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Abstract

Purpose Seizures are often followed by a period of transient neurological dysfunction and postictal alterations in cerebral blood flow
may underlie these symptoms. Recent animal studies have shown reduced local cerebral blood flow at the seizure onset zone (SOZ)
lasting approximately 1 h following seizures. Using arterial spin labelling (ASL) MRI, we observed postictal hypoperfusion at the SOZ
in 75% of patients. The clinical implementation of ASL as a tool to identify the SOZ is hampered by the limited availability of MRI on
short notice. Computed tomography perfusion (CTP) also measures blood flow and may circumvent the logistical limitations of MR
Thus, we aimed to measure the extent of postictal hypoperfusion using CTP.

Methods Fourteen adult patients with refractory focal epilepsy admitted for presurgical evaluation were prospectively recruited and
underwent CTP scanning within 80 min of a habitual seizure. Patients also underwent a baseline scan after they were seizure-free for >
24 h. The acquired scans were qualitatively assessed by two reviewers by visual inspection and quantitatively assessed through a
subtraction pipeline to identify areas of significant postictal hypoperfusion.

Results Postictal blood flow reductions of > 15 ml/100 g '/min ' were seen in 12/13 patients using the quantitative method of analysis.
In 10/12 patients, the location of the hypoperfusion was partially or fully concordant with the presumed SOZ. In all patients, additional
areas of scattered hypoperfusion were seen in areas corresponding to seizure spread.

Conclusion CTP can reliably measure postictal hypoperfusion which is maximal at the presumed SOZ.
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not have their seizures controlled using medications [1]. In
these cases, one of the most effective treatment options, in
appropriately selected patients, is removal of the seizure onset
zone (SOZ). The SOZ is conventionally localized by electro-
encephalography (EEG) recordings of seizures and subtrac-
tion of single photo emission computed tomography (SPECT)
measures of blood flow during the ictal and interictal phase.
These results are then integrated with other investigations in-
cluding structural MRI, positron emission tomography, and
neuropsychology, among other investigations [2]. However,
EEG has limited localization accuracy and ictal SPECT is
labor-intensive and costly. The overall success rate of
resective epilepsy surgery is around 60% according to system-
atic reviews and controlled studies [3].

Vascular changes have been increasingly investigated for
their potential to localize the SOZ. Transient postictal vascular
changes localizing to the SOZ have been observed in animal
[4] and human studies [5]. Through invasive implantation of
CBF sensors in humans, progressive hypoperfusion of the
epileptic focus correlated with increased epileptogenicity, fur-
ther supporting the link between ischemia and epileptic sei-
zures [5]. A recent animal study systematically demonstrated
hypoperfusion and severe hypoxia (oxygen partial pressure <
10 mmHg) in the hippocampus lasting approximately 1 h after
hippocampal kindled seizures in rodents [6].

Arterial spin labeling (ASL) MRI has also been used to non-
invasively detect interictal and postictal alterations in cerebral
blood flow (CBF) in humans [7-11]. CBF changes were found
in regions concordant with the presumed SOZ based on EEG,
MRI, SPECT, and positron emission tomography (PET).
Similarly, computed tomography perfusion (CTP) studies have
shown postictal focal hypoperfusion and interictal hyperperfu-
sion in patients in status epilepticus lateralizing to the SOZ
[12—-14]. Although the aforementioned studies largely revealed
interictal hypoperfusion in regions corresponding to the pre-
sumed SOZ, the results were variable, including contralateral
focal and hemispheric hypoperfusion, hyperperfusion, or no sig-
nificant perfusion changes [9, 11-14].

Recently, we measured postictal CBF in 21 patients with
drug-resistant focal epilepsy using ASL within 90 min of an
electrographically confirmed seizure [15]. Localized postictal
CBF reductions greater than 30% of baseline CBF values
were seen in 71% of patients, localizing to the presumed
SOZ in 80% of cases.

While these ASL data support the possibility of using
postictal ASL CBF measurements as a potentially useful tool
to localize the SOZ, clinical implementation of ASL is ham-
pered by difficulty in obtaining MR scans within 1 h of seizure
termination. CTP imaging has the necessary spatial resolution
to detect postictal hypoperfusion and is readily accessible on
short notice in most hospitals. Therefore, the aim of the pres-
ent study was to use CTP to measure the extent of the postictal
hypoperfusion in patients with refractory focal epilepsy.
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Methods
Participants and study protocol

The study was approved by the Conjoint Health Research
Ethics Board of the University of Calgary and all patients
provided informed consent. Fourteen consecutive adults with
drug-resistant focal epilepsy admitted to the Seizure
Monitoring Unit at the Foothills Medical Center for continu-
ous scalp video-electroencephalography (VEEG) monitoring
between September 2016 and December 2017 were prospec-
tively enrolled in the study. Exclusion criteria for the study
were multiple seizure onset zones and contraindications to CT
(e.g., pregnancy, allergy to IV contrast material) or MR imag-
ing (e.g., claustrophobia, ferromagnetic intracranial devices).

When a habitual seizure was observed, a physician immedi-
ately reviewed the VEEG monitoring data. Once a seizure was
confirmed electrographically, patients underwent CTP imaging
within 80 min of seizure termination. After collecting the
postictal scan and while still in hospital, patients underwent a
baseline interictal CTP scan following a seizure-free period
of >24 h. EEG electrodes were removed for both scans.

Clinical data collection

All patients underwent continuous scalp VEEG using 10-20
electrode placement to capture habitual seizures.
Demographic data including age, sex, duration of epilepsy,
seizure frequency, and seizure types were recorded. As part
of presurgical investigations, all patients underwent a standard
structural MRI protocol at our center that includes axial 3D
MP-RAGE or FSPGR, axial FSE T2, axial FLAIR, coronal
FSE T2 through temporal lobes, coronal FLAIR through tem-
poral lobes, and axial SWI. Ictal and interictal SPECT and
PET investigations were obtained as clinically indicated.

Definition of the seizure onset zone

The SOZ was determined by clinical history, interictal and
scalp VEEG, structural MRI, PET (if performed), interictal
and ictal SPECT (if performed), and expert consensus from
our weekly multidisciplinary epilepsy surgery rounds. We re-
ferred to this area as the “presumed SOZ,” as the true epilep-
togenic zone can only be identified postoperatively and not all
cases underwent surgery.

CT perfusion data collection and functional maps

CTP images were collected with 120 mm coverage, with 5 % 5-
mm-thick slices acquired at 80 kVp and 125 mA, and 1 s rotation
time (GE Healthcare Revolution, Waukesha, WI, USA). After
the scan, a retroactive reconstitution for slice thickness of
1.25 mm at 1.25-mm intervals was performed, allowing the
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collection of both 5- and 1.25-mm-thick slices. The CTP protocol
consisted of 45 ml of an iodinated CT contrast agent
(Omnipaque, GE Healthcare) that was power injected at 4 ml/s
followed by a 40-ml saline chase. Scanning began after a delay of
5 s from contrast injection, sampling every 2 s for 24 passes, then
every 15 s for 8 passes, with a total scan time of 184 s. Foam
padding was placed around patients’ heads to minimize motion
during scanning. Each study was analyzed using commercially
available delay-insensitive deconvolution software (CT
Perfusion 4D, GE Healthcare).

For each study, the arterial input function was manually se-
lected from the internal carotid artery using a 2 x 2 voxel (in-
slice) region-of-interest (ROI). Maps of absolute CBF (ml/
100 g '/min"") were calculated by deconvolving the arterial in-
put function from brain time density curves using a delay-
insensitive algorithm (CT Perfusion 4D, GE Healthcare). In-
plane patient motion was corrected using automated software.
In cases of extreme motion, time points were manually removed
as needed.

Visual reviewers

CTP data were reviewed using two different approaches. First,
CT perfusion maps were reviewed qualitatively. Second, a
more objective, quantitative subtraction analysis was per-
formed (described later) which was used in our previously
published study [15]. For the qualitative review, images were
anonymized and displayed using OsiriX medical image view-
er (https://www.osirix-viewer.com). Two reviewers (T Lee, C
d’Esterre) with extensive experience in viewing CTP
quantitative maps were recruited to visually assess CTP
absolute CBF maps for perfusion abnormalities. Reviewers
were informed that all patients had suspected focal epilepsy
but were otherwise blind to other clinical information.

Visual evaluation of hypoperfusion detected by CTP

In the first approach, reviewers were presented with a series of
27 CTP CBF maps (14 postictal, 13 baseline) from 14 patients
alongside an anatomical CTP scan (CT average map generated
by averaging all the images of the same brain slice acquired in
a CT perfusion study) for additional anatomical delineation
and differentiation between areas of hypoperfusion and white
matter in the CBF maps. Reviewers were blinded to whether a
scan was postictal or baseline and assessed each case indepen-
dently in a randomized order. Areas of hypoperfusion were
visually assessed for perfusion symmetry.

In the second approach, reviewers were unblinded to
the order of the maps and viewed the baseline and
postictal maps side-by-side for each patient for 13 im-
age sets. In addition to intra-scan perfusion symmetry,
symmetry between the postictal and baseline perfusion
patterns was also compared. Scales were manually

adjusted to visually match intensities between maps, or
both maps were assessed on the same intensity scale to
visualize any global perfusion differences.

In both approaches, reviewers identified areas of hypoper-
fusion based on hemisphere (left, right, no localization) and
lobe (frontal, temporal, parietal, occipital, no localization) and
provided a confidence score (1 [least confident] to 5 [most
confident]) for each assessment.

Both approaches were completed twice for each reviewer
and in independent individual sessions; the first round
assessed images of 5 mm thickness, and the second round
assessed images of 1.25 mm thickness. Each round was done
approximately 2-3 months apart. CT image thicknesses of
1.25 and 5 mm were assessed to determine which image thick-
ness to use for subsequent quantitative subtraction analysis.

Statistical analysis of visual evaluation data

The location of the presumed SOZ based on the clinical con-
sensus of the Calgary Comprehensive Epilepsy Program com-
prised of ten epileptologists was used as a gold standard to
compare the reviewers’ assessments. Positive predictive value
(PPV) and sensitivity for each reviewer in each review condi-
tion (i.e., postictal, postictal versus baseline) and slice thick-
ness were calculated. Negative predictive value and specificity
were not calculated due to the limitation that the clinical con-
sensus opinion provided an unclear SOZ location for only 4/
14 patients (patients 8, 10, 13, and 14).

Cohen’s kappa (k) was calculated to determine
interrater reliability as it normalizes the observed agree-
ment between reviewers due to chance and produces a
coefficient between 0 (indicating chance agreement) and
1 (indicating perfect interrater agreement). For hemi-
spheric assessments (left, right, or no localization), a
kappa coefficient was calculated to evaluate interrater
agreement between the baseline, postictal, and baseline
versus postictal image sets. Assessments were evaluated
as either complete agreement or complete disagreement.

If reviewers agreed on the hemispheric evaluation, then an
additional kappa coefficient was calculated to evaluate agree-
ment on lobar location. As summarized in Table 1, a weighted
kappa allowed for additional assignments of different
weightings of disagreement and was used when assessing
interrater agreement in lobar assessments (frontal, temporal,
parietal, occipital, and no localization).

Complete disagreements were assigned a weighting of 1
and was applied in cases of frontal versus occipital and for
no localization versus any localization. Partial disagreements
were assigned a weighting of 0.5 in all other cases between
lobar assessments (Table 1).

The interpretation of the kappa value was based on the
guidelines from McHugh [16], as summarized in Table 2.
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Table 1 Kappa weightings for

lobar assessments in the Reviewer 1

evaluation of interrater agreement
Reviewer 2

Frontal
Temporal
Parietal
Occipital
Nothing

Frontal Temporal Parietal Occipital No change
0 0.5 0.5 1 1
0.5 0 0.5 0.5 1
0.5 0.5 0 0.5 1
1 0.5 0.5 0 1
1 1 1 1 0

CTP subtraction analysis for SOZ localization

For the subtraction analysis, 1.25-mm-thick slices were used
except for patients 4 and 6 in whom 5-mm-thick slices were
used because projection data were lost. Postictal CT average
maps were registered to each patient’s baseline CT average
maps using an affine transformation (12 degrees of freedom)
from FSL FLIRT toolbox (http://www.fmrib.ox.ac.uk/fsl/).
Because the anatomical CT images and the CBF CT images
share a collective space, the same transformations may be
applied to the CBF data, thereby allowing the CBF images
to inherit the same accuracy as the anatomical registration.
After spatial normalization, the intensities of the postictal
CBF maps were normalized to the baseline CBF maps based
on global mean CBF value and standard deviation. This was
done to account for potential global changes between the two
scanning time points.

The global mean was calculated for baseline (M1) and
postictal (M2) CBF maps. The difference in means (AM)
was calculated (AM = M1 — M2) and added to the postictal

data in a voxel-wise manner (IT(;E'[ ). Standard deviation was
calculated for baseline (o) and Post (03). A ratio («) of the
standard deviation was calculated (« =g—; ). Finally, the nor-

malized postictal scan was produced as follows:
Postyom. = M1 +a( Post-M1)

After intensity normalization, the CTP quantification maps
were smoothed by a 5-mm full-width-half-maximum Gaussian
kernel to improve signal to noise and reduce small-scale regis-
tration errors. Global thresholds were applied to baseline and
postictal CBF maps where voxels with CBF values below 0

Table 2 Kappa value

thresholds for evaluating Kappa Agreement

level of agreement

between raters 0-0.20 None
0.21-0.39 Minimal
0.40-0.59 Weak
0.60-0.79 Moderate
0.80-0.90 Strong
>0.9 Almost perfect

@ Springer

CBF units were brought up to 0, and voxels with CBF values
above 100 CBF units were brought down to 100 to reduce
artefactual hypo- and hyperperfusion resulting from vessel arti-
facts. Using these co-registered CBF maps, a subtraction CBF
map (baseline minus postictal) was generated for each patient.
Additional cluster filtering (at 400 voxels in 3D) was applied to
reduce noise from small registration errors and remaining vessel
artifacts. Note that reported changes in CBF values are after
performing intensity normalization and may be an underestima-
tion of the absolute CBF difference. The resulting subtraction
map was superimposed onto the patient’s CT anatomical average
map to identify the anatomical brain areas with postictal CBF
reductions of at least 15 CBF units relative to their own baseline.
A threshold of 15 CBF units was used based on animal studies
showing a 30% reduction of CBF [6]. The reverse subtraction
analysis (postictal minus baseline), looking for hyperperfusion,
was not performed as our previous animal and human ASL
studies showed that hyperperfusion did not play a significant role
at the SOZ during the postictal period [6].

Concordance of CTP hypoperfusion and presumed
seizure onset zone

The subtraction CTP (sCTP) maps were examined by one
reviewer (PF) to determine the anatomical region of maximal
hypoperfusion. Although the reviewer was not blinded to the
clinical information, this was an objective measure as the lo-
cation of the maximal hypoperfusion was identified on the
quantitative SCTP maps. The location of the maximal hypo-
perfusion was defined based on hemisphere and lobar regions,
which were subdivided into discrete regions as follows:

a. Frontal lobe: divided into orbitofrontal, mesial frontal, and
lateral frontal

b. Temporal lobe: divided into equal halves; anterior and
posterior segment

c. Parietal lobe: no subdivisions were made
d. Occipital lobe: no subdivisions were made
e. Insula

Hypoperfusion seen on sCTP was classified on a three-tier
basis:
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1. Unilateral versus bilateral findings

2. Distribution of the findings: focal (small area within a
lobe, ~3 cm3), lobar (involving >3 cm’ of a lobe), re-
gional (involving two adjacent lobes), hemispheric (in-
volving three or more adjacent lobes or two non-
adjacent lobes in a single hemisphere), multifocal (involv-
ing two or more lobes in both hemispheres), and no
change (no hypoperfusion > 15 CBF units seen)

3. If applicable, subcategorization of areas of focal
prominence within widespread regions of hypoperfu-
sion was performed. Specifically, if among regional,
hemispheric, and multifocal areas of hypoperfusion,
there were areas of hypoperfusion that were especial-
ly prominent because of their size or degree of hy-
poperfusion; these changes were subcategorized fur-
ther as “with focal prominence”

A confidence score from 1 to 5 (1, not confident; 5, very
confident) was also used to rate the confidence that the re-
viewer had that the observed areas of hypoperfusion were
genuine as opposed to artifact.

An epileptologist (P Federico) and epilepsy fellow (J
Peedicail) reviewed all clinical data for each patient and reviewed
the expert consensus report from our weekly multidisciplinary
epilepsy surgery rounds to confirm the location of the presumed
SOZ. To assess concordance, the areas showing postictal hypo-
perfusion on sCTP maps were compared to the location of the
presumed SOZ. Only the most prominent area of hypoperfusion
was considered. Concordance was classified as one of three

groups:

1. Fully concordant: CTP hypoperfusion was observed in
the same lobe as the presumed SOZ.

2. Partially concordant: CTP hypoperfusion was observed in a
different lobe in the same hemisphere as the presumed SOZ.

3. Discordant: CTP hypoperfusion was observed in the
hemisphere contralateral to the presumed SOZ.

The PPV and sensitivity were additionally calculated by
comparing sCTP localization results to the presumed seizure
onset zone based on clinical consensus (Table 3).

Areas of seizure spread and concordance
with EEG-defined areas of seizure propagation

An epileptologist (PF) and epilepsy fellow (JP) reviewed the
VEEG of the captured seizure for each patient and identified
areas of seizure propagation based on EEG. Areas of hypo-
perfusion in the SCTP maps seen outside to the area of max-
imal hypoperfusion were further assessed as potential areas of
seizure spread. Areas of hypoperfusion possibly reflecting
seizure spread was classified as concordant with EEG spread
if the clusters were in the same hemisphere and lobe(s) or
discordant with EEG spread if they were in different lobe(s)
in the same hemisphere or on the contralateral side.

Region of interest analysis of maximal postictal
hypoperfusion

The cluster(s) with the maximal hypoperfusion in the pre-
sumed SOZ in the subtraction CTP maps was selected and
isolated as a 3D ROL. Cluster maps were viewed with a min-
imum threshold of 15 CBF units. Adjacent voxels above 15
CBF units were considered to be in the same cluster. No ROIs
were generated in the patient that had no significant postictal
hypoperfusion based on sCTP analysis (patient 11). In patients

Table 3  Statistical summary of visual assessments
Baseline Postictal Baseline versus postictal
5 mm slices Kappa Hemisphere 0.200 £ 0.1855 0.466 £+ 0.0011 0.469 + 0.0300
Lobe —0.177 £ 0.7996 0.736 + 0.008 0.649 + 0.0003
Sensitivity Reviewer 1 0 0.400 0.909
Reviewer 2 0.222 0.631 0.818
PPV Reviewer 1 0 0.570 0.833
Reviewer 2 0.500 0.778 0.818
1.25 mm slices Kappa Hemisphere 0.188 0.669 0.444
Lobe 0.222 0.740 0.913
Sensitivity Reviewer 1 0.111 0.555 0.500
Reviewer 2 0.181 0.636 0.727
PPV Reviewer 1 0.500 0.667 0.500
Reviewer 2 0.500 0.875 0.800
sCTP Sensitivity 0.909
PPV 0.833
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where multiple isolated clusters were seen within the pre-
sumed SOZ, the two largest clusters were considered for
ROI analysis (patients 5 and 14). The average CBF value of
the cluster, representing the average difference between the
baseline and postictal scans, was calculated.

Potential confounders

Several cofounders were considered including late CTP data
acquisition (> 65 min postictal), postictal CTP scanning fol-
lowing focal aware seizures, epilepsy ctiology, seizure dura-
tion, and duration of epilepsy.

Results
Patient selection and demographics

Fourteen adult patients were enrolled in the study. One patient
did not undergo a baseline CTP scan. Additionally, two pa-
tients had their baseline scans collected using our hospital’s
clinical stroke protocol (5 mm slice thickness) instead of the
study protocol (1.25 mm slice thickness); these two patients
were still analyzed and included in the study cohort. Thus, 13
complete sets (postictal and baseline) and one extra postictal
scan were collected leading to a total of 14 postictal datasets
and 13 baseline datasets being visually evaluated. Similarly,
13 patients were fully analyzed using the quantitative subtrac-
tion pipeline. No adverse events were reported.

Patient characteristics

Patient demographic data, clinical information, and investiga-
tions are summarized in Table 4. The mean age of the patients
at the time of the study was 36.6 years (range 2260 years).
Nine patients (60%) were female. The mean duration of epi-
lepsy was 23.7 years (range 647 years). Patients had seizures
ranging from multiple per day to monthly. Patients 3 and 9 had
previous surgical resections (left temporal lobectomy, and
right anterior insular resection). MRI was non-lesional in four
patients, ictal SPECT was captured for 11 patients (seven of
which were on the same event as the postictal CTP study), and
PET was obtained for ten patients (Table 4).

Localization of the presumed seizure onset zone

The presumed SOZ was identified by the Calgary Epilepsy
Program in all 14 patients using all available information. The
SOZ was clearly identified in ten patients and it was less clear
in four (patients 8, 10, 12, and 14), who were ultimately clas-
sified. Overall, the SOZ was found to be temporal in seven
patients, frontal in three, temporofrontal in two, hemispheric
in one, and bilateral in one (Table 4).

@ Springer

Recorded seizures

Table 5 summarizes the details of the seizures that were used
for the postictal CTP measurements. Eight patients experi-
enced a focal seizure with impaired awareness, four had sei-
zures evolving to bilateral convulsions, and two had a focal
aware seizure. The seizures lasted an average of 102 s (range
29-208 s). Postictal CTP scans obtained an average of
52.4 min following seizure termination (range 35—73 min).

Localization of postictal hypoperfusion: visual
assessment

Table 6 summarizes the visual evaluations of the two re-
viewers. Reviewers consistently detected more localized hy-
poperfusion with higher concordance to pre-clinical investi-
gations when provided with two scans (baseline and postictal
scan side-by-side) versus a single scan (baseline or postictal)
in both slice thickness evaluations.

In 1.25- and 5-mm-thick slices on side-by-side compari-
sons, global postictal hypoperfusion was detected by both
reviewers in 4/13 patients and 5/13, respectively. One patient
was globally hypoperfused in the postictal period relative to
the baseline (Fig. 1a, bottom right images) and had localized
maximal hypoperfusion in a similar region to where hyperper-
fusion was seen on ictal SPECT of the same seizure. The
remaining patients had similar global CBF ranges postictally
and interictally and also displayed localized hypoperfusion
(Fig. 1b). Patient 11 did not have any EEG change with her
seizure and visual review of the CTP data was non-localizing
in all assessments between both reviewers.

Table 3 summarizes the statistical sensitivity, positive pre-
dictive value, and kappa coefficient for each reviewer in each
viewing condition. Kappa coefficients of interrater reliability
were on average highest in the 1.25-mm-thick slices compared
to 5S-mm-thick slices. For both thicknesses, interrater agree-
ment was on average highest in the side-by-side comparison
and lowest in viewing single baseline scans. Localization,
PPV, and sensitivity were highest in side-by-side comparisons
and lowest in independent baseline scans. Indeed, visually
reviewing one scan was minimally localizing, particularly
for the interictal scans.

Patient with baseline hypoperfusion (patient 14)

Reviewers 1 and 2 independently assessed patient 14 as show-
ing localized baseline hypoperfusion in the 5- and 1.25-mm
postictal versus baseline comparison. The postictal scan when
viewed alone was non-localizing and globally uniform.
Baseline hypoperfusion was subtle and was localized to the
right temporal region. Interestingly, the localization of hypo-
perfusion in the baseline was the same for both reviewers and
was partially concordant with the EEG onset location of the
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E . 3 ;5 § seizure that was captured for the postictal scan and in the same
?g é‘g :2 é .g‘ Z“E lobe as identified in the subtraction CTP results. Although
ER N ER-g g 8 % £ < partially concordant with the EEG of the captured seizure,
L ax 3 ~ 3 the location of the baseline hypoperfusion was ultimately con-
= tralateral to the final presumed SOZ (left hemispheric,
§ é g s = orbitofrontal). Both reviewers also gave a lower confidence
%5 g—g g 3 g score on the assessments of baseline CTP images.
I B
= g R E = g 5§t Subtraction CTP
A (2 2 —
gf z = Localization of postictal hypoperfusion and areas of seizure
£z 2, é spread: quantitative sCTP
EEE5 5
=}l g % g g ) Table 7 summarizes the results of sCTP localization of

5 E E 2 _8 2 é E postictal hypoperfusion and additional areas of seizure spread.

(:L:ua _% g g § Y ;S; é Localized postictal hypoperfusion was detected in 12/13 pa-

= § g & 8@ § g tients (92%; patients 1-10, 12, and 14). One patient (patient

= ~ s ~ 11) who had a focal aware seizure without any EEG changes
2 showed no significant perfusion changes. Nine patients had
g unilateral postictal hypoperfusion, with a focal distribution in
El two (patients 6 and 7), multifocal distribution with focal prom-
g inence in four (patients 1, 2, 8, and 9), hemispheric distribu-

% g tion in two (patients 3 and 12) with patient 12 having focal

= E‘; prominence, and regional distribution with focal prominence

% ‘g ‘g é in one (patient 4). Three patients had bilateral and multifocal

g 2 2 5 postictal hypoperfusion (patients 5, 10, and 14) with patient 5

L e N hgvin.g fo?al prominence. Afiditional clusters of hypoperfu—

. % y = % = E) sion identified as areas of seizure spread were seen in 12/13

0 ZEE 2 é ég g - patients. In addition, the degree of postictal hypoperfusion

= e & _2 52858 £ 8 was positively correlated with seizure duration (Fig. 2;

= — R _ A Pearson »=0.70, two-tailed significance; P =0.0006).

@ :% 3 g o f:é °:EJ % g o Concordance with seizure onset zone and areas of seizure

= : N&g 237 k=

= © Q{ a Postictal hypoperfusion was seen in 12/13 patients (92%) and the

5 - ) % location of hypoperfusion was fully concordant with the pre-

- g g2 Ed *é sumed SOZ in four patients (patients 1, 4, and 8-9) and partially

:é =) § g4 _%5 i E" s concordant in six (patient 2-3, 56, 10, and 14; Table 7).

% z ey I £ § £ _g, Q:b 0 Specifically, sSCTP correctly localized the ictal hemisphere in

° é 5 %3’0 i E é 28 ] é 5 = ten patients and additionally the lobe in five. An example of

§ 552 E g § é —g 2 = é -2 unilateral focal hypoperfusion concordant with the presumed

A tay & & § 5{ SOZ is seen in Fig. 3. By comparing to the clinical consensus,

. é’ o - f» sCTP had a sensitivity of 0.91 and a PPV of 0.83; both of which

E g %‘ % % i were improvements over the qualitative mode of analysis.

A & = = = ) The location of maximal postictal hypoperfusion was dis-
2| e £ cordant with the presumed SOZ in two patients (patients 7 and
é @‘% g § 12). Patient 12 had a presumed SOZ in the left hemisphere,
§ &322 © S £ but he also experienced left hemiparesis for over 24 h, sug-
: 3 < o= b = %’ gesting a right-hemispheric involvement. Interestingly, local-
= <@ N . o & ized postictal hypoperfusion was seen in the right postcentral
18 = = s B gyrus in this patient (Fig. 4). The other discordant patient
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Table 5 Summary of captured seizure information and timing of image collection
ID Seizure type EEG onset Seizure duration ~ Time to CTP Interictal baseline
(s (min) EEG
1 Focal to bilateral Lt anterior and mid-temporal 153 62 Not very active
tonic-clonic
2 Focal impaired awareness ~ Diffuse Lt temporal. Postictal slowing 67 35 Not very active
Rt temporal and bifrontal
3 Focal to bilateral Lt temporal (max T3), spread to Lt frontocentral 110 43 Very active
tonic-clonic (F3-C3)
4 Focal impaired awareness  Diffuse onset (marred by movement artefacts), Rt 73 47 Very active
anterior
temporal later
5 Focal impaired awareness Lt hemispheric, later max frontotemporal (F7/T3/T5) 61 40 Very active
6  Focal impaired awareness Frontotemporal (max SP1-F7-FP1-F3), spread to Lt 69 41 Not very active
temporal and later bifrontal
7  Focal aware Rt mid-temporal (max T4), spread to Rt parasagittal, 29 80 Very active
postictal Rt temporal delta
8 Focal to bilateral Generalized theta (max Rt hemisphere) for 3 s, then 120 53 Not very active
tonic-clonic persistent rhythmic delta/theta in Rt hemisphere
9  Focal impaired awareness Rt frontotemporal (max Fp2-F4-F8-Sp2) 94 36 Not very active
10 Focal impaired awareness Lt frontotemporal, later posterior temporal 217 44 Very active
11 Focal aware No EEG change 60 63 Not very active
12 Focal to bilateral Lt frontotemporal (F7-Sp1), evolved to bifrontal 81 70 Not very active
tonic-clonic (max Lt)
13 Focal impaired awareness Rt frontotemporal, evolving to Rt hemispheric (F8, 97 46 Not very active
Sp2)
14 Focal impaired awareness Rt frontal, later bifrontal 208 73 Not very active

Lt left, Rt right

(patient 7) had a focal aware seizure with the shortest seizure
duration (29 s) of all patients.

The location of postictal hypoperfusion reflecting seizure
spread was concordant with EEG patterns of seizure spread in
all 12 patients that showed postictal hypoperfusion (Table 7).
Figure 5 shows an example where the presumed SOZ is
highlighted as the most significant cluster with the additional
areas of hypoperfusion reflecting seizure spread.

Comparison with clinical imaging data

Of the 12 patients where significant postictal hypoperfusion
was seen, eight had lesional MRIs. sCTP was concordant with
the MRI findings in six of these patients (patient 1-3, 67, and
14) (Table 7). Of all 13 patients studied, SCTP provided sim-
ilar localization to MRI in five patients (patients 1, 3, 6, and 9—
10), superior localization in three (patients 4, 5, and 8), and
inferior localization in five (patients 2, 7, and 11-14).

PET was performed in 10/13 patients with significant postictal
hypoperfusion and sCTP provided similar localization to PET in
five patients (patients 1-5), superior localization in one (patient
8), and inferior localization in four (patients 9, 11-12, and 14;
Table 7).

Ictal SPECT was performed in 11/13 patients and sCTP pro-
vided similar localization to ictal SPECT in five patients (patients

4-6, 8, and 12), superior localization in two (patients 3 and 9),
and inferior localization in four (patients 2, 7, 11, and 14). In
seven patients (patients 2—5, 7-8, and 11), postictal CTP was
performed on the same seizure as the ictal SPECT. This facilitat-
ed direct comparison of postictal CTP to ictal SPECT. sCTP
localization in these cases was similar in three (patients 4—5
and 8), superior in one (patient 3), and inferior in three (patients
2,7, and 11; Table 7). Interestingly, 2/3 patients where sCTP was
inferior to ictal SPECT had focal aware seizures and the remain-
ing patient had sCTP localizing to right temporal lobe whereas
ictal SPECT localized to right frontal lobe.

Patients with previous epilepsy surgery

Two patients had previous epilepsy surgery. Patient 3 had a pre-
vious left temporal lobectomy and amygdalohippocampectomy
and patient 9 had a previous right anterior insular resection. In
both cases, SCTP displayed unilateral multifocal perfusion pat-
terns that were fully concordant with the presumed SOZ and with
the EEG of the captured seizure.

Potential confounders

Several cofounders were considered including late CTP data
acquisition (> 65 min postictal), postictal CTP scanning

@ Springer



Neuroradiology (2019) 61:991-1010

1000

WS 7Y Yo }7 ‘@UBPIOdUOD UO))

Tevonsod (revonsod
SNSIOA SNSIOA
pasnjzododAy pasnjzododAy
sem ouraseq) Sem ouIjaseq) [e1u01J0)1q10
N Tezodw) 1y N Terodwd) 1y N Terodwa) 1y B/U  UONRZI[BIO] ON B/U  UONBZI[BIO] ON B/U  UONEBZI[LIO] ON Aoy ouoydsiuey 17 41
e/u '/u B/u e/u '/u B/u B/u e/u A Texodwd) 13y A omoydsmuoy 1y [erodw) 1y €1
[eruoy
N Teroduwd) 1 N Teroduwd) 1y A Terodwoy 37 B/U  UONEZI[EOO] ON N Tezodwo) 13 N Terodwo) 131 Ajqissod ‘aroydsiuay 37 7|
A uonezieso[ oN A uonezieso| oN B/U  UONEZI[BIO] ON B/U  UONEZI[EIO] ON D uonezZI[Ed’0] ON A UOLRZI[Ed0] ON| ferodw) 17 1]
A [erodwo) 37 B/U  UONEZI[BIO] ON N Terodwo) 13 N Tejorred 1 A Tendiooo 17 B/U  UOIBZI[EIO] ON. ouoydstwoyrg 0
A [esodwoy 1y B/U  UONEZI[EOO] ON A Texodwd) 1y B/U  UONEBZI[EIO] ON B/U  UONEBZI[EIO0] ON B/U  UONEZI[BIO] ON [erodwoioyuoy 1y 6
A Tezodwoy 1y A Terodwo) 1 B/U  UONBZI[BOO] ON B/U  UONEZI[EOO] ON. A Terodwo) 1y A [erodwoy 1Y ouoydsiwoy 1y 8
B/U  UONEZI[EIO] ON B/U  UONEZI[EOO] ON B/U  UONEZI[BIO] ON B/U  UONEBZI[EIO0] ON B/U  UOIEZI[BIO] ON B/U  UOIEZI[BIO] ON ensut ferodw)-pru 1y £
[ezod
B/U  UONRZI[EOO] ON N aroydsrway 1y B/U  UONEZI[BIO] ON B/U  UONRZI[BIO] ON B/U  UONEZI[LIO] ON B/U  UONEZI[EIO] ON -} JOLIJUE-[BJUOJONQIO )] 9
rendrooo
A Tendrooo 1y B/U  UONBZI[EI0] ON B/U  UONEZI[BIO] ON B/U  UONRZI[BIO] ON A [erodw) 37 B/U  UONEBZI[LIO] ON [erodwd) Joudysod 7 ¢
Texodwd)
A eroured 1y A + eoued 1y B/U  UONEZI[BOO] ON B/U  UONEZI[BIO] ON A [exodwd) 1y A [erodwd) 1y [eogolodwiol 1y ¢
A [ewoy 1] A [erodwio) 17 B/U  UONEZI[BIO] ON B/U  UONEBZI[LIO] ON A [eloy 1] A [erodwd) 17 [erodwy 1] ¢
A Teroued 1y A Teroued 1y B/U  UONRZI[BIO] ON B/U  UONEBZI[BIO] ON A [ezodwd) 1y A Terodwid) 1y SNIAS [ejuoy Sppru Ry ¢
A [erodwid) 17 N Terodwia) 1y B/U  UONRZI[BOO] ON N Terodwia) 1 A [erodwdy 17 N [erodwid) 1y [erodwy 17 |
uo) g T JOMAIADY uo) 19 [ 10MAIADY  U0D 7Y TIOMIIADY  uo) Y [ 10MIIADY  U0D 7Y T JoMaIAdy uo) 19 1 10Ma1AY
QUI[Aseq SNSIA [BIONSOJ Juraseq [eonsod
SOOI[S W G7'| 70S poumsaxd feury [
[EJUOL0}qI0 AJaX|
A Tezodwe) 17 N Texodwd) 1y N Teroured 1y B/U  UONEZI[BIO] ON B/U  UOIEBZI[EIO] ON B/U  UONEBZI[EIO] ON ouoydsiuoy 17 4]
B/U '/U B/u '/U '/u B/u B/u /U A Telorred 1y A reyoued 1y ferodwoy 1y €1
[exodwo)
- peaidsopim [eyuoyy
N asoydsrway 1y N [erodwd) 1y B/U  UONEZI[BIO] ON B/U  UONEBZI[EIO] ON N [evoued 1y N Tezodwd) 1y Ajqussod ‘azoydstway 17 71
B/U  UONEZI[EIO] ON B/U  UONEZI[EOO] ON B/U  UONEZI[BIO] ON B/U  UOLEZI[EIO] ON B/U  UOIEBZI[BIO] ON B/U  UOIEBZI[EIO] ON aqof [exodwio) 17 [
N [eluoy 1y A Tezodwd) 17 A [evoued 1] B/U  UONRZI[BIO] ON A [erodw) 37 B/U  UONEBZI[BIO] ON ouoydsiwoyrg
B/U  UONEZI[EIO] ON A Tezodwd) 1y B/U  UONEZI[BIO] ON B/U  UONEBZI[LIO] ON B/U  UONEZI[BIO] ON B/U  UONEZI[BIO] ON [erodwidioiuoy 1y 6
A [erodwd) 1y A [erodwid) 1y B/U  UONEBZI[EIO] ON B/U  UONEZI[EIO] ON B/U  UONEZI[BIO] ON N [eroured ¥ oumoydsiway 1y 8
A Terodwid) 1y A Terodwid) 1y A Tesoued 1y B/U  UONEZI[BIO] ON A Tesoured 1y B/U  UONEZI[BIO] ON ensut-rerodwa)-pruu 3y £
Texod
A [eroued 17 A aroydstway 17 B/U  UONEZI[BIO] ON B/U  UONRZI[BIO] ON A [eroued 17 A [erodwa) 17 -WQ) JOLIJUE-[BIUOJONQIO Y] 9
Tendrooo
A [eloyg 11 A [eoy 1] B/U  UONRZI[BIO] ON B/U  UONBZI[EIO] ON. B/U  UONEZI[BIO] ON B/U  UONBZI[BIO] ON [erodwdy Jousod 17 ¢
A [erodwd) 1y A Terodwd) 1y B/U  UONEZI[EIO] ON B/U  UONEZI[BIO] ON A Tesoued 1y A [euoy 1y [eiuogorodwal 1y §
A [erorred 17 A [erodwd) 37 N Terodud) 1y B/U  UONRZI[EOO] ON A erorred 37 A Teyorred 37 [erodw) 37 ¢
A Teroued 1y A Tezodwd) 1y B/U  UONEZI[EIO] ON B/U  UONEZI[BIO] ON A Texodwd) 1y N [euoxy 1] SnIAS [ejuony oippruu 1y ¢
N Tesoued 1y A Tesoued 17 B/U  UONEZI[BIO] ON B/U  UONBZI[EIO] ON. N erodwia) 1y B/U  UONEBZI[EIO] ON ferodwe y7 |
uo) 7y TIMIIADY  U0D 1Y [ IOMIIAY  'u0) T TIMIIADY  'uo) 1Y [ IOMIIADY U0 T T IoMIIAdY ‘uo) 1Y [ JOMIIAY
QUI[aseq SNSIOA [B)ONSOJ qurjeseq [e1onsod
SIS W ¢ 70S pownsaxd [eur,]

ZOS pawnsaid oy 0} 9OULPIOOUOD JIAY} PUE SIOI[S JOIYI-WW-GZ [ PUE -G JOJ JOMIIAI [ord WOIJ SJUIWISSISSE [ensIA Jo Arewrung 9 ajqe]

pringer

Qs



Neuroradiology (2019) 61:991-1010

1001

Pt. 4 52 yr old female EEG Onset:
Sz type: FIA MRI:

Sz dur: 73s Ictal SPECT:
CTP time: 47 min

Ictal SPECT

Pt. 8 EEG Onset:
Sz type:
Sz dur:

CTP time:

24 yr old male
FBTCS

120s MRI:

53 min Ictal SPECT:

Ictal SPECT

Fig. 1 Examples of localizing visually detected postictal hypoperfusion.
a An example of global hypoperfusion relative to baseline, with more
pronounced focal hypoperfusion in the right mid-posterior temporal re-
gion (5 mm). Ictal SPECT of the same seizure showed right temporal

following focal aware seizures, epilepsy etiology, seizure
duration, and duration of epilepsy. Of these potential con-
founders, late acquisition and seizure type may have been
the greatest contributors to the absence of significant
postictal hypoperfusion. Postictal CTP studies were per-
formed more than 65 min after seizure termination in three
patients (patients 7, 12, and 14). The location of postictal

Onset obscured for 20s, Rt anterior temporal
Unremarkable
Rt temporal lobe, insula, and frontal operculum

CTP - Baseline

Generalized theta, max Rt hemisphere for 3 sec,
then slowing over Rt hemisphere

Unremarkable

Rt temporo-occipital, Rt superior perisylvian
regions

hyperperfusion (arrow). b An example of focal postictal hypoperfusion
with no global CBF differences (1.25 mm). Ictal SPECT of the same
seizure showed right temporal hyperperfusion (arrow)

hypoperfusion for two of these patients was discordant
with the presumed SOZ (patients 7 and 12). A focal
aware seizure was captured for two patients; one patient
did not have any EEG changes and showed no postictal
hypoperfusion (patient 11) and the other had sparse re-
gions of hypoperfusion in parasagittal regions contralateral
to the presumed SOZ and was thus discordant (patient 7).
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Table 7 (continued)

sCTP Sz. spread  Con. w/

location

CTP EEG spread

CTP
superior superior to  superior

to MRI? SPECT?

Confidence CTP

(1-5)

Unilateral Distribution Con. w/

sCTP max.
location

EEG onset

Sz.

ID Final presumed

EEG Sz.
spread

SOz

versus

type

SOz

to PET?

bilateral

bifrontal (max

Lt)
Rt frontal, later

Bifrontal

Inferior Inferior  Bifrontal spread

Inferior

5

Partially

Bilateral Multifocal

Rt orbitofrontal,

FIA

Lt hem., likely

14

con.

Rt ant

bifrontal

orbitofrontal

temporal, Lt

ant temporal

Anatomical regions of the location of maximal hypoperfusion were determined by a clinician reviewer (PF)

Ant anterior, Con concordant(ce), Hem hemisphere(ic), Lt left, Sz seizure, Prom prominence, Rf right, w/ with

Discussion

To our knowledge, this is the first systematic study of immediate
postictal hypoperfusion detected using CTP both qualitatively
through visual assessments by expert reviewers and quantitative-
ly through subtraction of postictal and baseline images. We have
shown that sSCTP can be safely and rapidly performed in patients
during the postictal period and is able to detect localized hypo-
perfusion corresponding to the presumed SOZ and areas of sei-
zure propagation. When baseline and postictal CBF images were
visually compared side-by-side, localized hypoperfusion was de-
tected by at least one reviewer in 9/13 (69%) of patients.
Reviewer 1 assessments were concordant to the presumed SOZ
in 57% (1.25 mm) and 65% (5 mm) of patients; reviewer 2
assessments were concordant to the presumed SOZ in 69%
(1.25 mm) and 61% (5 mm). When quantitatively subtracted
from the patient’s baseline perfusion scan, CTP demonstrated
postictal reductions of > 15 CBF units in 12/13 patients (92%).
The location of the hypoperfusion was partially concordant with
the presumed SOZ in 6/12 (50%) of these patients and fully
concordant with the presumed SOZ in 4/12 (33%) of these pa-
tients. Additionally, all patients localized additional clusters of
hypoperfusion in areas of seizure propagation concordant with
ictal VEEG.

Determining the seizure onset zone

Our study was strengthened by comparing postictal CTP CBF
images directly to ictal VEEG recordings, which are the current
gold standard for SOZ localization. Specifically, we had accurate
VEEG data about timing and duration the seizure, as well as the
type, clinical features, and EEG localization of the captured sei-
zure. Most previous CTP studies retrospectively investigated pa-
tients that presented to stroke centers and subsequently classified
seizures and the location of the presumed SOZ based on patient
clinical history alone [12—14, 17]. In these studies, most patients
did not undergo VEEG confirmation, and seizure descriptions
were based on witness accounts. A few ASL studies used
interictal scalp VEEG to determine the presumed SOZ [10,
18], but none apart from a recent study from our group used
concurrent ictal VEEG recordings [15].

Previous studies have shown that interictal SPECT may lead
to false localization, has a lower sensitivity (0.44), and correctly
localized the SOZ in 49% of patients, whereas ictal SPECT had
higher sensitivity (0.97) and correctly localizing in 81% of pa-
tients [19, 20]. Given the dynamic nature of CBF changes,
interictal haemodynamic changes do not consistently correlate
with the SOZ and may not be a dependable marker of the
SOZ, especially in patients with structural abnormalities [10,
18]. One ASL study showed interictal hypoperfusion in 81%
of patients up to 60 days after seizures [21]. In patients in whom
ASL images were acquired < 3 days following seizures, interictal
hypoperfusion, when present, was completely or partially
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Fig. 2 The degree of postictal 23 o
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concordant in 32% and 67% of cases, respectively. However,
none of these patients underwent continuous VEEG immediately
prior to the ASL study, so undetected seizures may have con-
founded these results.

We recently prospectively collected postictal scans within
90 min of electrographically confirmed seizures and had ac-
curate recordings between seizure termination and ASL data
collection [15]. Although postictal hypoperfusion detected by
ASL was reliably localizing in 80% of patients and does not
involve radiation or administration of a contrast agent, it is
logistically difficult to gain rapid access to MR scanners.
The present study aimed to provide an alternative to ASL
imaging, as CTP is more logistically feasible and easier to
implement clinically for collecting immediate postictal CBF
data.

Pt. 1

Sz. type:
Sz. dur:
CTP time:

60 yr old female
FBTCS MRI:
153 secs PET:
65 mins

FDG - PET

Fig. 3 Example of unilateral focal hypoperfusion seen on sCTP in a 60-
year-old female with intractable epilepsy ipsilateral to the final presumed
SOZ. FDG-PET (top left) localized to the left mesial temporal lobe and
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EEG onset:

SEIZURE DURATION (S)

Timing of postictal hypoperfusion

Currently, there exists no clear definition of the duration of the
postictal period. This has led studies to postictal imaging with
acquisition times ranging from several minutes to several
weeks following a seizure [7, 9, 11-14, 17, 22].
Additionally, because many of these studies did not employ
ictal VEEG, seizure onset was based on witness accounts
leading to inaccurate measures of the time passed between
seizure termination and image acquisition.

A recent animal study from our center systematically eval-
uated postictal hypoperfusion and hypoxia and found that
these changes consistently lasted for approximately 60 min
at the SOZ before returning to pre-seizure values [6]. This
temporal characterization of postictal hemodynamic changes

Lt temporal
Lt mesial temporal sclerosis
Lt mesial temporal lobe and hippocampus

Subtraction CTP

A ml/100g/min

hippocampus (arrow). Ictal EEG recording (bottom left) showing seizure
onset in the left temporal region (arrow)
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Pt. 012 26 yr old male EEG onset:
Sz type: FBTCS + Lt Todd’s MRI:

paresis > 24 hrs Ictal SPECT:
Sz dur: 81s
CTP time: 71 min

Ictal SPECT

Fig.4 Example of unilateral multifocal hypoperfusion contralateral to the
final presumed SOZ. Ictal SPECT (top left) of a different seizure showed
right-hemispheric hyperperfusion. Ictal EEG recording (bottom left) of
seizure used for CTP study showing seizure onset in the left

may explain why previous postictal studies obtained conflict-
ing or non-localizing results. Previous ASL measurements in
other studies that yielded postictal hypoperfusion or hyperper-
fusion may have been affected by the different time points at

Pt. 4 52 yr old female
Sz. type: FIA

Sz. dur: 73s

CTP time: 48mins

EEG Onset: Rt anterior temporal

onset, spread to Rt and Lt
frontal

MRI: Unremarkable

Ictal SPECT: Rt temporal lobe, Rt
insula, Rt frontal opercular

Lt frontotemporal F7-SP1; evolved to bifrontal, max Lt
Unremarkable

Rt posterior nasofrontal region, Rt peri-insular region, Rt
mesial temporal lobe, and frontal, temporal and parietal
convexities

Rt > Lt anteriomesial hypometabolism

Subtraction CTP

frontotemporal region (arrow). sCTP (right) demonstrated hypoperfusion
in the right hemisphere, contralateral to EEG onset, including the right
precentral gyrus. Notably, this patient had left hemiparesis for over 24 h
following the same seizure

which ASL data were obtained. A previous study showed that
CTP performed within approximately 30-90 min of seizure
termination is associated with persisting localizing hyperper-
fusion in all patients with status epilepticus and lateralizing

A ml/100g/min

Fig. 5 Example of sCTP detected unilateral focal hypoperfusion in the area of seizure onset with additional hypoperfusion in areas of seizure spread as
determined by ictal EEG. Arrow denotes cluster of presumed seizure onset, with circles representing additional areas of seizure spread
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hypoperfusion in only 30% of patients during the postictal
period [13]. The authors did not report the timing of CTP
acquisition for each patient nor was seizure termination con-
firmed by VEEG. Another study found that patients scanned
more than 2 h after seizure termination showed significantly
fewer abnormal perfusion patterns than those scanned within
2 h [12]. These findings further illustrate the transient and
variable nature of the postictal perfusion changes and suggest
that the timing of postictal image acquisition is critical.

We recently completed a systematic study of postictal CBF
changes in patients with drug-resistant focal epilepsy using
ASL measurements obtained within 90 min of a seizure con-
firmed by VEEG [15]. Postictal hypoperfusion was seen in
71% of patients, and in 80% of these patients, the area of
maximal hypoperfusion corresponded to the presumed SOZ.
Patients who had late postictal scans (> 60 min) showed no
significant hypoperfusion. Similarly, the present study obtain-
ed postictal CTP within 80 min of seizure termination and
partial or fully concordant postictal hypoperfusion corre-
sponding to the presumed SOZ was seen in 83% of patients.
Thus, both studies emphasize the need to perform postictal
studies prospectively, within an accurately measured and
predetermined time window and under continuous VEEG
monitoring.

Statistical analysis of visual assessments

No previous CTP study to our knowledge collected both
interictal and acute postictal scans for comparison. All previ-
ous studies retrospectively identified patients who presented at
stroke centers with neurological deficits and underwent CTP
imaging. Single scans were collected, typically outside the
acute postictal period (<60 min of seizure onset).
Neuroradiologists visually reviewed the scans for CBF abnor-
malities relative to the contralateral hemisphere [12, 17, 22].
In comparison, our study prospectively recruited patients and
collected two CTP scans (acute postictal and interictal base-
line) and directly compared the two scans. Our study also
justifies the need to acquire a baseline and postictal scan for
optimal visualization of localized postictal hypoperfusion.

Localization, PPV, and sensitivity were highest in the side-
by-side comparisons (1.25 mm = 70%, 0.650, 0.613; 5 mm =
92%, 0.825, 0.864; values shown are the average between
both reviewers) and lowest in the independent assessment of
baseline scans (1.25 mm=23%, 0.5, 0.146; 5 mm=15%,
0.250, 0.111). Indeed, visual assessment of a single scan was
minimally localizing, especially if it was an interictal scan.
Thus, the failure to obtain two scans along with the acquisition
of single interictal scans may explain why previous CTP stud-
ies did not identify localizing hypoperfusion. In contrast, in
the current study, focal hypoperfusion can be visually detected
in 70% of patients (for 1.25 mm thickness) in the side-by-side
comparisons of baseline and postictal scans.
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Kappa values between reviewers were highest in the 1.25-
mm-thick slices compared to the 5-mm-thick slices. We be-
lieve that reviewers were generally more confident in their
assessments of the 1.25-mm slices because genuine CBF
changes would persist for multiple slices making them easier
to identify and discount. Reviewers also noted that the 5-mm-
thick slices were more susceptible to partial volume artifacts.
For these reasons, the quantitative analysis was performed on
1.25-mm-thick slices.

Subtraction CTP technique

Previous CTP studies performed one acquisition, oftentimes
in the interictal period, and perfusion maps were assessed
either by visual inspection or by a statistical comparison of
CBF values from one hemisphere to the other [12, 14, 17, 22].
We found that visual assessment of CBF images was minimal-
ly localizing when examining only one scan, especially
interictal scans. Statistical contralateral comparison also as-
sumes that the contralateral hemisphere is normally perfused.
We saw that this is not always the case as sCTP not only
highlighted the SOZ but also hypoperfusion in areas of pre-
sumed seizure propagation, often in the contralateral hemi-
sphere (Fig. 5). Similarly, most previous ASL studies collect-
ed interictal CBF data and used statistical comparisons with
healthy controls to quantify CBF changes. However, minor
differences in interictal CBF maps between patients and con-
trols may provide inaccurate localization of the SOZ. One
ASL study from our lab circumvented these limitations by
comparing postictal scans obtained within 90 min of seizure
termination to interictal scans obtained from the same patients
[15].

CBF is dynamic and differences in diet, caffeine consump-
tion, medication changes, and circadian rhythms may influ-
ence global CBF. Thus, the challenge of collecting two CBF
scans lies in how to quantitatively compare two CBF images
collected at different times points in addition to different states
of health. During visual assessments, the postictal scans were
often found to be globally hypoperfused relative to baseline,
with further hypoperfusion within the SOZ. With this global
change, a voxel-by-voxel subtraction analysis would prove to
be non-localizing when viewed using an absolute threshold.
To account for potential global shifts in CBF range, we per-
formed intensity normalization to globally shift postictal scans
and baseline scans to be in the same range. This allowed for a
direct subtraction that highlighted focal areas of perfusion
differences.

Special case: patient 12—prolonged postictal hemiparesis
ipsilateral to the side of seizure onset

The location of postictal hypoperfusion detected by sCTP for
patient 12 was discordant with the presumed SOZ (Fig. 4).
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Specifically, sSCTP showed areas of hypoperfusion in the right
pre- and postcentral gyrus, right orbitofrontal, and right tem-
poral regions. These results were contralateral to the location
of EEG onset of the captured seizure and the presumed SOZ
which was felt to be in the left frontotemporal region.
However, patient 12 experienced postictal left hemiparesis
lasting over 24 h following the same event, suggesting signif-
icant right hemisphere involvement, either from ictal onset or
seizure propagation. Interestingly, ictal SPECT of a different
seizure also showed scattered hyperperfusion in the right
hemisphere, including the frontal and parietal convexities.
Thus, the sCTP results of patient 12, supported by the ictal
SPECT, may be an example where conventional presurgical
evaluation may provide inaccurate localization of the true ep-
ileptogenic zone. Notably, this patient has not undergone sur-
gical resection, so final confirmation of the true epileptogenic
zone is not available.

Hypoperfusion on CTP—visual analysis versus
subtraction CTP

Visual evaluation was performed to determine if localizing
hypoperfusion can be identified in postictal CBF data relative
to baseline CBF data. Subtraction analysis was performed in
an effort to remove the subjectivity of visual assessments and
to provide a quantitative measure of postictal hypoperfusion.
Although visual assessment correctly lateralized the SOZ, it
lacked spatial resolution as only lobar localization was the
most precise localization that could be achieved. sCTP
lateralized and localized to the presumed SOZ with higher
spatial resolution compared to visual assessments.

sCTP versus neuroimaging data

In our study, CTP offered similar or better localization than
MRI, ictal SPECT, and PET in 61%, 63%, and 60% of cases,
respectively. More specifically, SCTP was superior to MRI in
3/13 (23%) cases, to SPECT in 2/11 (18%) cases, and to PET
in 1/10 (10%) cases. sSCTP was inferior to these studies (MRI
38%, ictal SPECT 36%, PET 40%), possibly for the following
reasons: a focal aware seizure was captured which may be
associated with less postictal hypoperfusion (patients 7 and
11), late postictal scan (patient 14), or diffuse EEG onset (pa-
tient 2). In previous studies, ictal SPECT has yielded variable
success in localizing the SOZ, ranging 66-97%, depending on
temporal or extratemporal localization [23-25]. In compari-
son, previous interictal PET studies identified the SOZ varied
in 30-60% cases [26].

Similar to sCTP, subtraction ASL (sASL) was superior or
equal to MRI in 52% of cases, to ictal SPECT in 60% of cases,
and to PET in 71% of cases [15]. Among patients who dem-
onstrated perfusion changes, both sCTP and sASL lateralized
to the same hemisphere as the final presumed SOZ in

approximately 70% of cases (sCTP =10/14 patients,
sASL =10/15). Thus, CTP offers similar SOZ localizing in-
formation to subtraction ASL, ictal SPECT, and interictal PET
and is more cost-effective.

Clinical applicability

Although our study cohort was small (see “Limitations”),
sCTP can be a reliable method of localizing the hemisphere
and oftentimes the lobe of the presumed SOZ as determined
by other conventional means. In general, approximately 60%
of patients with temporal lobe epilepsy and 25-40% of pa-
tients with extratemporal epilepsy achieve long-term postop-
erative seizure freedom [27, 28]. Thus, there is a need for
additional tools to aid in the localization of the SOZ. While
we acknowledge that sCTP has some limitations, its perfor-
mance is similar or superior to MRI, ictal SPECT, or PET in
about 60% of cases. Thus, SCTP can be a reliable alternative to
other tests in patients in whom routine investigations are un-
informative or to confirm results of these investigations.
Importantly, sCTP may be particularly useful in centers that
do not have some tests readily available (e.g., ictal SPECT or
PET). sCTP may also help clarify the results of other tests and
distinguish between areas of seizure onset and seizure spread.

CTP should be relatively easy to implement in most epi-
lepsy centers. It is a readily available tool as most hospitals
have CT scanners and CTP protocols already in place that are
available 24/7, especially if they care for patients with strokes
or transient ischemic attacks. sCTP can be quickly and easily
performed following the collection of two scans. Once manual
selection of the arterial input function is complete for each
scan, the remainder of the sCTP analysis pipeline is automated
and results can be easily interpreted by specialists, generalists,
or medical trainees. SCTP provides a practical clinical alterna-
tive to SPECT given the lower cost, comparative logistical
ease of data collection, and equivalent to superior perfor-
mance. With additional investigation, SCTP has the potential
to be a valuable diagnostic tool that can improve the accuracy
of localizing the SOZ.

Confounding factors
Previous surgery

Because we did not exclude patients with previous surgery,
visual reviewers may have been biased in their assessments by
the presence of obvious post-surgical changes. The anatomical
changes may have also influenced registration of CBF maps
during quantitative analysis. If the areas of resection are mis-
registered, then peri-resection artefactual CBF differences
may be observed. Both patients that had previous surgeries
had unilateral multifocal sCTP localization (patients 3 and
9). Through subtraction analysis, patients 3 and 9 were
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partially and fully concordant with the presumed SOZ, respec-
tively. Ultimately, we believe that previous surgery did not
significantly alter the final localization of the SOZ as deter-
mined by CTP in these patients.

Focal aware seizures

Two patients experienced focal aware seizures with short du-
rations (patients 7 and 11), and one had no EEG change (pa-
tient 11). These factors may have influenced why patient 7
displayed very small clusters of hypoperfusion, which were
discordant with the presumed SOZ, and why patient 11 had no
clusters of significant postictal hypoperfusion. These results
are consistent with our previous ASL study [15] and with ictal
SPECT in which focal aware seizures are associated with lit-
tle, if any, localized hyperperfusion [29].

Timing of CTP

Previous animal work suggested that the period of most severe
hypoxia following a seizure occurs between 20 and 60 min
[6], highlighting the importance of the accurate timing for
investigating postictal hypoperfusion. Our cohort involved
three patients that had postictal CTP scans longer than
65 min after seizure termination (patients 7, 12, and 14).
Patients 7 and 14 experienced a focal aware seizure and focal
impaired awareness seizure, respectively, and both showed
minimal hypoperfusion. In contrast, patient 12 had a bilateral
tonic-clonic seizure and displayed multifocal hypoperfusion,
likely reflective of the more significant seizure type that was
experienced compared to the other two patients.

Interictal baseline EEG

Five patients had frequent interictal discharges. Although this
was not a factor in all patients with multifocal postictal hypo-
perfusion, 4/5 patients with an active interictal baseline EEG
had multifocal postictal hypoperfusion, and the remaining pa-
tient experienced a focal aware seizure and showed mild hy-
poperfusion in the subcortical structure that was ultimately
discordant with the presumed SOZ. We suspect that frequent
interictal epileptiform discharges could possibly lead to wide-
spread mild CBF reductions as documented in recent studies
[10, 30]. Thus, comparing such a patient’s baseline CBF to
postictal CBF may not yield significant CBF differences.
Alternatively, areas that would normally be cancelled out
might be overrepresented, leading to widespread CBF
changes.

Intensity normalization

Global CBF values can be different at different time points
even within healthy individuals, posing a challenge when
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performing a subtraction analysis between two sets of CBF
data. The effects of hyper- or hypo-ventilation during a seizure
or drug/caffeine consumption may also influence postictal or
baseline CBF measurements. To address this issue, an inten-
sity normalization step was performed whereby the intensity
of postictal images was globally shifted to have the same
average and standard deviation as the baseline images. By
doing this, differences between the image sets will be more
likely related to pathological changes from the ictal event
rather than physiological differences related to acquiring data
at two different time points. A limitation of this approach,
however, is the possibility that the magnitude/extent of
postictal hypoperfusion may be underestimated and that the
relationship between the degree of hypoperfusion and seizure
duration may be altered (Fig. 2).

Limitations

Despite showing good concordance of postictal hypoper-
fusion to the presumed SOZ, our study cohort was small
and could not be validated by post-surgical outcome, as
only one patient underwent surgery to date. Thus, a larger
scale study with longer term follow-ups is needed to de-
termine if SCTP can systemically lead to equivalent or
superior detection of the SOZ compared to conventional
methods.

Similarly, the use of clinical consensus as the gold
standard for the presumed SOZ in statistical analysis and
comparisons for concordance is another limitation as the
true epileptogenic zone can only be determined post-sur-
gically. Thus, there is a possibility that the presumed SOZ
may not be concordant with the epileptogenic zone.
Indeed, two of the patients underwent further intracranial
monitoring, showing that the presurgical assessment using
scalp VEEG data may not be conclusive. Another limita-
tion is the fact that EEG electrodes were removed ~
20 min prior to each CTP scan, leading to the possibility
of missing electrographic seizures during transport to the
CT scanner and image acquisition.

Additional investigation of the necessary post-
processing steps is still required. The difference between
partially and fully concordant results may be influenced
by registration errors, adjustments of smoothing kernel
parameters, and/or normalization techniques.

A limitation of Cohen’s kappa is that it reflects the
agreement between the sensitivity and specificity of raters
and is therefore dependent upon the trait prevalence. In
this study, the statistic would vary based on whether hy-
poperfusion is expected to be present or not. For interictal
scans, hypoperfusion was not expected to be prevalent
and most reviews were non-localizing, which resulted in
low kappa coefficients despite good overall agreement
between reviewers. Additionally, unlike comparative
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statistics, there is no intrinsic significance associated with
interrater reliability metrics. Instead, investigators rely on
established benchmarks to report qualitative descriptions
of the quantitative measures.

We justified the use of 15 CBF units as an absolute thresh-
old to view sCTP hypoperfusion based on our previous animal
work and ASL human data. However, we recognize that other
methods of analyzing postictal CBF changes may be consid-
ered. Indeed, using a different thresholds or smoothing param-
eters may yield different results.

Conclusions

Subtraction CTP is a safe, feasible, cost-effective, and
readily available imaging modality that can be used to
measure postictal hypoperfusion that may help localize
the SOZ. When the CTP study is performed within
80 min of the end of a seizure that is not focal aware,
hypoperfusion is seen in up to 80% of patients. Although
ASL does not involve radiation and has been shown to
be an effective modality in detecting postictal hypoper-
fusion, rapid access to MRI scanners poses a challenge
for its clinical implementation. Given the favorable com-
parisons with subtraction ASL, ictal SPECT, and PET,
sCTP may be an additional tool for identifying the SOZ.
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