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Short post-injection seizure duration i

is associated with reduced power of ictal brain
perfusion SPECT to lateralize the seizure onset
zone
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Michael Lanz?, Susanne Klutmann', Stefan Stodieck?, Philipp T. Meyer* and Ralph Buchert'

Abstract

Background The aim of this study was to assess the impact of the post-injection electrical seizure duration

on the identification of the seizure onset zone (SOZ) in ictal brain perfusion SPECT in presurgical evaluation of drug-
resistant epilepsy.

Methods 176 ictal SPECT performed with PMTHMPAO (n = 140) or -ECD (n=236) were included retrospectively. Vis-
ual interpretation of the SPECT images (together with individual MRI and statistical hyperperfusion maps) with respect
to lateralization (right, left, none) and localization (temporal, frontal, parietal, occipital) of the SOZ was performed by 3
independent readers. Between-readers agreement was characterized by Fleiss'k. An ictal SPECT was considered "later-
alizing" if all readers agreed on right or left hemisphere. It was considered "localizing" if it was lateralizing and all read-
ers agreed on the same lobe within the same hemisphere. The impact of injection latency and post-injection seizure
duration on the proportion of lateralizing/localizing SPECT was tested by ANOVA with dichotomized (by the median)
injection latency and post-injection seizure duration as between-subjects factors.

Results Median [interquartile range] (full range) of injection latency and post-injection seizure duration were 30 [24,
40] (3—-120) s and 50 [27, 70] (-20-660) s, respectively. Fleiss'k for lateralization of the SOZ was largest for the combi-
nation of early (<30 s) injection and long (> 50 s) post-injection seizure duration (k=0.894, all other combinations
k=0.659-0.734). Regarding Fleiss'k for localization of the SOZ in the 141 (80.1%) lateralizing SPECT, it was largest

for early injection and short post-injection seizure duration (k=0.575, all other combinations k=0.329-0.368). The
proportion of lateralizing SPECT was lower with short compared to long post-injection seizure duration (estimated
marginal means 74.3% versus 86.3%, p=0.047). The effect was mainly driven by cases with very short post-injection
seizure duration < 10 s (53.8% lateralizing). Injection latency in the considered range had no significant impact

on the proportion of lateralizing SPECT (p=0.390). The proportion of localizing SPECT among the lateralizing cases did
not depend on injection latency or post-injection seizure duration (p>0.603).

Conclusions Short post-injection seizure duration is associated with a lower proportion of lateralizing cases in ictal
brain perfusion SPECT.

Amir Karimzadeh and Kian Baradaran-Salimi have contributed equally as first
authors.

*Correspondence:

Amir Karimzadeh

amirkarimzadeh@uke.de

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13550-024-01095-5&domain=pdf
http://orcid.org/0000-0002-7055-8275
http://orcid.org/0000-0002-0945-0724

Karimzadeh et al. EINMMI Research (2024) 14:40

Page 2 of 12

Keywords Epilepsy, Perfusion, SPECT, Seizure duration, Injection latency, Cerebral blood flow, Technetium Tc 99 m

exametazime, Technetium Tc 99 m bicisate

Introduction

Epilepsy, one of the most prevalent neurological disor-
ders, does not sufficiently respond to pharmacological
treatment in a relevant proportion of the patients [1, 2].
Surgical resection of the epileptogenic zone offers a high
chance of cure for individuals with focal epilepsy who do
not become seizure-free under optimal drug therapy [1].
This requires reliable localization of the epileptogenic
zone prior to surgery. If one of the conventional point-
ers to the epileptogenic zone assessed during presurgical
evaluation (MRI, seizure semiology and electroencepha-
lography (EEG)) is absent, or if there is discrepancy
between these pointers, “more sophisticated imaging ...
is needed” [1].

The latter includes ictal brain perfusion single-photon
emission computed tomography (SPECT) to identify the
“seizure onset zone” (SOZ) [3, 4]. The ®™Tc-labeled trac-
ers hexamethyl-propyleneamine oxime (**™Tc-HMPAO)
(5, 6] and ethyl cysteinate dimer (**™Tc-ECD) [7-9] are
widely used for this purpose. After intravenous bolus
injection, the majority of the tracer is extracted from
blood during a single capillary passage in the brain
and locally retained in the adjacent brain tissue. Thus,
regional tracer distribution within the brain mainly
reflects the (relative) regional cerebral blood flow during
the first capillary passage [10, 11]. The SPECT image can
be considered a “snapshot” of the cerebral blood flow pat-
tern at this time point [12].

When the tracer is injected during a seizure, the SOZ is
identified by regional hyperperfusion [13]. This is compli-
cated by the fact that “the scintigraphic appearance and
extent of seizure foci may change dramatically depending
on the exact timing of tracer injection relative to seizure
onset” [14]. In particular, ipsilateral and contralateral sei-
zure propagation [15, 16], surround inhibition [13] and
postictal switch from hyper- to hypoperfusion in the SOZ
[17] can have a major impact on the tracer uptake pattern
depending on the delay of its intravenous injection rela-
tive to the start of the seizure [4]. The impact of the injec-
tion latency on the performance of ictal brain perfusion
SPECT to correctly identify the epileptogenic zone has
been investigated in numerous studies that consistently
favored early injection [16, 18-26]. As a consequence,
procedure guidelines for brain perfusion SPECT using
9mTc labelled radiopharmaceuticals recommend that
“the tracer should be injected as soon as possible after
seizure onset “ [27]. One of the main goals is to avoid rel-
evant postictal switch effects, which typically occur not

earlier than 60-90 s after the end of the seizure [21]. In
contrast, seizure propagation effects cannot be ruled out
even if the tracer injection starts simultaneously with the
seizure. This is due to the approximately 15 s transit time
of the tracer from the venous injection site to the brain
[16, 28, 29]. Furthermore, the final tracer distribution in
the brain is not fully complete until about 2 min after
intravenous injection, mainly due to incomplete extrac-
tion of the tracer during a single capillary passage [30].

In striking contrast to the injection latency, the impact
of the remaining seizure duration after the tracer injec-
tion on the performance of ictal perfusion SPECT is not
well studied, although it appears plausible to assume that
ictal neuronal activity and/or associated haemodynamic
changes must still be ongoing when the tracer reaches the
brain in order to identify the SOZ in the SPECT image.
Procedure guidelines recommend that tracer injection
should be exactly related “to the time point of behavioral
and electrical seizure onset and end” [27], but they do not
make any further statements concerning the injection
time relative to the end of the seizure [14, 27].

Against this background, the aim of the current study
was to assess the impact of the post-injection electrical
seizure duration on the proportion of lateralizing and
localizing ictal SPECT in a large clinical patient sam-
ple. The primary a priori hypothesis put to test was that
short post-injection seizure duration is associated with a
reduced proportion of ictal SPECT that allow reliable lat-
eralization of the SOZ.

Material and methods

Patients

The database of the Department of Nuclear Medicine of
the University Medical Center Hamburg-Eppendorf was
searched for patients with suspected unifocal epilepsy
who had undergone ictal brain perfusion SPECT with
PmTeHMPAO or *™Tc-ECD for presurgical evalua-
tion. The following inclusion criteria were employed: (I1)
SPECT and structural MRI data available for consistent
retrospective image processing, (12) video EEG recording
of the SPECT seizure available for retrospective analy-
sis, (I3) clear identification of a seizure in the EEG that
allowed reliable determination of (a) the latency of tracer
injection after electrical seizure onset and (b) the remain-
ing electrical duration of the seizure after tracer injec-
tion. These criteria were fulfilled by 184 (90.3%) of 207
screened patients. Of these, eight patients were excluded
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due to severe image artifacts caused by head motion dur-
ing ictal SPECT acquisition. The remaining 176 patients
were included into the analysis. No further eligibility cri-
teria were employed. In particular, there were no eligibil-
ity criteria with respect to the suspected localization of
the SOZ, with respect to MRI findings or with respect to
prior therapy (including prior brain surgery). This was to
guarantee that the included patient sample was repre-
sentative of brain perfusion SPECT for presurgical eval-
uation of epilepsy patients in clinical routine at our site
(tertiary referral epilepsy specialist center).

Most of the patients showed alterations in structural
MRI that were taken into consideration as epileptogenic
zone, including hippocampal sclerosis/atrophy (29.1%),
border zone of prior surgery (13.6%), focal cortical dys-
plasia (10.9%), tumor (4.5%), post encephalitic lesion
(1.8%), vessel malformation (1.8%) or unclear lesion
(15.5%). The remaining 22.7% of patients presented
with normal MRI. Demographic and clinical data of the
included patients are summarized in Table 1.

The ictal SPECT included in this study had been
acquired between June 2004 and November 2021. The
majority of the SPECT images had been included in a pre-
vious study on the impact of the tracer (*™Tc-HMPAO
or ®™Tc-ECD) in ictal brain perfusion SPECT [31], a
small subset had been included in a study on covariance
pattern analysis of ictal brain perfusion SPECT for pre-
dicting the outcome of epilepsy surgery [32].

Ictal SPECT

Ictal injection of **™Tc-ECD (n=36) or (stabilized)
PmTe. HMPAO (n=140) had been performed manually
in an inpatient setting under scalp video-EEG monitor-
ing in the Department of Neurology and Epileptology
of the Protestant Hospital Alsterdorf. After tracer injec-
tion, the patients were transported to the Department
of Nuclear Medicine of the University Medical Center

Tab 1 Demographic and clinical data
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Hamburg-Eppendorf for the SPECT acquisition (about
20 min drive).

SPECT projection data were acquired with a double-
head camera (Siemens Symbia T2 or Siemens E.CAM)
equipped with fan-beam or low-energy high-resolution
collimators and angular steps of 2.8 or 3.0 degrees. The
radius of rotation was 15.0+ 1.3 cm. Total net acquisition
time was 40 min.

The projection data were reconstructed into transaxial
SPECT images with 3.9%3.9 X 3.9 mm? voxel size using
filtered backprojection implemented in the SPECT cam-
era software with a Butterworth filter of order 5 and
cutoff of 0.6 cycles/pixel (=1.5 cycles/cm). The result-
ing images were postfiltered with an isotropic Gaussian
kernel with 8 mm full-width-at-half-maximum. Uniform
post-reconstruction attenuation correction was per-
formed according to Chang (u=0.12/cm). No scatter cor-
rection was applied.

Consistent determination of the latency of the tracer
injection after electrical seizure onset and of the remain-
ing electrical seizure duration after tracer injection was
performed retrospectively from the video EEG by experi-
enced epileptologists. In the following, “seizure duration”
always means remaining electrical seizure duration after
tracer injection (= post-injection seizure duration).

Image preprocessing

Each SPECT image was coregistered to the individual
T1-weighted MRI. In addition, SPECT images were ste-
reotactically normalized (affine) to the anatomical space
of the Montreal Neurological Institute (MNI) using the
statistical parametric mapping software package (ver-
sion SPM12). Depending on the tracer, a custom **™Tc-
HMPAO template or a custom *™Tc-ECD template in
MNI space was used as target for the stereotactical nor-
malization [31].

Median (IQR) P-value of between-subjects effect
Injection latency Seizure duration Interaction

Age atictal SPECT, y 38 (26-49) 0.052 0403 0.997
Sex, % females 472 0.327 0.481 0.949
Age at first seizure, y 15 (7-24) (n=64) 0.240 0.708 0427
Duration of disease at SPECT, y 20 (10-31) (n=65) 0615 0.151 0.866
Mean seizure frequency in the last 12 mo before SPECT, 9 (5-22) (n=50) 0.650 0.783 0.770
seizures/mo

Tracer of ictal SPECT, % *™c-ECD 205 0.978 0.051 0445
Injected tracer dose, MBq 590 (505-700) (n=115) 0.529 0.561 0618
Delay between tracer injection and scan start, min 141 (100-188) (n=93) 0.752 0.834 0.735
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In preparation of voxel-based statistical testing
for ictal hyperperfusion, stereotactically normal-
ized SPECT images were smoothed by convolution
with an isotropic 3-dimensional Gaussian kernel with
15 mm full-width-at-half-maximum and then scaled
to the individual mean tracer uptake in a standard cer-
ebrum parenchyma mask predefined in MNI space.
The resulting images were transformed to z-score
maps relative to the voxel-wise mean and the voxel-
wise standard deviation of stereotactically normalized,
smoothed and scaled tracer uptake in a custom *™Tc-
HMPAO normal database or a custom **™Tc-ECD
normal database, depending on the tracer used in the
individual patient [32]. A rather conservative cutoff
z2>3.0 on the z-score was used to identify significant
hyperperfusion. This is the standard cutoff used in
clinical routine at our site in order to limit the rate of
false positive clusters.

Visual SPECT interpretation

Visual interpretation of the ictal SPECT was based
on a standardized display provided to the readers as a
2-page pdf-document (Fig. 1, a separate pdf-document
was created for each patient).

The pseudonymized pdf documents were indepen-
dently assessed by 3 readers (AK, KS, RB). The read-
ers were blinded to all information except sex, age, and
tracer.

The readers were asked to first lateralize the SOZ
(right hemisphere, left hemisphere or no evidence of
the SOZ). If the reader lateralized the SOZ to the right
or to the left hemisphere, she/he was asked to charac-
terize the certainty of the lateralization according to a
5-score (1=very uncertain, ..., 5=very certain). Fur-
thermore, the readers were asked to localize the SOZ
within a brain lobe (temporal, frontal, parietal, occipi-
tal) in the selected hemisphere and to characterize
the certainty of the localization according to the same
5-score (1 =very uncertain, ..., 5=very certain).

The score “no evidence of SOZ” at the first step was
restricted to cases with normal tracer uptake. In cases
with>2 SOZ candidates that were considered equally
likely to be the actual SOZ, the readers were asked
to select one SOZ candidate and to account for the
uncertainty by a low certainty score for lateralization
and/or localization.

The readers were asked to adhere to the criteria for
visual interpretation of ictal SPECT given in the Addi-
tional file 1 Prior to the visual reading session, each
reader performed a training session including 12 ran-
domly selected cases.
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Statistical analysis

Definitions

An ictal SPECT was considered "lateralizing" if the 3
readers agreed on right or left hemisphere for the SOZ.

An ictal SPECT was considered "empty” (with respect
to SOZ candidates) if at least 2 of the 3 readers catego-
rized it as “no evidence of the SOZ’, that is, normal tracer
uptake throughout the brain.

An ictal SPECT was considered "localizing" if it was
“lateralizing” and the 3 readers also agreed on the same
lobe within the same hemisphere.

Among the patients with “lateralizing” ictal SPECT
who underwent epilepsy surgery in the hemisphere sug-
gested by SPECT and in whom>12 months follow-up
was available, those with Engel IA at 12 months were
considered “responders’, all others were considered
“non-responders”.

The tracer injection latency after the electrical start
of the seizure was dichotomized using its median value:
“early” injection if latency<median, “late” injection if
latency > median.

The post-injection electrical seizure duration, too, was
dichotomized using its median value: “long” duration
if > median, “short” duration if < median.

Statistical tests
Proportions are given as percentage, continuous variables
are given as median and interquartile range.

Spearman’s rank correlation was employed to test for a
potential association between injection latency and sei-
zure duration (continuous variables).

Demographics (age, sex) and clinical variables (age at
first seizure, duration of disease at ictal SPECT, mean
seizure frequency in the last 12 months before SPECT,
tracer, injected tracer dose, delay between tracer injec-
tion and start of the SPECT acquisition) were compared
between the 4 subgroups regarding injection latency and
post-injection seizure duration by using analysis of vari-
ance (ANOVA) with the demographic or clinical variable
as dependent variable and dichotomized injection latency
and dichotomized seizure duration as fixed between-sub-
jects factors.

The impact of injection latency and seizure duration
on the between-readers agreement of the visual SPECT
interpretation was assessed by Fleiss” kappa (k). More
precisely, Fleiss’ k was used to characterize between-
readers agreement of (i) the lateralization of the ictal
SPECT (right hemisphere, left hemisphere, no evidence
of the SOZ), and (ii) the localization of the SOZ (tempo-
ral, frontal, parietal, occipital) among the ,lateralizing “
cases. This was performed in the whole sample as well
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(separate pdf-document for each patient). On the first page, the left side shows the patient’s ictal perfusion SPECT coregistered to the individual
T1-weighted MRI shown on the right. On the second page, the left side shows the patient’s ictal perfusion SPECT after stereotactical normalization

into the anatominal standard space, the righ side shows the statistical hyperperfusion map thresholded at a z-score of 3.0 and overlaid

to the patient’s SPECT. This representative report is from a 16y old female with post-encephalitic lesion in the left temporal lobe. Ictal perfusion
SPECT was performed with 500 MBq *™Tc-ECD injected 19 s after electrical start of the seizure. The seizure continued for 41 s after the tracer

injection. All three readers lateralized the SOZ in the left hemisphere and localized it to the left tempotal lobe, both with highest certainty. After
surgical resection of the lesion, the subject was free of seizures (Engel IA) during the entire follow-up of 60 months
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as separately for each of the 4 combinations of ,early “
versus ,late “ injection and ,long “ versus ,short “ post-
injection seizure duration. Statistical significance of
pair-wise k differences between subgroups was assessed
by checking the 83.4% confidence intervals (CI) of the
corresponding k estimates for overlap (non-overlapping
83.4%-CI indicating statistical significance with 5% type
1 error probability) [33]. The 83.4%-CI was computed
as: K+ 1.385 * standard error of the k estimate [34]. The
interpretation of Fleiss * k values with respect to the
strength of between-readers agreement was according to
Landis and Koch [35].

The impact of injection latency and seizure duration on
the proportion of “lateralizing” (“localizing”) ictal SPECT
was tested by ANOVA with “lateralizing” ("localizing”)
(yes/no) as dependent variable and dichotomized injec-
tion latency and dichotomized seizure duration as fixed
between-subjects factors.

For more detailed testing of the impact of the seizure
duration on the proportion of “lateralizing” ictal SPECT,
the seizure duration was subdivided into 6 catego-
ries:< =10s,11-30s, 31-50 s, 51-70's, 71-90 s, amd > 90 s.
Pearson’s x2 test was used to compare the proportion of
“lateralizing” ictal SPECT between these categories.

The impact of injection latency and seizure duration on
the certainty of the lateralization (localization) amongst
the “lateralizing” (“localizing”) ictal SPECT was tested
by ANOVA with lateralization (localization) certainty
(mean across all readers) as dependent variable and
dichotomized injection latency and seizure duration as
fixed between-subjects factors.

The impact of injection latency and seizure duration on
surgery outcome was tested by ANOVA with outcome
(responder/non-responder) as dependent variable and
dichotomized injection latency and dichotomized seizure
duration as fixed between-subjects factors.

Post-injection seizure duration was the between-sub-
jects factor of primary interest in all statistical tests. The
dichotomized injection latency was included as between-
subjects factor in all models mainly to account for puta-
tive interaction effects.

The statistical analysis was performed with SPSS (ver-
sion 29). An effect was considered statistically significant
if two-sided p <0.05.

Results

Median [interquartile range] (full range) of injection
latency and post-injection seizure duration were 30 [24,
40] (3-120) s and 50 [27, 70] (—20-660) s, respectively.
Injection latency and seizure duration were not corre-
lated (Spearman’s rho=0.025, p=0.740). Thus, dichot-
omization of injection latency and seizure duration
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resulted in rather balanced subgroups (early injection/
long duration, early/short, late/long, late/short: n=41,
41, 45, 49).

The 4 subgroups with respect to injection latency and
seizure duration did not differ significantly regarding any
of the demographic or clinical variables (all p>0.051,
Table 1).

Lateralization of the SOZ
In the whole sample (n=176), Fleiss’ k with respect to
lateralization of the SOZ (left hemisphere, right hemi-
sphere, no evidence of the SOZ) was 0.736 (standard
error 0.039, 83.4%-CI 0.688-0.790), indicating substantial
agreement. Regarding the individual categories for later-
alization, k was significantly higher for lateralizing into a
hemisphere than for categorizing the SPECT as “no evi-
dence of the SOZ” (right hemisphere: k=0.769, 83.4%-CI
0.715-0.830, left hemisphere: k=0.791, 83.4%-CI 0.737-
0.852, no evidence: k=0.126, 83.4%-CI 0.072-0.187).
Fleiss’ k estimates of lateralization according to sub-
groups with respect to injection latency and seizure
duration are summarized in Fig. 2. Between-readers
agreement of lateralization was best for the combina-
tion of “early injection” and “long seizure duration”:
Kk=0.894 (83.4%-CI 0.775-1.0), indicating almost perfect
agreement. The difference was statistically significant
compared to both subgroups with short seizure dura-
tion (non-overlapping 83.4%-ClI, Fig. 2). The difference

OEarly/long @ Early/short

0.9

mlLate/long  mLate/short

0.8
0.7
0.6
0.5

0.4

Fleiss' kappa (83.4%-Cl)

0.3

0.2

0.1

0
Lateralization Localization
Fig. 2 Between-readers agreement. Fleiss'k with respect
to the lateralization of the SOZ, and with respect to the localization
of the SOZ in a given lobe in the “lateralizing” cases. The error
bars represent the 83.4%-Cl. Non-overlapping 83.4%-Cl indicate
significantly different k
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compared to late injection and long seizure duration was
not significant.

The ictal SPECT was “lateralizing” in 141 of the 176
cases (80.1%).

The proportion of “lateralizing” SPECT did not
depend on the injection latency in the considered range
(p=0.390). In contrast, seizure duration had a significant
effect: the proportion of “lateralizing” SPECT was higher
with long compared to short seizure duration: estimated
marginal means 86.3% versus 74.3% (p=0.047). The
increase of the proportion of “lateralizing” cases associ-
ated with “long” seizure duration compared to “short”
seizure duration was more pronounced with “early” injec-
tion (from 73.2% to 92.7%, estimated marginal means)
than with “late” injection (from 75.5% to 80.0%, Fig. 3).
However, the latency*duration interaction effect did not
reach statistical significance (p=0.212).

The certainty of the lateralization among the “lateral-
izing” cases did not differ between subgroups (between-
subjects effect of injection latency/seizure duration:
p=0.504/p=0.434, Fig. 3).

The proportion of “lateralizing” ictal SPECT according
to seizure duration subdivided into 6 categories is shown
in Fig. 4 (p=0.056). The proportion of “lateralizing”
SPECT was the lowest for seizure duration <10 s (53.8%).

The ictal SPECT was “empty” (normal cerebral blood
flow) in 3 cases (1.7%). All “empty” cases were character-
ized by “early” injection and short post-injection seizure
duration (5-10 s).

100

-

80 % +
70 +
60
50
40
30
20
10
0

Lateralization

Proportion (%, marginal mean + standard error)

Localization
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Remaining electrical seizure duration after tracer injection (s)

Fig. 4 Lateralization of the seizure onset zone. Stacked histogram
of the proportion of “lateralizing” versus “non-lateralizing”ictal SPECT
for varying seizure duration

Localization of the SOZ

Among the 141 lateralizing cases, Fleiss’ k with respect to
localization of the SOZ in a given lobe was 0.417 (stand-
ard error 0.037, 83.4%-CI 0.366—0.468), indicating fair to
moderate agreement. Fleiss’ k was largest for localiza-
tion in the temporal lobe (0.497, 83.4%-CI 0.429-0.565),
smallest for localization in the frontal lobe (0.281, 83.4%-
CI 0.213-0.349), it was in between for localization in

5.0
OEarly/long @Early/short
45
mLate/long mLate/short
4.0 —[—

35 + +
3.0
25
20
15

1.0

Certainty (%, marginal mean + standard error)

0.5

0.0

Lateralization Localization

Fig. 3 Lateralization and localization of the seizure onset zone. Proportion of “lateralizing” cases among all 176 ictal SPECT and proportion

of “localizing” cases among the 141 lateralizing ictal SPECT (left), and certainty of the lateralization among the 141 “lateralizing” cases and certainty
of the localization among the 107 “localizing” cases (right). The bars represent marginal means estimated by ANOVA with dichotomized injection
latency (“early”versus “late” injection) and dichotomized post-injection seizure duration (“long” versus “short” duration) as fixed between-subjects
factors. The error bars represent the standard error of the marginal means. The results are shown separately for each combination of dichotomized

injection latency and dichotomized post-injection seizure duration
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the parietal lobe (0.379, 83.4%-CI 0.311-0.447) or in the
occipital lobe (0.329, 83.4%-CI 0.261-0.397).

Between-readers agreement of localization was best for
the combination of “early” injection and “short” seizure
duration: k=0.575 (83.4%-CI 0.459-0.691), indicating
moderate to substantial agreement. The difference was
statistically significant compared to both subgroups with
“late” tracer injection (non-overlapping 83.4%-ClI, Fig. 2).
The difference compared to “early injection” and “long
seizure duration” reached borderline significance (minor
overlap of the 83.4%-CI).

The ictal SPECT was “localizing” in 107 of the 141 lat-
eralizing cases (75.9%, 60.8% of all 176 cases). The vast
majority of the “localizing” ictal SPECT was localizing
to the temporal lobe (96.3%). The remaining “localizing”
SPECT were localizing to the parietal lobe (2.8%) or to
the frontal lobe (0.9%).

The proportion of “localizing” SPECT was highest
amongst the “lateralizing” SPECT with “early” tracer
injection and “long” seizure duration (Fig. 3). However,
neither the effect of injection latency (p=0.603) nor the
effect of seizure duration (p=0.769) on the proportion of
“localizing” cases was statistically significant.

The certainty of the localization among the “localizing”
cases did not depend on injection latency (p=0.907). In
contrast, seizure duration had a significant effect: the
certainty of the localization was higher with long seizure
duration: 4.21 versus 3.87 (estimated marginal means,
p=0.040, Fig. 3).

Surgery outcome

Among the patients with “lateralizing” ictal SPECT who
underwent epilepsy surgery in the hemisphere sug-
gested by SPECT, and for whom>12 months follow-
up was available (n=27), 11 (40.7%) were classified as
“responder’, while the remaining 16 (59.3%) were classi-
fied as “non-responder”.

There was a trend towards a significant effect of injec-
tion latency: the proportion of responders was higher
with “early” compared to “late” injection: 66.7% versus
28.7% (estimated marginal means, p=0.081). Seizure
duration did not have a significant effect (»p =0.677).

Discussion

The main finding of the current study was a significantly
reduced proportion of ictal brain perfusion SPECT that
allowed consistent (across all readers) lateralization of
the SOZ when the post-injection seizure duration was
short, in line with the a priori hypothesis of the study.
This effect was mainly driven by cases with very short
(<10 s) post-injection seizure duration. This was corrob-
orated by the fact that all “empty” ictal SPECT (normal
tracer uptake in the brain according to at least 2 of the 3
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readers) were characterized by very short post-injection
seizure duration (5-10 s). Concerning the localization
of the SOZ in a given brain lobe, the proportion of cases
with consistent (across all readers) localization amongst
the lateralizing cases was the highest for the combination
of early injection and long post-injection seizure dura-
tion, again favoring long post-injection seizure duration,
although the effect did not reach statistical significance.

These findings are in agreement with previous studies
that mostly showed that the optimal post-injection sei-
zure duration for ictal brain perfusion SPECT being able
to identify the SOZ is>20-30 s [19, 29]. Aungaroon and
co-workers performed subtraction ictal and interictal
SPECT with *™Tc-ECD or *™Tc-HMPAO coregistered
to MRI (SISCOM) [36] in 113 children with drug-resist-
ant epilepsy [19]. Injection latency ranged from 2 to
260 s, post-injection seizure duration ranged from 0 to
631 s. A SISCOM was considered “localizing” if at least
two of three readers agreed on the same hyperperfusion
area. The odds of a SISCOM being localizing increased
by 0.7% for every 1 s post-injection seizure duration
(p=0.06). Additional analyses using multiple cutoffs
revealed that this improvement was mainly driven by a
step at about 20 s post-injection seizure duration [19].
Prener and co-workers compared the performance of
SISCOM with *™Tc-HMPAO between 39 patients with
post-injection seizure duration>30 s (mean 76 s, range
30-276 s) and 17 patients with post-injection seizure
duration<30 s (mean 13 s, range 0-28 s) [29]. Using the
surgical resection area as gold standard, SISCOM was
correctly localizing in 44% of the patients with>30 s
post-injection seizure duration versus 35% in the patients
with<30 s post-injection seizure duration. The authors
concluded “that seizure durations of less than 30 s after
tracer injection lead to less consistent interpretations”
[29, 37].

In view of approximately 15 s transit time of the tracer
to reach the brain after intravenous injection [16, 28, 29],
the current study together with these previous studies
suggests that for best performance of ictal brain perfu-
sion SPECT, post-injection seizure duration should be
long enough to ensure that the seizure-related neuronal
activity is still ongoing when the tracer reaches the brain.

Changes in electrical neuronal activity (as detected
by EEG) and haemodynamic changes (as measured by
brain perfusion SPECT) are tightly linked by neurovas-
cular coupling: increased neuronal activity is associated
with increased local energy demand and therefore trig-
gers an increase of local blood flow to provide additional
oxygen and glucose [4, 38—41]. Neurovascular coupling
is active not only during normal somatosensory process-
ing, but also in pathological states including epilepsy,
although it is probably not sufficient to fully match the
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far supranormal local energy demands during a seizure
[42, 43]. However, neurovascular coupling does not imply
that the temporal scales of changes in electrical neuronal
activity and the resulting changes in cerebral perfusion
are the same. In particular, is does not rule out longer
lasting perfusion changes after the electrical EEG activ-
ity associated with an epileptic seizure has returned to
normal.

Data on the duration of hyperperfusion at the seizure
focus is limited. Based on the fact that the brain is gen-
erally warmer than incoming blood, so that increases
in blood flow cause cooling in the brain, Dymond and
Crandall used intracerebral electrodes to measure tem-
perature changes at the seizure focus as an index of blood
flow alteration during spontaneous complex partial sei-
zures in 7 patients [44]. They concluded from their find-
ings that the regional cerebral blood flow in the seizure
focus “seems to be stabilized again after 10—15 min” [44].
Brodersen and co-workers, using the '**Xe clearance
method to measure cerebral blood flow in an anesthe-
tized, paralyzed, and ventilated man during electrically
induced seizures, found the seizure-associated flow
changes to normalize within 2 min after the end of the
seizure [45]. Zhao and co-workers, recording intrinsic
optical signals from human cortex intraoperatively dur-
ing 3 spontaneous seizures arising from brain surround-
ing a small cavernous malformation in an awake patient,
found the haemodynamic changes to persist for at least
1-2 min after the offset of the seizure [38, 42]. These
findings suggest that ictal hyperperfusion in the SOZ
might last between one and several minutes after nor-
malization of the EEG signal, which might allow identi-
fication of the SOZ by regional hyperperfusion in ictal
brain perfusion SPECT also with postictal tracer injec-
tion. This was confirmed by Rowe and co-workers who
investigated the power of *™Tc-HMPAO SPECT with
postictal tracer injection for the localization of epileptic
foci [18]. Postical injection was on average 5 min after
seizure start. All seizures lasted less than 2 min, and
no patient had ongoing ictal EEG activity at the time of
injection. Roughly half of the patients (19/36), in which
HMPAO was injected more than 3 min after the start
of the seizure, had an appropriate focal change in the
postictal SPECT, indicating prolonged hyperperfusion
in the SOZ. However, almost three-quarters of patients
(8/11) showed an appropriate focal change in the postic-
tal SPECT when HMPAO was injected within 3 min of
the start of the seizure [18]. In 2 patients, repeat studies
with shorter postictal injection delay showed focal hyper-
perfusion not seen on the first scan [18]. In 3 patients
who had multiple post-ictal studies it was noted that
mesial temporal hyperperfusion decreased with increas-
ing time from seizure onset to injection [18]. In another
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study that compared “ictal” injection (during the seizure
or up to 30 s after its electroclinical termination) and
postictal injection (30 s or more after seizure termina-
tion) in *™Tc-HMPAO SPECT in patients with tempo-
ral lobe epilepsy, the epileptogenic focus was correctly
lateralized in 97% of the ictal studies versus 72% in the
postictal studies (5% of the postictal studies lateralized to
the wrong hemisphere) [21]. These findings suggest that
brain perfusion SPECT with postictal tracer injection can
be useful but is associated not only with reduced sensitiv-
ity for detection of the SOZ but also with increased risk
of false lateralization. It might be noted in this context
that “normalization” of ictal hyperperfusion in the SOZ
in most studies means return to the interictal level. If the
interictal blood flow is reduced in the SOZ [46], the ictal
perfusion might fall below the threshold for the detection
of hyperperfusion in the ictal SPECT image alone, either
by visual inspection or by voxel-based statistical testing
against a normal database, before ictal hyperperfusion
returns to the interictal level.

Zubal and co-workers assessed ictal perfusion changes
in the SOZ as calculated from the difference of ictal and
interictal *™Tc-HMPAO SPECT in relation to seizure
duration and the time of tracer injection [16]. The study
included 19 patients with seizure duration ranging from
2 to 275 s and injection time ranging from 96 s before to
100 s after termination of the seizure [16]. The authors
proposed 3 general categories to explain the cross-sec-
tional perfusion changes observed in their study: (i) ictal
hyperperfusion associated with ictal injections accom-
plished well prior to seizure termination, (ii) excessive
hypoperfusion, lasting for a period of about one-third of
the seizure duration, for ictal injections immediately after
seizure termination, and (iii) persistent hypoperfusion
when the ictal injection was completed several tens of
seconds after seizure cessation [16]. They concluded that
the time of injection relative to the time of seizure cessa-
tion is more relevant regarding the interpretation of ictal
brain perfusion SPECT than the latency of tracer injec-
tion relative to the seizure onset [16]. In particular, short
lasting but excessive hypoperfusion in the SOZ shortly
after seizure termination might contribute to reduced
sensitivity of ictal perfusion SPECT with too short post-
injection seizure duration. The short lasting but excessive
hypoperfusion in the SOZ shortly after seizure termi-
nation described by Zubal and co-workers might differ
from the postictal switch phenomenon that typically
occurs not earlier than 60-90 s after the end of the seizure
[17,21].

In a study on the spatiotemporal dynamics of perfu-
sion associated with epileptic seizures in the rat neocor-
tex, the duration of the blood flow increase in the seizure
focus was directly correlated with the seizure duration
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[47]. This implies that the recovery from a long seizure
takes more time than that from a short seizure [16].

Dupont and co-workers investigated the temporal rela-
tionship of ictal perfusion changes with injection time
and seizure duration in brain perfusion SPECT with
9mTcECD in 37 patients with temporal lobe epilepsy
[15]. The injection latency after seizure onset ranged
between 13 and 60 s, remaining seizure duration fol-
lowing tracer injection ranged between 20 and 881 s.
There was a positive correlation of the percent perfusion
change in the ictal SPECT compared to the interictal
SPECT with the remaining seizure duration in the ipsi-
lateral putamen extending to the ipsilateral orbitofrontal
cortex. The correlation was driven by more or less normal
ictal perfusion with short seizure duration that switched
to marked hyperperfusion at long seizure duration. A
negative correlation of the ictal perfusion change with
the remaining seizure duration was observed in the bilat-
eral superior frontal lobe and in the precuneus. In both
regions, short seizure duration was associated with mild
ictal hyperperfusion, long seizure duration was associ-
ated with mild ictal hypoperfusion. The pronounced
ictal hyperperfusion observed in the ipsilateral temporal
lobe, the SOZ, was not significantly correlated with the
seizure duration. Nevertheless, the findings of this study
should be taken into account when interpreting the com-
plex ictal perfusion patterns regarding lateralization and
localization of the SOZ.

Strengths of the current study include the rather large
number of ictal brain perfusion SPECT with clear seizure
identification in video EEG and the systematic retrospec-
tive analysis, both of the video EEG for reliable determi-
nation of injection latency and electrical post-injection
seizure duration, and of the ictal SPECT images. Fur-
thermore, 12 months follow-up after epilepsy surgery
was available in a sufficiently large number of patients
to allow testing the impact of the post-injection seizure
duration on the power of ictal SPECT to predict the sur-
gical outcome.

The following limitations of the study should be noted.
First, the vast majority of the “localizing” ictal SPECT
localized the SOZ to the temporal lobe suggesting that
the majority of the included patients had temporal lobe
epilepsy. Thus, the findings might not be translated
without change to extratemporal epilepsies, given that
extratemporal seizures are shorter [48] and postictal
switch might occur faster after seizure termination [17]
than in temporal epilepsies. Second, age was not taken
into account as nuisance covariate (of no interest) in the
voxel-based statistical testing for ictal hyperperfusion.
This might have affected the statistical hyperperfusion
maps provided to the readers to support visual inter-
pretation of the ictal SPECT, since the normal pattern
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of cerebral blood flow as measured by brain perfusion
SPECT depends on age, even after global intensity scal-
ing of the regional tracer uptake (e.g., relatively more pro-
nounced age-related decline in the medial frontal cortex)
[49]. However, this most likely did not affect the main
conclusions from this study, because the 4 subgroups
with respect to injection latency and seizure duration did
not differ significantly regarding any of the demographic
or clinical variables including age. Finally, the visual
analysis of the ictal SPECT images adhered to the com-
mon procedure guidelines for brain perfusion SPECT
in epilepsy [14, 27, 50-52] except for the use of a stand-
ardized pdf-document rather than a computer monitor.
Thus interactive manipulations such as changing the
color table or the image orientation was not possible.
The rationale for the use of the pdf-documents was to
standardize the reading across the readers. Furthermore,
different than in practice, the readers were intentionally
blinded to clinical and EEG data in order to avoid poten-
tial bias.

Conclusions

The results of the current study indicate a significant
impact of the post-injection seizure duration on the per-
formance of ictal brain perfusion SPECT. Specifically,
short electrical post-injection seizure duration is asso-
ciated with a higher likelihood of non-lateralizing ictal
SPECT. This finding might have a relevant impact on
clinical practice. First, tracer injection might be avoided
if the seizure has already terminated. Second, the lack
of a candidate for the SOZ on ictal perfusion SPECT is
less conclusive if the post-injection seizure duration was
short, which might justify to repeat the ictal SPECT [53].
Furthermore, it is evident that long injection latency is
associated with an increased risk of too short post-injec-
tion seizure duration. Thus, the current findings regard-
ing the impact of the post-injection seizure duration
provide independent support of the recommendation to
inject the tracer as soon as possible after seizure onset
[27]. This might be achieved by specific training of the
manual injection [54] or by the use of an automatic injec-
tion system [20, 55].

Abbreviations

PMTc-ECD 99M Tc-labeled ethyl cysteinate dimer

PMTeHMPAO  99M Tc-labeled hexamethyl-propyleneamine oxime

ANOVA Analysis of Variance

cl Confidence interval

EEG Electroencephalography

MNI Montreal Neurological Institute

MRI Magnetic resonance imaging

SOz Seizure onset zone

SPECT Single-photon emission computed tomography

SPM12 Statistical Parametric Mapping software package, version 12

K Fleiss'kappa
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