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Higher Validity, Lower Radiation: A New
Ictal Single-Photon Emission Computed
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Objective: To assess whether arterial spin labeling perfusion images of healthy controls can enhance ictal single-
photon emission computed tomography analysis and whether the acquisition of the interictal image can be omitted.
Methods: We developed 2 pipelines: The first uses ictal and interictal images and compares these to single-photon
emission computed tomography and arterial spin labeling of healthy controls. The second pipeline uses only the ictal
image and the analogous healthy controls. Both pipelines were compared to the gold standard analysis and evaluated
on data of individuals with epilepsy who underwent ictal single-photon emission computed tomography imaging dur-
ing presurgical evaluation between 2010 and 2022. Fifty healthy controls prospectively underwent arterial spin labeling
imaging. The correspondence between the detected hyperperfusion and the postoperative resection cavity or the pre-
sumably affected lobe was assessed using Dice score and mean Euclidean distance. Additionally, the outcomes of the
pipelines were automatically assigned to 1 of 5 concordance categories.
Results: Inclusion criteria were met by 43 individuals who underwent epilepsy surgery and by 73 non-surgical individuals
with epilepsy. Compared to the gold standard analysis, both pipelines resulted in significantly higher Dice scores and lower
mean distances (p < 0.05). The combination of both provided localizing results in 85/116 cases, compared to 54/116 gener-
ated by the current gold standard analysis and the ictal image alone produced localizing results in 60/116 (52%) cases.
Interpretation: We propose a new ictal single-photon emission computed tomography protocol; it finds relevantly
more ictal hyperperfusion, and halves the radiation dose in about half of the individuals.
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ne-third of individuals with epilepsy do not achieve
Oseizure freedom with anti-seizure medication. For
these individuals, epilepsy surgery can provide seizure free-
dom or reduction.’ Ictal single-photon emission computed
tomography (SPECT) is an advanced diagnostic modality
employed in the presurgical work-up to detect the seizure
onset zone.” Ictal SPECT leverages the property of certain
radioactive tracers to accumulate in cerebral tissue linearly
to regional perfusion’ to visualize ictal hyperperfusion of
the epileptogenic zone.” State-of-the-art post-processing
methods, such as ictal-interictal SPECT Analysis by SPM
(ISAS),” statistically compare the difference between the
ictal image and an additional interictal image with scan-
to-scan variation of healthy controls to identify areas of sig-
nificant ictal hyperperfusion.” In this study we focus on
3 previously understudied areas of ictal SPECT.

First, many metrics employed to quantitatively
assess the utility of analyses in the medical imaging field
have not been applied to ictal SPECT imaging® includ-
ing the average Euclidean distance between the ground
truth and the prediction of analysis or the Dice score,
which measures the spatial overlap between ground truth
and prediction. We aimed to quantitatively compare the
hyperperfusion detected by ISAS (ie, the prediction) with
the resection cavity in surgical and the lobe containing
the presumed seizure onset zone (pSOZ) in non-surgical
individuals with epilepsy (ie, the ground truth) to deter-
mine the Dice score and mean Euclidean distance.

Second, we aimed to increase the power of ictal
SPECT analysis by increasing the number of healthy con-
trols to which ictal SPECT scans are compared. Current
state-of-the-art pipelines, such as ISAS,” compare the ictal-
interictal  difference to the scan-to-scan variations of
14 openly available SPECT healthy controls, using a voxel-
wise 2-sample #test followed by thresholding via random
field theory.” Whilst non-parametric permutation tests have
become increasingly popular, as they have been shown to

10,11
there are no reports

produce fewer false positive clusters,
on their use in ictal SPECT imaging, and permutation tests
with only 14 healthy controls provide highly discrete results
lacking statistical power. Since acquiring SPECT images of
healthy controls cannot be ethically justified due to the high
radiation exposure, we acquired perfusion images of healthy
controls using arterial spin labeling (ASL). This MRI perfu-
sion technique uses blood water molecules as an endogenous
tracer and produces reliable and reproducible data.'*”'*
Building on this, we developed and evaluated an ictal-
interictal SPECT  post-processing analysis (IISASL) which
combines SPECT controls with ASL controls.

Third, we planned to develop and evaluate a second
post-processing  pipeline, named ictal SPECT-ASL

(ISASL), which uses solely ictal SPECT images, and
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compares these to SPECT and ASL controls, thereby halv-
ing the radiation exposure.

We hypothesized that expanding the control cohort
with ASL images and implementing a permutation-based
statistical test can increase the power of ictal SPECT anal-
ysis compared to a conventional ISAS analysis and that for
many individuals with epilepsy, the ictal image suffices.
We tested our hypotheses by developing the IISASL and
the ISASL pipelines and validating them quantitatively
and qualitatively. A schematic overview of the study
design is shown in Figure 1.

Methods
Study Group

The inclusion criterion for individuals with epilepsy was
SPECT imaging as part of the presurgical evaluation at the
Department of Epileptology of the University Hospital in
Bonn between 2010 and 2022. The cohort was subdivided
depending on whether surgery was performed or not. Surgi-
cal outcome was categorized by Engel outcomes at the last
follow-up, as extracted from the records.”” Two ASL scans
of 50 healthy controls (mean age: 26.6 £ 5.3 years;
26 female [54%]) were obtained on 2 separate days. Inclu-
sion criteria for healthy controls were no history of neuro-
logical disease, age above 18 years, and no contraindication
for MRI. All subjects provided written informed consent
and the study was approved by the institutional review
board of the University Hospital Bonn.

SPECT Imaging

All SPECT images were acquired at the Department of
Nuclear Medicine of the University Hospital Bonn using
an JIRIX 3 head gamma camera (Philips Healthcare, Ham-
burg, Germany). Acquisition parameters can be found in
the supplement (S1). SPECT images of 14 healthy con-
trols were downloaded from the publicly available dataset

(http://spect.yale.edu).'*

ASL and Structural MRI

ASL images of healthy controls were acquired with a
3 Tesla MRI scanner (Siemens Healthineers, Erlangen,
Germany) equipped with a 32-channel head coil. The in-
house developed pseudo-continuous ASL (pCASL)
sequence uses a 3D-GRASE readout and a 7-block
Hadamard encod.ing.14 Voxel-wise cerebral blood flow
(CBF) calculations were obtained with the FMRIB soft-
ware library (FSL) Bayesian Inference for Arterial Spin
Labeling MRI (BASIL) toolkit and based on the general
kinetic model and a variational Bayes approach.'®'” A
structural MRI volume was needed for co-registration and

normalization of SPECT data. Structural 3D-T1 of
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FIGURE 1: Schematic overview of the crucial steps of the ictal SPECT post-processing pipelines. ASL, arterial spin labeling; ISAS,
interictal SPECT analysis by SPM; IISASL, ictal-interictal SPECT-ASL; ISASL, ictal SPECT-ASL.

individuals with epilepsy were also acquired on this scan-
ner or in the department of neuroradiology at 3 T field
strength.

Group Tests between SPECT and ASL
Scan-to-Scan Differences

To rule out significant systematic differences between the
SPECT and ASL histogram-matched scan-to-scan differ-
ence images of healthy controls, a voxel-wise 2-sample
unpaired #-test with permutation-based non-parametric
testing with 10,000 repetitions and FWE correction for
multiple comparisons using threshold-free cluster enhance-
ment (TFCE) was performed.18

Preprocessing of ISAS

To compare IISASL and ISASL to the conventional
ISAS pipeline, we processed all individuals with epilepsy
using the Biolmage Suite Biswebnode implementation of
ISAS' and choosing linear registration. Family-wise error
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(FWE) correction (with a threshold of p < 0.05) of the
outputted t-score images in the native space of individuals

with epilepsy was performed using random field theory
with FSL*

Preprocessing of lISASL and ISASL

Details are provided in the supplement (Table S2). Surface
reconstruction of the structural MRI images was per-
formed with FastSurfer (https://deep-mi.org/research/
fastsurfer/),”" and ictal and interictal SPECT images were
registered to the individual structural images using
FreeSurfer (version 6.0, https://surfer.nmr.mgh.harvard.

edu/).”* The anatomical image was spatially normalized to
the MNI-152 standard space using FSL FNIRT.*

IISASL. Similar to ISAS, IISASL compares the ictal-
interictal difference to the scan-to-scan differences of

healthy controls to identify ictal hyperperfusion but uses a
larger control cohort of both 50 ASL and 14 SPECT
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healthy controls. The ictal and interictal SPECT images of
individuals with epilepsy were spatially, and intensity-
normalized to the ASL template.”> The individual ictal-
interictal difference was smoothed and compared to the
scan-to-scan variations of the SPECT and ASL controls
using a voxel-wise 2-sample t-test with non-parametric
testing applying extensive (n = 64) permutations, FWE
correction for multiple comparisons, and TFCE.'® To
eliminate the scan-order bias of the healthy controls, the
absolute values of the scan-to-scan differences between
healthy controls and individuals with epilepsy were
compared.

ISASL. The ISASL pipeline is equivalent to IISASL; how-
ever, instead of calculating ictal-interictal differences, the
ictal difference to the mean SPECT image of healthy con-
trols is calculated. The difference to the respective mean
image was computed for each ASL and SPECT healthy
controls and compared to the ictal-mean difference of the
individuals with epilepsy by means of a voxel-wise
2-sample t-test with permutation-based non-parametric
testing as in the IISASL pipeline.

Evaluation

Ground Truth. To evaluate the outcome of each pipeline
(IISASL, ISASL, and ISAS) quantitative and qualitatively we
first established a ground truth for each individual. The gro-
und truth was defined by 2 types of masks depending on
whether the individual underwent surgery: (1) In surgical
individuals, a resection mask was defined. (2) In non-surgical
individuals, the lobe containing the pSOZ was defined as
lobe mask. Whilst analyses with the resection masks could only
be performed for individuals who underwent surgery, ana-
lyses lobe masks were performed for both surgical and non-
surgical individuals for consistency and to avoid bias.

(1) The resection masks were manually defined
on post-surgical MRI using FSL.*” The amygdala and
hippocampus were defined as the ground truth for indi-
viduals without post-surgical MRIs who underwent
amygdalohippocampectomy®* For other surgical individ-
uals without post-surgical MRI, masks were manually out-
lined based on the precise anatomical description of the
planned surgical resection.

(2) Lobe masks included the temporal, frontal, occip-
ital, parietal lobes, the insula, or the cingulate gyrus. The
masks were based on the GIF atlas,? expanded to include
white matter and brought into the native space of individ-
uals with epilepsy. When surgical individuals were ana-
lyzed together with non-surgical individuals, the lobe
including the surgical resection was defined as lobe mask
(for the analysis of surgical individuals only, resection masks
were used). For non-surgical individuals with epilepsy the
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pSOZ was extracted from patient records and determined
by a team of 3 expert physicians with over 20 years of
experience based on the results of a multimodal diagnostic
work-up as part of the clinical routine.”® The diagnostic
work-up included MRI, video-EEG, neuropsychological
assessment, and SPECT for all individuals, as well as PET
(8 individuals) and stereotactic EEG (11 individuals) for a
subset. The expert physicians were blinded to the identi-
ties of the individuals and to the SPECT findings. We
assessed the cross-rater agreement between the pSOZ and
the 3 raters using Fleiss’ Kappa.”’”

Quantitative Evaluation. We quantitatively evaluated the
ictal SPECT image analysis of each pipeline (IISASL,
ISASL, and ISAS) with the Dice score (1) and the mean
Euclidean distance (2):

1. The Dice score quantifies the overlap of hyper-
perfusion (H) and the ground truth G).*8

_2|HNG)|

Dice =——7—+
[H|+ |G|

(1)

2. The mean Euclidean distance between the Centers of
Gravity of hyperperfusion clusters from the center
of gravity of the ground truth (see Fig. 2 for a sche-
matic illustrating Dice score and Euclidean distance).
Permutation-based non-parametric testing and TFCE
has never been applied to ASL and ictal SPECT imag-
ing, nor have metrics such as the Dice score or the
mean Euclidean distance been determined. For this
reason, we had to determine the optimal threshold for
the output of each pipeline, by calculating the mean
Dice score for thresholds of p = (0, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.85, 0.9, 0.95, 0.99, 0.999, 0.9999,
0.99999, 0.999999). The threshold with the maxi-
mum Dice score was used for all further analyses. Both
metrics were calculated for each pipeline (IISASL,
ISASL, and ISAS). Metrics were all calculated using
Nibabel (version 4.0, https://nipy.org/nibabel/).””

Qualitative evaluation

Sublobar
eg, right mesiotemporal

Lobar
eg, right frontal

Quantitative evaluation

Multilobar ipsilateral
eg, right frontal and temporal

Multilobar bilateral \
eg, right temporal and left frontal G A
S

Non-significant finding @

FIGURE 2: Schematic overview of quantitative and
qualitative evaluation.

Mean Euclidean
Distance

9
(o]
@
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All hyperperfusion clusters above the chosen threshold
contributed to the Dice score calculation, therefore
including those of possible remote activation patterns.
To assess the impact of remote activation patterns, we
also evaluated the Dice score of the sole hyperperfusion
cluster with the highest overlap with the ground truth.
Lastly, we assessed the effect of seizure outcome on the
above-mentioned Dice score and mean Euclidean dis-
tance. We split the cohort into 2 groups based on the
Engel outcome at last clinical follow-up; Group
1 included seizure-free individuals (Engel I).
Group 2 was not seizure-free following surgery (Engel
II, III, and IV). We compared the Dice score and
mean Euclidean distance between the 2 groups for
each pipeline (ISAS, IISASL and ISASL) by means of
an unpaired 2-sided t-test.

Qualitative Evaluation. Based on the alignment between
the ictal SPECT output and the ground truth, we qualita-
tively classified the output of all 3 pipelines into categories

adapted from El Tahry and colleagues.”’

Category A
includes findings aligned on a sublobar level, Category B
on a lobar level, and Category C on a hemispheric level.
Category D contains findings in multiple regions on both
hemispheres, and Category E describes null-result findings
(see Fig. 2 for a schematic visualization). Results in catego-
ries A and B are considered localizing. Results in
categories C, D, and E are considered non-localizing.
In contrast to a purely qualitative visual categorization by
raters as conducted before, in this study, we have quanti-
fied and automatized the categorization: For category A
the overlap of hyperperfusion and ground truth with GIF-
atlas-based”>** parcellations of the brain was determined.
For categories B and C, these parcellations were grouped
into lobar regions and hemispheres, respectively. We com-
pared these overlaps by means of the cosine distance mea-
sure using SciPy (version 1.9, https://docs.scipy.org),”
producing a cosine difference for each category A to D.

Results

Study Group

Surgical Individuals. A total of 43 individuals with epi-
lepsy underwent surgery and met our inclusion criteria
(mean age at presurgical evaluation: 31.9 £ 11.95 years;
17 female [40%]). 23/43 had focal cortical dysplasia
(FCD), 7/43 had hippocampal sclerosis, and the
remaining 13/43 had tumors, heterotopia, or other focal
pathologies. Anatomical locations of focal pathologies
were: 22/43 frontal, 15/43 temporal, 2/43 parietal, 2/43
parieto-occipital, and 2/43 occipital. Surgical outcome at
the last follow-up (on average 3.9 years after surgery) was:
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30/43 Engel 1, 5/43 Engel 11, 4/43 Engel III, and 4/43
Engel IV. Further demographical data can be found in
Table S3.

Non-surgical Individuals. A total of 73 individuals with
epilepsy underwent SPECT imaging and met our inclu-
sion criteria, but declined or were not admitted to surgery
(mean age: 31.1 & 9.5 years; 32 female [44%]). The lobe
containing the pSOZ was; 36/73 temporal, 32/73 frontal,
6/73 parietal, 3/73 occipital and 2/73 insular (note for
6 individuals the pSOZ was multilobal). Further demo-
graphical data can be found in Table S4. We separately
assessed the pSOZ-rater-agreement for hemisphere (left,
right, bilateral) and /obe (frontal, temporal, occipital, insu-
lar and parietal) of the non-surgical individuals. The Fleiss’
Kappa for the hemisphere ratings was x = 0.761
(p <0.001) and k¥ = 0.692 (p < 0.001) for the lobar rat-
ing. Both scores indicate substantial interrater agreement,
which is generally considered for Kappa scores of 0.61-
0.80.%

Group Tests between SPECT and ASL Scan-
to-Scan Differences

We found no significant (FWE-corrected p < 0.05) differ-
ences between the histogram-matched scan-to-scan varia-
tions of the healthy ASL and SPECT controls in any
region of the brain.

Evaluation of Surgical Individuals

Quantitative Evaluation. First, we evaluated the output of
each pipeline (IISASL, ISASL, and ISAS) quantitatively
for all individuals who underwent epilepsy surgery
(n = 43). We found that the mean Dice score for IISASL
was significantly higher (paired t-tests, P < 0.05) than for
ISAS with the affected lobe as the ground truth (see
Table 1 and Fig. 3). The mean Euclidean distance was sig-
nificantly lower in IISASL and ISASL compared to ISAS
(paired #tests, p < 0.001). The effect size (Cohen’s )
was moderate (0.5-1.0) to strong (>1.0) in both cases
respectively.””*® Additional metrics (true positive rate and
positive predictive value) are reported in Table S5.

Qualitative Evaluation. We then qualitatively evaluated
each pipeline by categorizing the output for each surgical
individual as localizing (categories A and B) or non-
localizing (categories C, D, and E) based on the cosine
distance. We determined a cosine distance threshold of
0.6, 0.55, 0.1, and 1 for categories A, B, C, and D,
respectively. The average cosine distances for each pipeline
can be found in the supplement (Table S6). IISASL gen-
erated localizing results (categories A and B) in 26/43
[60%] individuals, while ISAS generated 21/43 [49%]
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Ground Truth/
Cohort

Resection masks/
surgical individuals

(n = 43)

LOBE MASKS/
surgical individuals

(n = 43)

Surgical Outcome

Seizure-free (Engel
1), n =30

Non-seizure-free
(Engel 11, 111, IV),
n=13

Seizure-free (Engel
I), n =30

Non-seizure-free
(Engel II, 111, IV),
n=13

TABLE 1. Quantitative Results for Each Pipeline

Metric

Dice score,

mean £+ SD

Mean Euclidean
distance,
mean & SD, mm

Dice score,

mean &+ SD

Mean Euclidean
distance,
mean = SD

Dice score,
mean + SD

Mean Euclidean
distance,
mean £ SD, mm

Dice score,
mean + SD

Mean Euclidean

distance,

mean & SD
LOBE MASKS/non-surgical Dice score,
individuals (n = 73) mean + SD

Mean Euclidean
distance,
mean £ SD, mm

*p < 0.05.
#4p < 0.001.
H#5p < 0.0001.

ook

' < 0.00001.

Note: The table shows the quantitative results (Dice and mean Euclidean distance) for ISAS, IISASL, and ISASL for surgical individuals (top) and
non-surgical individuals (bottom). For consistency, results of the evaluation calculated with lobe masks for both groups are displayed. The results of
the surgical individuals are subdivided into individuals with Engel I outcome (seizure freedom) versus Engel II, IIT and IV outcome (non-seizure-free).

A paired rtest was performed between ISAS and IISASL as well as ISAS and ISASL. Significant (p < 0.05) differences are bold.

ISAS IISASL'* 1548 ISASL 1SAS

0.074 £0.10  0.093 £ 0.12 0.085 + 0.12

68.5 4+ 18.3 47.7 + 24.3%* 43.5 & 21.9%#xx
0.039 + 0.080  0.04 =+ 0.045 0.057 =+ 0.082

712+ 17.2 68.4 +20.3 52.6 + 26.4*
0.142 + 0.129  0.220 £ 0.178%**  (.200 % 0.181

72.7 £ 14.3 51.7 & 22.6%*%x* 42.6 £ 26.3%#%x
0.078 £ 0.087  0.147 =+ 0.152 0.140 £ 0.155

777 £ 17.6 70.9 + 21.1 54.3 + 28.7*
0.124 £0.132  0.216 £ 0.148**** 0,157 + 0.146**

68.4 + 16.6 52.6 & 21.47% % 54.6 + 23.6%%**

localizing results. ISASL yielded 22/43 [51%] localizing
results (see Table 2 and Fig. 3). Hence, IISASL generated
the most localizing results, followed by ISASL and ISAS,
though the differences did not reach statistical significance
(chi-squared tests p > 0.05).

Evaluation and Post-Surgical Outcome. Furthermore, we
investigated differences in the qualitative and quantitative
outcomes of the surgical individuals, based on their post-
surgery Engel outcome by dividing the cohort into
2 groups; seizure-free (Engel I) with n = 30 individuals,
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and non-seizure-free (Engel II, III, and 1V) with n = 13
individuals. Dice scores were higher and the mean Euclid-
ean distance to the ground truth was lower for the seizure-
free group compared to the non-seizure-free group (see
Fig. 4 and Table S7) for all pipelines. However, the only
statistically significant (unpaired #test, p = 0.01) differ-
ence was found comparing the mean Euclidean distance
of the seizure-free and non-seizure-free group for the
IISASL  pipelines. Qualitative evaluation corroborated
findings of the quantitative evaluation: For the seizure-free
group, ISAS yielded localizing results (categories A and B)
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Quantitative and qualitative results of surgical (n=43) and non-surgical
individuals (n = 73) with epilepsy

A Quantitative evaluation
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FIGURE 3: Quantitative and qualitative evaluation of pipeline results in surgical (left) and non-surgical (right) individuals with
epilepsy. (A) Results of the Dice score and mean Euclidean distance of ISAS, IISASL, and ISASL are shown. The lobe containing
the presumed seizure onset zone is defined as the ground truth (lobe masks for consistency between surgical and non-surgical
individuals). Paired t-test between each method and ISAS were performed, where * represents a significant difference of
p < 0.05, **: p <0.001, ***: p <0.0001, ****: p < 0.00001, ns: non-significant. (B) Qualitative evaluations of ISAS, IISASL, and
ISASL is presented. Outcomes A and B are considered localizing, as visualized by the arrows. ASL, Arterial Spin Labeling; ISAS,
Interictal SPECT Analysis by SPM; IISASL, Ictal-interictal SPECT-ASL; ISASL, ictal SPECT-ASL.

in 18/30 cases (60%), IISASL yielded 20/30 (67%) local-
izing results, whilst ISASL yielded 15/30 (50%) localizing
results; however, the differences between all 3 pipelines
were non-significant (chi-squared tests p > 0.05).

In summary, among surgical individuals with epi-
lepsy, IISASL yielded the best results across both quantita-
tive (Dice and mean Euclidean distance) and qualitative
(localizing versus non-localizing) measures, followed by
ISASL and ISAS. For all pipelines, quantitative and quali-
tative metrics were better in the seizure-free group, though
the only significant differences were found for IISASL.
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Please see results of IISASL and ISASL for 3 repre-
sentative individuals in Figure 5. Results on a case-wise
level for all surgical individuals including Engel outcome
are provided in the supplement (Table S3).

Evaluation of Non-surgical Individuals

Additionally, we evaluated the non-surgical individuals
with epilepsy both quantitatively (Dice score and mean
Euclidean distance) and qualitatively (localizing vs. non-
localizing).
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TABLE 2. Qualitative Results for Each Pipeline
Parameter Category  ISAS, Number (%)  IISASL, Number (%) ISASL, Number (%)
Seizure-free (Engel 1), n = 30, resection A 10 (33%) 10 (33%) 8 (27%)
masks as ground truch B 8 (27%) 10 (33%) 7 (23%)
C 2 (7%) 4 (13%) 7 (23%)
D 10 (33%) 5 (17%) 3 (10%)
E 0 1 (3%) 5 (17%)
Non-seizure-free (Engel II, III, Engel IV), A 3 (23%) 4 (31%) 4 (31%)
n = 13, resection masks as ground truth B 0 2 (15%) 3 (23%)
C 4 (31%) 1 (8%) 0 (0%)
D 6 (46%) 5 (38%) 5 (39%)
E 0 1 (8%) 1 (8%)
Non-Surgical Individuals, LOBE masks A 26 (35.6%) 36 (49.3%) 31 (42.5%)
s ground truch B 7 (9.6%) 10 (13.7%) 7 (9.6%)
C 19 (26%) 8 (11.0%) 9 (12.3%)
D 20 (27.4%) 13 (17.8%) 19 (26%)
E 1 (1.4%) 6 (8.2%) 7 (9.6%)
Noves) Tt table) chows che qualitativettesults for ISASYIISASII and [SAST for stirgical individLials (fop) and non-sussicall individlals (bottom) The
results of the surgical individuals is subdivided into individuals with Engel I outcome (seizure freedom) versus Engel II, III and IV outcome (non-sei-
zure-free).
Abbreviations: ISAS, interictal SPECT analysis by SPM; IISASL, ictal-interictal SPECT-ASL; ISASL, ictal SPECT-ASL.

Quantitative Evaluation. As in the cohort of surgical indi-
viduals, the mean Dice score for IISASL was significantly
higher (paired t-tests, p < 0.05) than for ISAS (see Fig. 3)
and the mean Euclidean distance was significantly lower
in IISASL and ISASL compared to ISAS (paired rtests,
2 < 0.001). Additional metrics (true positive rate and posi-
tive predictive value) are reported in Table S5.

Qualitative Evaluation. IISASL generated 46/73 [63%)]
localizing results, compared to 33/73 (45%) for ISAS and
38/73 (52%) for ISASL. In contrast to the surgical indi-
viduals, the differences between IISASL and ISAS were
statistically significant (chi-squared tests p < 0.05).

Results on a case-wise level for all non-surgical indi-

viduals are provided in the supplement (Table $4).

Combined Evaluation of Surgical and
Non-surgical Individuals

To get a comprehensive picture of the entire cohort of
individuals with epilepsy, we combined the cohorts of sur-
gical and non-surgical individuals. By defining the affected
lobe as the ground truth, we were able to combine the
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quantitative and qualitative results of both groups. As in
the surgical individuals with epilepsy alone, in the com-
bined group of surgical and non-surgical individuals
IISASL vyielded the best results across both quantitative
and qualitative measures, followed by ISASL and ISAS,
respectively. Localizing results for the combined group
were 72/116 for IISASL [62%] 54/116 [47%] for ISAS
and 60/116 [52%] for ISASL. In summary, as with the
surgical individuals, the combined evaluation of surgical
and non-surgical individuals showed that IISASL yielded
the best results across both quantitative and qualitative
measures followed by ISASL and ISAS.

Evaluation of the Framework

Finally, we investigated how many individuals can poten-
tially be spared the interictal SPECT image and how the
2 pipelines IISASL and ISASL can be combined into a
clinical workflow. As described above, 26 of the 43 surgical
individuals had localizing results in the qualitative evalua-
tion of IISASL. Of those 26 individuals, ISASL yielded
localizing results in 16 cases. Out of the 46 of the
73 non-surgical individuals with localizing results in
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FIGURE 4: Quantitative and qualitative results for seizure-free and non-seizure-free surgical outcomes. (A) The mean Dice score
and mean Euclidean distance for the group of individuals with a seizure-free (Engel 1) post-operative outcome (n = 30) and non-
seizure-free (Engel II, llI, and IV) post-operative outcomes (n = 13). Unpaired t-tests between the 2 groups (seizure-free vs. non-
seizure-free) were performed, where * represents a significant difference of p <0.05, **: p <0.001, ***: p < 0.0001, ##**;
p < 0.00001, ns: non-significant. (B) Qualitative evaluations of ISAS, IISASL, and ISASL is presented for seizure free (Engel I)
versus non-seizure free outcomes (Engel II, Ill, IV). Outcomes A and B are considered localizing. ASL, arterial spin labeling; ISAS,
interictal SPECT analysis by SPM; IISASL, ictal-interictal SPECT-ASL; ISASL, ictal SPECT-ASL.

IISASL, ISASL yielded localizing results in 31 cases.
Hence, overall, in 47/72 cases [65%], the ictal image
would have been sufficient (and the interictal acquisition
could have been omitted, see Fig. 6A). The high overlap
coefficient (0.78) between the individuals with localizing
IISASL and ISASL results reflects the similarity between
the 2 groups. The combination of both pipelines (either
localizing ISASL or localizing IISASL) yields localizing
results in 85/116 [73%] cases. In contrast, ISAS yields
localizing results in 54/116 [47%] cases. The combination
of IISASL and ISASL is, thus, 26% better than the cur-
rent gold standard ISAS in the qualitative evaluation.

Threshold and Cluster Analysis
All above-mentioned calculations were performed at an
optimal threshold for each pipeline, which we determined
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by maximizing the average Dice score across the surgical
cohort. We found the highest average Dice score for the
ISAS pipeline to be at a height threshold of p =107*
(FWE-corrected). For the IISASL pipeline, the highest
average Dice score was at a threshold of p = 0.6 and for
the ISASL at p = 0.95 (FWE-corrected and with TFCE).
The threshold as a function of the Dice score is visualized
in Figure S8. In the separate analysis of the cluster with
the highest overlap with the ground truth we observed
that IISASL reached the highest Dice scores, followed by
ISASL and then ISAS. Additionally, we found no signifi-
cant difference between the Dice scores derived from con-
sidering all hyperperfusion clusters versus solely the
hyperperfusion cluster with the highest overlap with
the ground truth for both IISASL and ISASL (paired
t-test, p > 0.05, see Figure S9).
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left temporal hippocampal sclerosis, individual 3 was diagnosed with left parieto-occipital ganglioglioma. The ground truth (red)
was drawn manually based on the surgical resection (resection masks). All 3 individuals had an Engel | post-surgical outcome.

Discussion

We systematically evaluated ISAS, the current gold standard
analysis of ictal SPECT, by means of quantitative (Dice
score, Euclidean distance) and qualitative measures in a
cohort of 43 individuals with epilepsy who underwent epi-
lepsy surgery and of 73 individuals with epilepsy who did
not undergo surgery. We developed 2 pipelines, integrating
an ASL controls cohort and using non-parametric permuta-
tion testing: One with the ictal and interictal SPECT image
(IISASL) and 1 with the ictal SPECT image only (ISASL).
When applying quantitative and qualitative measures to
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IISASL and ISASL and comparing it to ISAS, both pipe-
lines showed relevantly better results. In surgical individ-
uals, ISASL also led to better results in the seizure-free
group than in the non-seizure-free group. We propose a
novel protocol for the acquisition and analysis of ictal
SPECT data below, maximizing its diagnostic importance

and minimizing radiation exposure.

Subgroup Analyses
We divided our cohort of individuals with epilepsy into
surgical and non-surgical individuals and further divided
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the group of surgical individuals into seizure-free and non-
seizure-free following surgery. For the non-surgical individ-
uals, we found substantial interrater agreement regarding the
pSOZ (Fleiss' Kappa 0.761 and 0.692 for hemisphere and
lobe, respectively) despite the raters being blinded to identity
of the individuals and to the respective SPECT findings.

Furthermore, there were no significant differences between
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the qualitative results between surgical and non-surgical
cohorts. Nevertheless, the pSOZ can be defined to a much
greater degree of certainty for the surgical individuals as gro-
und truth (especially for the Engel I group), motivating this
subdivision of our cohort and separate reporting of all results
for surgical and non-surgical individuals. The comparison of
seizure-free vs. non-seizure-free surgical individuals revealed
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worse quantitative results for the non-seizure-free group for
all pipelines (see Table 1 and Fig. 4). This difference was
only significant for the mean Euclidean distance for IISASL,
suggesting a greater selectivity of IISASL.

Metrics for Evaluation

Compared to lesion detection and segmentation of MRI
images, Dice scores in our study are generally low and
show high variance. This reflects that although ictal
SPECT can help identify the location of the seizure focus,
accurate segmentation of a potentially epileptogenic lesion
cannot be expected from this modality. Dice scores were
generally higher when calculated with the lobe mask as
compared to the resection mask, since resection masks are
on average 14.2 times smaller than lobe masks (except for
the case of lobectomy). For this reason, we present a com-
prehensive array of metrics, including the mean Euclidean
distance, qualitative categories based on the cosine dis-
tance as well as the positive predictive value, and the true
positive rate provided in the supplement (please see

Tables S5 and S6).

Epileptic Networks

Further potential reasons for non-perfect alignment
of hyperperfusion and ground truth are the low resolution
of SPECT, the spread of ictal activity, and the nature of
ictal hyperperfusion, which is not limited to the seizure
onset zone.”>® Through spread of epileptic activity and
resulting hyperperfusion, epileptic networks can be rev-
caled and studied by ictal SPECT.***® Although not the
focus of this study, it is important to consider the poten-
tial impact of epileptic networks on our results. We found
no significant difference between Dice scores of the cluster
with the highest overlap with the ground truth and Dice
scores of all hyperperfusion clusters for IISASL and ISASL.
This does not mean that the role of remote activation in
epileptogenic networks is irrelevant, but may indicate that
significant hyperperfusion is often focused on 1 anatomical
area. The question how well ictal SPECT findings can be
understood by network models, however, depends on sev-
eral factors including the injection timing, location of the
SOZ and types of seizures.*** Advanced modelling
including analysis of structural and functional connectivity
would be needed to for the analysis of epileptic networks
using SPECT and is subject to future research.

Limitations of the Study

We assessed the utility of the IISASL and ISASL pipeline
in a retrospective dataset of individuals who underwent
ictal SPECT imaging at our center. Our study is limited
in that we have not prospectively evaluated the utility of

our pipelines, nor did we prospectively assess our proposed
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workflow (Fig. 6) clinically. Furthermore, we categorized
findings as localizing vs. non-localizing based on the
cosine similarity between the output of the pipelines and
the ground truth. Whilst we consider the quantitative cat-
egorization advantageous, a human rater assessment may
be more similar to the clinical real-world scenario and help
to establish the clinical utility of the pipelines. The many
potential biases of ictal SPECT processing include latency
between seizure onset and tracer injection as well as the
heterogeneous types of pathologies in the cohort of indi-
viduals with epilepsy.>*>*® Finally, we did not analyze
hypoperfusion in this study, which may play a role espe-
cially in the context of epileptic networks.*

Proposed New Protocol for Acquisition and
Analysis of Ictal SPECT

Differences between the outcomes of ISASL and IISASL
may be explained by interictal hypoperfusion, which needs
to be analyzed only in a minority of cases to reveal relative
ictal hyperperfusion.”®” The acquisition of interictal ASL
images may be helpful to identify these cases or further
enhance processing in the future. Here, we propose to use
our open-source code and the ASL healthy controls data
for analysis of the ictal SPECT image before acquisition of
the interictal one and proceed with the acquisition of the
interictal image only in cases with negative or inconclusive
results. See Figure 6B for a schematic of this protocol. As
such, the results of the ISASL analysis must be considered
in relation to other modalities in the presurgical work-up
and in cases of discrepancy, an interictal SPECT image
must be acquired. Hence, fewer people will undergo ictal
SPECT imaging without additional diagnostic benefit and
many individuals can be spared half the radiation dose.

Clinical Value

Ictal SPECT is an expensive and time-consuming investiga-
tion, in which individuals are exposed to an average radia-
tion dose of 6.8 millisievert, which is equivalent to the
radiation dose from over 4 conventional head CT scans.*®
However, it is also unique in the presurgical workup of
individuals with epilepsy. It is the only imaging modality
geared towards visualizing correlates of an epileptic seizure,
while the rest of epilepsy imaging is centered around the
potentially epileptogenic lesion. Both IISASL AND ISASL
localize the SOZ more accurately, potentially increasing the
number of individuals with epilepsy who are candidates for
epilepsy surgery; especially those with otherwise inconclu-
sive results and individuals with nonlesional MRI find-
ings."” In these cases, ictal SPET may aid in the
development of pre-implantation (Stereo-EEG)-hypotheses.
Furthermore, the proposed new protocol including the
application of ISASL only may save half the radiation dose
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of conventional ictal-interictal SPECT methods, while con-

serving clinical and economic resources.
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