiation dose in performing CTP. Moreover,
additional CTP scans required double administration of
an iodine-based contrast agent that poses risks for renal

Figure 2 Underestimation of infarct core volume on CT perfusion map. CT perfusion map (A) obtained initially before mechanical

thrombectomy depicts core (red) and penumbra (yellow). Non-enhanced follow-up CT (B) depicts large final infarct (purple) in the left

hemisphere (C).
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Figure 3 Overestimation of infarct core volume on CT perfusion map. (A) CT perfusion map (a) obtained initially before mechanical

thrombectomy depicts core (red) and penumbra (yellow). Non-enhanced follow-up CT (b) is without unambiguous infarct. (B) CT

perfusion map (a) obtained initially before mechanical thrombectomy depicts core (red) and penumbra (yellow). Non-enhanced follow-up

CT (b) demonstrates overestimation of the core volume by CT Perfusion. Non-enhanced CT depicts only small infarct (purple) in the left

basal ganglia (c).

function decline, especially in elderly patients.

Our findings are in concordance with a study by Tsang
et al. [2018] (14), who reported a poor correlation between
the CTP ischemic core volume and the volume of definitive
infarction on 24-hour follow-up NECT. They included
86 patients with a mean age of 70 years with LVO that
underwent successful mechanical thrombectomy. In contrast
to the present study, they performed whole brain CTP,
as opposed to limited coverage. Similar results were also

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

published in a study by Geuskens et 4/. (15), who similarly
included a relatively small number of patients (n=35).
However, they used more than 100 mm brain coverage
CTP and the final infarct volume was measured on 5-7-day
follow-up NECT.

Some recent studies have reported overestimation of
the final infarct volume by initial CTP, and the term ghost
infarct core (GIC) has been established (16,17). GIC is
defined as the CTP initial core volume minus the final
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Table 3 Characteristics of patient subgroups based on volume differences on CT perfusion and non-enhanced follow-up CT

Core volumes on CTP minus infarct volumes on follow-up NECT (mL)

Subgroup 1 (<-10) Subgroup 2 (-10 - 10) Subgroup 3 (>10)

Number of patients

Time from stroke onset to CT (minutes)

Time from CT to mechanical recanalization (minutes)
Core volumes on CTP (mL)

Infarct volumes on follow-up NECT (mL)

6 12 13
77+42 121+78 79+30
133+55 114+44 88+27

27.6+20.8 15.7£12.8 30.6+21.6
72.8+69.5 12.9+£14.3 12.9+14.3

Data are reported as mean values + standard deviation. CT, computed tomography; CTP, CT perfusion; NECT, non-enhanced CT.

infarct volume on NECT >10 mL and has been observed
especially in patients imaged within a short time frame (from
stroke onset to CT) with fast and complete recanalization
(16,17). Martins et al. (16), in their retrospective single-
center study, reported GIC phenomenon in 20 (16%) of
123 patients. The GIC phenomenon was associated with
a short time frame to recanalization (150 minutes) and a
larger initial CBF core volume (38 mL). In another study
by Boned ez al. (17), 79 patients were included, 30 (38%)
of which fulfilled criteria for the GIC phenomenon. The
subjects underwent CTP in an early time frame from
symptomatic stroke onset; the mean time from stroke onset
to CTP was 165 minutes, and the mean time from CTP
to recanalization was 136 minutes. In the present study,
all subjects were divided into 3 subgroups according to
differences between the final infarct volume and the core
volume on CTP, using a threshold of 10 mL. The core
volume on CTP overestimated the final infarct volume
more than 10 mL in 13 subjects, which we consider GIC
phenomenon. The time frame from CT to recanalization
in this subgroup was shorter than in the rest of subjects,
although not significant probably due to limited sample
size. We must stress the fact that we used limited-coverage
CTP and were able to assess the core volume and the final
infarct volume only in a 38.6 mm slab at the level of basal
ganglia. Thus, our results are not entirely comparable with
the results of previous studies. However, our study and the
above-mentioned studies suggest that therapy guidance
based on the CTP-calculated core volume could lead to the
incorrect exclusion of some patients that would benefit from
mechanical thrombectomy.

An alternative imaging method to NECT and CTP is
magnetic resonance imaging (MRI) with diffusion weighted
imaging (DWI), which can reliably identify ischemic areas
affected by cytotoxic edema within several minutes after
stroke onset. According to recommendations and guidelines
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of the American Academy of Neurology [2010], MRI with
DWI should be performed for the most accurate diagnosis
of AIS (18). However, there is emerging evidence that DWI
fails to identify AIS in a substantial minority of patients.
According to a meta-analysis by Edlow ez a/. published in
2017 (19), the pooled prevalence of DWI-negative AIS
was 6.8%. Neurologic deficits consistent with posterior
circulation ischemia were significantly associated with
DWI-negative AIS, as patients with posterior circulation
ischemia were 5 times more likely than patients with
anterior circulation ischemia to present with a negative
DWTI scan. According to the above-mentioned results, MRI
with DWT is a reliable method for acute ischemia/infarct
assessment in the MCA territory. However, the findings
of Edlow ez al. suggest that AIS should remain a clinical
diagnosis and clinicians should not exclude patients from
reperfusion therapies based on a negative DWI scan.

Our study has several important limitations. First, it was
a single center study. Another very important limitation was
performing CTP only in a 38.6 mm (z-axis) slab of the brain
due to technical limitations of our CT scanner. Another
limitation was the measurement of the final infarct volume
on NECT, measurement of the definitive infarct volume on
MRI would likely be more precise. Moreover, all volumetric
measurements were performed by a single radiologist, and
the study had a limited number of subjects due to early
termination.

Conclusions

In the present prospective study, the ischemic core
calculated using limited-coverage CTP only weakly
correlated with the final infarction volume measured
on 24-hour follow-up NECT; most importantly, CTP
significantly overestimated lower volumes. This led to the
early termination of the study. Our results suggest that
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using limited-coverage CTP for the selection of patients
for interventional treatment is not justified, considering
additional radiation burden and risk associated with double
iodine-based contrast media applications.
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