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Abstract

Neocortical epilepsy surgery fails to achieve post-operative seizure freedom in 30-40% of cases.
It is not fully understood why surgical interventions in some patients are unsuccessful. Comparing
interictal MEG bandpower from patient data to normative maps, which describe healthy spatial
and population variability, we identify patient specific abnormalities relating to surgical failure.
Here we propose three possible mechanisms that could contribute to a poor surgical outcome; 1)
failure to resect the epileptogenic abnormalities (mislocalisation), 2) failing to remove all of the
epileptogenic abnormalities (partial resection), and 3) insufficiently impacting the overall cortical
abnormality. In this study we develop markers of these mechanisms, validating them against

patient outcomes.

Resting-state eyes-closed MEG recordings were acquired for 70 healthy controls and 32 patients
with refractory neocortical epilepsy. Relative band power spatial maps for five frequency bands
were computed using source localised recordings from healthy controls. Patient and region-
specific bandpower abnormalities were estimated as the maximum absolute z-score across all five
frequency bands using healthy data as a baseline. Resected regions were identified using post-
operative Tlw MRI. We hypothesised that our mechanistically interpretable markers would

discriminate patients with and without post-operative seizure freedom (ILAE 1 vs ILAE 2+).

Mechanisms of surgical failure discriminate surgical outcome groups (Abnormalities not targeted:
AUC=0.80, p=0.003, Partial resection of the epileptogenic zone: AUC=0.68, p=0.053, Insufficient
cortical abnormality impact: AUC=0.64, p=0.096), performing as well as commonly collected
clinical demographics. Leveraging all mechanisms together found that 95% of those who were not
seizure free had markers of surgical failure for at least one of the three proposed mechanisms. In
contrast, of those patients without markers for any mechanism, 80% were ultimately seizure-free

post-surgically.

The mapping of abnormalities across the brain is important for a wide range of neurological
conditions. Here we have demonstrated that interictal MEG bandpower mapping has merit for the
localisation of pathology, and improving our mechanistic understanding of epilepsy. Our

mechanisms of surgical failure, in addition to others, could be used by future studies to construct



predictive models of surgical outcome, aiding clinical teams during patient pre-surgical

evaluations.



Introduction

Focal epilepsy is characterised by recurrent, unprovoked seizures believed to originate from an
“epileptogenic zone” within a single cerebral hemisphere!. For people living with drug resistant
focal epilepsy, the goal of surgical resection is to remove this epileptogenic zone. At present,
surgical intervention fails to completely suppress seizures in 30-40% of cases?. However, for
patients with focal neocortical epilepsy the chance of post-operative seizure freedom is even

lower2s3,

Currently, it is not fully understood why some patients with neocortical epilepsy have
unfavourable surgical outcomes, although some mechanisms have been proposed. Englot et al.*
reviewed surgical outcome for 125 patients with focal neocortical epilepsy. Suggested reasons for
surgical failure include incorrect localisation, incomplete resection of the epileptogenic zone, or
the presence of a secondary distant epileptogenic zone. Additionally, higher seizure frequency,
history of secondary generalised seizures, and normal MRI were associated with worse post-
operative outcome. These results were consistent with those reported by Bell et al.>. Other studies
suggest that the development of new epileptogenic zones post-operatively®, and the presence of

more widespread distributed epileptogenic networks’ may also relate to surgical failure.

Multiple mechanisms could lead to poor surgical outcome in terms of seizure freedom (considered
as surgical failure), with different mechanisms likely in different patients®. One mechanism is
mislocalisation of the epileptogenic zone, which would mean a failure to resect epileptogenic
abnormalities. A mislocalised resection is unlikely to suppress patient seizures and could introduce
additional comorbidities post-surgically. Second, a partial resection of the epileptogenic zone may
improve seizure severity or frequency but, with some remaining epileptogenic tissue, it is unlikely
that total seizure freedom will be achieved. These first two mechanisms view the epileptogenic
zone as a localised region/cluster of abnormal tissue. However, in some patients, a third
mechanism by which poor outcomes could arise is if abnormalities remain post-surgically. Such
widespread abnormalities would likely be less impacted by a localised resection, and therefore
lead to poorer outcomes. Although the mechanisms of surgical failure may differ from one patient
to another, a central concept is that of the epileptogentic zone — a presumably abnormal area, which

is indespensible for seizure generation® and thus should be targeted during surgical resection.



To help localise the epileptogenic zone and predict surgical outcome, previous studies used pre-
operative resting-state MEG data'® 4. These studies typically focused on patient data only without
incorporating normative data from healthy controls into the analysis. Without accounting for the
normative variations in health, it is difficult to identify abnormalities. Relating abnormalities
relative to health with surgical outcome has been fruitful using structural MRI data'>-'8, However,
this normative approach is rarely used for functional/neurophysiological data, despite efforts to
promote these methods!® 2%, Recently, Taylor et al.?? derived invasive intracranial EEG band
power normative maps using interictal resting-state recordings. Using those maps as a baseline,
the authors computed abnormality maps for 62 patients with epilepsy and related them to surgical
outcome. In patients with poor surgical outcome, spared tissue was more abnormal than the
resected tissue. The accurate localisation of the epileptogenic zone using pre-operative MEG data
has been shown to relate to surgical outcome. To our knowledge, a normative approach similar to
that used by Taylor et al?? to localise the epileptogenic zone has not been applied using noninvasive

neurophysiological data, such as MEG.

In this study, we propose three mechanisms of surgical failure, in terms of post-operative seizure
relapse. These mechanisms are 1) failing to resect abnormalities, 2) partial resection of the
epileptogenic zone, and 3) local resections insufficiently altering the global cortical abnormality.
We develop quantitative markers for each surgical failure mechanism using interictal MEG band
power abnormality maps for 32 individuals with neocortical epilepsy with 70 healthy controls as
a normative baseline. We demonstrate that when combined, these markers of surgical failure
mechanisms discriminated outcomes well (AUC=0.82, p=0.0008). These mechanisms shed insight

to the reasons for surgical failure and serve as markers for predictions of outcomes.



Methods

Patients and controls

Data were acquired pre-operatively for 32 individuals with refractory neocortical epilepsy and 70
healthy controls. All patients later underwent neocortical surgical resection as determined
following pre-surgical evaluation. Additional to the 32, a further 19 patients with temporal lobe
epilepsy underwent surgery for resection of the hippocampus and are included in the
supplementary materials for completeness. Hippocampal resection patients are not included in the
main text as our MEG processing did not include deep brain structures, including the hippocampus.
Surgery outcome was assessed 12 months post-operatively with patients classified using the ILAE
definition of seizure freedom?3. Inclusion criteria for the study were patients with preoperative
MRI and MEG, along with postoperative MRI and seizure outcome available at least 12 months.
Standard statistical tests were used to quantify any differences between control and patient sub-
groups for commonly collected clinical demographics. The results of the statistical comparisons
are summarised in table 1. For categorical demographics (resection hemisphere and history of focal
to bilateral tonic clonic seizures), two-tailed y? tests were performed. Continuous demographics

(age, age of onset, epilepsy duration) were compared using two-tailed two sample t-tests.

Controls ILAE 1 ILAE 2+
Test statistic
(1) (2) (3)
N 70 12 20
P,, =0.058, t = 2.085
26.9 (6.9 32.3(10.7 32.3(11.3
(mefzﬁesm (69) (107) L3 0057, ¢ = 2.003
P2‘3 = 0807, t =—-0.247
P, = 0334, ¥? = 0.935
Sex 27,43 7,5 10,10 ,
(Male, P, 5= 0510, y? = 0.434
Female) 2
P35 =0.927, x* =0.008




9.7 (7.6 123 (6.8
Age onset (7.:6) (68) P,; = 0.356, t = 0.945

(mean, SD) N/A

Epilepsy 23.6 (10.0) | 20.0 (8.8)

duration N/A P,5; =0.333, t = —0.992
(mean, SD)

Resection 6.6 11.9
hemisphere N/A ' ’ P, =0.927, x* = 0.008

(Left, Right)

Focal to

; ; 6,6 16,4
bllat.eral.tomc N/A Pys = 0.168, % = 1.901
clonic seizures ’

(Yes, No)

Table 1: Summary of patient and control data demographics. Statistical comparisons are
made using two-sample t-tests for continuous variables and x? tests for categorical variables.
Two-tailed statistical tests were performed as no clear hypothesis of direction was provided.

MRI acquisition and pre-processing

T1 weighted MRI was performed using a 3T GE Signa HDx scanner (General Electric, Waukesha,
Milwaukee, WI). Acquisition details for patients have been previously reported®* (acquired in
London), and for healthy controls® (acquired in Cardiff). Subject MRI scans were pre-processed
using the standard Freesurfer pipeline ‘recon-all’?®. MRI scans were parcellated into cortical
regions of interest (ROIs) based on the Lausanne parcellation scheme for four different resolutions
(68, 114, 219 and 448 cortical ROIs)?’.

To identify patient specific resection cavities, pre and post-operative MRI scans were linearly
coregistered using the FSL tool ‘FLIRT %30, Using FSLview, pre and post-operative MRI were
overlaid, with resection volumes manually drawn. Following this, pre and post-operative ROI
volumes were calculated using custom MATLAB code?*. Regions were categorised as resected if
the pre and post-surgical volume change exceeded 10%. Regions with volume changes between
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1-10% were categorised as ‘Unknown’ and were subsequently removed from any analysis. The
threshold classifying whether regions were resected was scanned between 1-25% with no

substantial differences in the results.

MEG acquisition and pre-processing

Eyes-closed resting-state MEG recordings were acquired for patient and healthy cohorts using a
275 channel CTF whole head MEG system in a magnetically shielded room. Patient data were
collected during pre-surgical evaluation at UCL in London. Healthy control normative data were
collected as part of the MEG UK partnership at CUBRIC, Cardiff. Raw MEG recordings were pre-
processed using Brainstorm3L. First, MEG sensor locations and structural MRI scans were co-
registered using the fiducial points. The quality of co-registration was visually inspected and
refined if required. Second, MEG recordings were downsampled to a sampling frequency of 600Hz
and bandpass filtered between 1-100Hz to reduce the computational cost. Recordings were
subsequently filtered at 50Hz using a second order IR notch filter with 3-dB bandwidth to remove
powerline artifacts. Cardiac and ocular artifacts were identified and manually removed using
independent component analysis (ICA) after channel recordings were dimensionally reduced to 40

components using principal component analysis (PCA).

Following artifact removal, MEG data was source reconstructed using the minimum norm estimate
approach, SLORETA, coupled with an overlapping spheres head model. This resulted in 15000
sources constrained perpendicular to the cortex. Sources were downsampled into neocortical ROls
based on the Lausanne parcellation scheme for four different resolutions?’. Note that, due to low
signal to noise and their complex geometry, deep brain subcortical volumetric structures of the
Lausanne atlas were not included. Specifically, we excluded the hippocampus and amygdala,
amongst others, from our analysis entirely. Within the main text we therefore only present results
for patients who had resections to neocortical tissue where complete MEG coverage was present.
We include patients with hippocampal resections in supplementary for completeness. Source
recordings within each ROI were sign flipped and averaged, resulting in a single time series per
region. Finally, subject time series were reduced to 70 second epochs of continuous recordings,
clear of any residual artifacts (figure 1.A). Recordings were not inspected for interictal spikes here
as occasional epileptic spikes have little, to no effect on the regional power spectral densities and

maximum abnormality estimates??.



Normative mapping of MEG band power

Neocortical regional power spectral densities were computed using Welch’s estimate, with a 2
second sliding window and 50% overlap between consecutive windows. Absolute band power was
estimated for five commonly used frequency bands, delta (1-4Hz), theta (4-8Hz), alpha (8-13Hz),
beta (13-30Hz), and gamma (30-80Hz) (figure 1.B). For gamma, 47.5-52.5Hz were excluded to
mitigate any residual artifacts caused by UK powerlines. Absolute band power estimates were
scaled by the total power across all frequencies to obtain the relative contributions within each
band. Normative maps were constructed by taking the control cohort average relative band power

within each region and frequency band (figure 1.C).
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Figure 1: Pre-processing pipeline for normative MEG recordings. First, (A) MEG recordings
were pre-processed to remove any artifacts due to powerline interference, or cardiac and
ocular events. After artifact removal, 70 second epochs of channel recordings were source
reconstructed and downsampled into cortical regions based on the Lausanne parcellation.
Second, (B) regional power spectral densities were computed for each patient. The relative
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band power contribution was calculated for five commonly used frequency bands: delta (1-
4Hz), theta (4-8Hz), alpha (8-13Hz), beta (13-30Hz), and gamma (30-80Hz). For gamma 47.5-
52.5Hz were discarded to minimise any residual effects due to powerline artifacts. Note the x-
axis terminates at 50Hz for illustrative purposes only. Finally, (C) regional band power
contributions were averaged across the cohort to create normative maps of relative band
power for each of the five frequency bands.

Abnormality mapping of patient MEG band power

Similar to healthy controls, relative band power contributions were computed for the patients with
epilepsy. For each region and frequency band, the absolute z-score was computed using healthy
controls as a baseline. Abnormalities were computed for each individual using equation 1, where
[ corresponds to the region of interest, j the frequency band, and y; ;, g; ; the mean and standard
deviation of the healthy controls respectively. To reduce the dimensionality, maximum absolute
z-scores across frequency bands were retained for each region. Dimension reduction accounts for
the heterogeneity of abnormalities across regions and patients, resulting in a single band power

abnormality map per patient. Estimation of abnormality maps are illustrated in figure 2.A.
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Figure 2 : Processing pipeline for patient abnormality mapping and derivation of the
three surgical failure mechanisms. (A) Patient abnormality maps were generated using
control data as a baseline (top panel). For each region and frequency, the band power
contribution was z-scored using control data as a reference. Within each region, frequency
abnormality dimensions were reduced by only retaining the maximum absolute abnormality.
This process was repeated for all regions to create patient specific maps of band power
abnormalities. Three mechanisms were proposed which could underlie surgical failure
(bottom row). (B) First, failure to resect abnormalities could lead to poor surgical outcome.
This mechanism was quantified using the average abnormality of the resected tissue (M Ag),
with lower values hypothesised to cause surgical failure. (C) Second, we hypothesised that a
partial resection to the epileptogenic zone regardless of whether abnormalities are resected,
could lead to surgical failure. To quantify this mechanism, we used Dy scores to measure the
separability of the resected and spared tissue based on abnormality values. Dy is identical to
the AUC. Scores close to 0 indicate that the abnormalities of resected tissue are greater in
magnitude than abnormalities of spared tissue. Conversely, Dy scores close to 1 indicate that
the spared tissue is more abnormal relative to the resected tissue. (D) Finally, insufficient
cortical abnormality impact could also contribute to a poor surgical outcome. We quantified
this mechanism using ACy, defined as the abnormality contribution of resected tissue, relative
to the global abnormality. If abnormalities are widespread, the overall cortical abnormality is
unlikely to be sufficiently altered by a localized resection, potentially leading to surgical failure.
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Mechanisms of surgery failure

We proposed three mechanisms which could relate to surgical failure in patients with neocortical
epilepsy. Each mechanism was quantified using the patient specific band power abnormality maps.
First, failing to target abnormalities likely contributes to a poor surgical outcome (figure 2.B). That
is, if the resection area is seemingly normal (i.e. similar to the control data) we hypothesised that
there would be a poor surgical outcome. We quantify this mechanism using the mean abnormality
of the resection (M Ag), which corresponds to the mean absolute z-score of the resected regions.
We hypothesised that patients with lower magnitude resection abnormalities would be less likely

to be seizure-free postoperatively.

Our second proposed mechanism of post-operative seizure recurrence is the partial resection of the
epileptogenic zone. Abnormal tissue may be resected, but if other, more abnormal tissue is spared
an unfavourable surgical outcome may be more likely (figure 2.C). To quantify this mechanism
we use the distinguishability measure Dys. Introduced by Wang et al.®, the Dy is synonymous to
the area under the receiver operating characteristic curve (AUC). Ranging between 0 and 1, Dgs
scores closer to 0 indicate that the most abnormal regions are resected. Conversely, values close
to 1 indicate that the most abnormal regions are spared. Dgs scores close to 0.5 correspond to

chance, with no discernible difference between the z-scores in the resected and spared tissue.

Finally, we propose that insufficiently impacting the cortical abnormality during resection may
also contribute to surgical failure (figure 2.D). If high magnitude abnormalities remain across the
cortex it is unlikely that a localised resection of abnormal tissue, even the most abnormal tissue,
will sufficiently alter the overall global abnormality. We use the abnormality contribution of
resected tissue on the global abnormality (ACz) as a marker for this mechanism. This marker
corresponds to the proportion resected tissue contributes to the overall absolute z-score. The ACy
is bound between 0-100%, with larger values indicating that the resection more heavily contributes

to the global abnormality.

Statistical testing
Surgical outcome discriminability of surgical failure mechanisms

To assess how well our three proposed mechanisms explain surgery outcome (ILAE 1 vs ILAE

2+) we computed AUC scores, with specific hypotheses on the directions of our observed effects.
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We hypothesised that the resections of seizure free patients would be more abnormal than patients
with continued seizures. Furthermore, we hypothesised that patients with favourable outcomes
would have lower Dy scores and higher AC, scores in comparison to poor outcome patients.
Corresponding p-values were estimated using the Mann-Whitney U test, an unscaled version of
the AUC statistic. A non-parametric alternative to an independent two sample t-test, the Mann-
Whitney U test assesses whether the rank order of samples from two independent distributions
significantly differ. One-tailed tests were performed as clear hypotheses of direction for each

mechanism are provided.

We also postulated that the MA, and Dgs of seizure free patients differed significantly from
preconceived thresholds. One-tailed, one sample Wilcoxon signed-rank tests were used to assess
whether patients significantly differed from each threshold. For Dy, we hypothesised that seizure
free patients were significantly less than chance (Dgs < 0.5). Additionally, we hypothesised that
the M Ay, was significantly greater than health in seizure free patients. To test this hypothesis, a
threshold was set at | z-score |= 2.6 based on the results of a simulation study. Five samples were
randomly drawn from a standard normal distribution to simulate relative band power abnormality
for each frequency band within a single cortical region. We repeated this 100,000 times, retaining
the maximum absolute z-score at each iteration. This resulted in 100,000 samples of maximum
absolute z-scores drawn from a standard normal distribution. A threshold of 2.6 corresponds to the
5% significance level. At the 1% and 0.1% significance levels the thresholds are set to | z-score |
= 3.0 and | z-score |= 3.7 respectively. An analogous simulation for one sample, instead of five,
would lead to 1.96 threshold representing the 5% level. We used a one tailed one sample Wilcoxon

signed rank test, hypothesizing that seizure free patients would be greater than 2.6.

Comparisons with clinical demographics

Clinical demographics can be used during the pre-surgical evaluation as predictors of surgical
outcome®3. We postulated that our mechanisms of surgical failure perform at least as well as
clinical demographics for surgical outcome separation. A random sample of 32 patients with
replacement was chosen from our cohort of patients, and corresponding AUC’s were computed
for each of the three mechanisms and clinical variables. This procedure was repeated 1000 times
to produce distributions of AUC scores for each feature. The mean and standard deviation were

recorded and compared between mechanisms and clinical demographics.
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Simultaneous analysis of surgical failure mechanisms

As surgical failure is multifactorial, with numerous paths leading to surgical failure, analysis of
each mechanism individually is likely to underperform when identifying poor surgical candidates.
Instead, a unified analysis of all mechanisms may identify more candidates unsuitable for surgical
intervention as more of the variability is accounted for. To unify all mechanisms into a single

analysis, the optimal surgical outcome separability threshold for each was calculated.

Optimal mechanism thresholds were identified using the receiver operating characteristics curves
previously computed to obtain AUCs. Each curve is comprised of pairs of true positive and false
positive rates (TPR and FPR respectively) estimated for a series of different threshold values. The
optimal threshold to distinguish outcome groups is located at the point which optimally maximises
the TPR, whilst simultaneously minimising the FPR. This point corresponds to the maximum
geometric mean of the TPR, FPR rates, highlighted by equation 2, in which n corresponds to the
number of value pairs. For poor surgical candidates the MAg and ACx measures which correspond
to failing to resect abnormalities and insufficiently impacting cortical abnormalities respectively
are more likely to subceed the selected threshold. Conversely, for poor outcome patients with
suspected partial resections to the epileptogenic zone we could expect the D5 to exceed the
threshold.

max(/TPR; x (1 — FPRy)) foriin1--n (2)
Code and data availability

All analysis was performed in Python version 3.6.9. Surface plots were created in MATLAB
R2019b using the simple brain plot repository3*. Code and data to reproduce the figures in the

manuscript will be made available upon acceptance of the manuscript.
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Results

Normative mapping of MEG band power

We generated normative MEG band power maps for five frequency bands. Figure 1.C highlights
the spatial distribution of relative cortical band power averaged across the cohort of 70 healthy
controls. MEG derived normative maps exhibited spatial distributions in agreement with previous
literature. For example, strong delta activity was observed in ventral frontal regions bilaterally, as
well as strong alpha activity in parietal and occipital regions. We compared our MEG normative
maps to those derived using intracranial EEG??> (supplementary S1.1) and found strong
associations across these modalities for most frequency bands (figure S1). Notable differences are

observed in the theta (Pearson R=0.36) and gamma (Pearson R=-0.2) frequency bands.

Markers of surgical failure mechanisms differ across poor outcome patients

We proposed three intuitive mechanisms that could contribute to surgical failure. Each mechanism
was quantified using patient specific band power abnormality maps. To illustrate the importance
of each mechanism and their association with surgical failure, we provide examples using three

patients with unsuccessful surgical interventions (figure 3).
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Figure 3: Mechanism results for three example poor outcome (ILAE 2+) patients The top
row shows patient cortical abnormality maps, with subsequent resections in blue. Lower rows
show the markers for each of the three proposed mechanisms of surgical failure. Each column
corresponds to a different patient, illustrating the variety of pathways (consisting of one or
more mechanisms) which could lead to a surgical failure. For patient 1 (left column), it is
evident that abnormalities were not resected, with an average resection abnormality of 1.16.
As such, it is likely that the failure to resect abnormalities contributed towards the patient’s
poor surgical outcome. For patient 2 (centre column), abnormalities were resected but the
most abnormal tissue was spared (Dgrs = 0.73) suggesting the epileptogenic zone may have
been partially resected. The corresponding abnormality map illustrates that widespread
abnormalities were present, a confounder which may have led to the failed surgical
intervention. Finally, for patient 3 (right column), although some of the most abnormal
cortical tissue was resected, other abnormalities were widespread. As such, the global
abnormality was likely not sufficiently altered (ACr = 6%). All three patients fail at least one
of our proposed mechanisms.

We first postulated that failing to resect abnormal tissue is likely related to a poor surgical outcome.
For patient 1 (figure 3, left column) the mean abnormality of the resection is low (MAgz=1.16),
suggesting that most of the resected tissue is normal. Indeed, the possibility of mislocalisation is

apparent upon visual inspection of the corresponding abnormality map (figure 3, top row, left
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panel). Strong abnormalities are only present in the contralateral hemisphere in the left frontal
lobe. For this reason, we hypothesised that the patient’s right parietal lobe resection would not lead
to post-operative seizure freedom. Conversely, patients 2 and 3 had favourable M A, scores, with
values of 2.96 and 5.36 respectively, suggesting that their resection did target abnormal -

potentially epileptogenic - tissue.

Second, we hypothesised that regardless of whether the epileptogenic zone was localised, surgical
outcome will be poor if the epileptogenic zone was only partially resected and other more abnormal
regions remained. We propose that sparing the most abnormal tissue, regardless of resection
abnormality, as a marker for the second mechanism of surgical failure. The marker used for the
second mechanism of surgical failure is the metric Dgg, which quantifies if the spared tissue is
more abnormal than the resected tissue. Values close to 1 suggest that abnormalities were spared
by surgery. Patient 2, measured D = 0.73, which suggests that although possible epileptogenic
abnormalities were targeted, some remaining epileptogenic tissue may have been spared. Thus, we

would hypothesise a poor surgical outcome for the second patient.

For the third proposed mechanism, patient 3 demonstrated favourable markers for the first two
proposed mechanisms (figure 3, right column), with an MAy of 5.36 and Dy of 0.13. Based on
these findings, one may expect a good outcome. However, the markers for the targeting of
abnormalities and partial resection of the epileptogenic zone both fail to directly account for
abnormalities beyond the resection. If abnormalities are widespread across the cortex, it is unlikely
that resecting the most abnormal tissue will completely suppress seizures. Our third marker of
surgical failure, ACg, accounts for the abnormalities in spared tissue by quantifying the proportion
that resected abnormalities contributed to the overall global abnormality. For patient 3, the ACy
highlights that only 6% of the global abnormality was resected. The low contribution of the
resection to the overall abnormality leads us to suggest that the localised resection was insufficient,

thus leading to a poor surgical outcome.

In contrast to the non seizure free patients in figure 3, figure 4 highlights the markers for a patient
with good surgical outcome. Patient 4 has no markers of surgical failure. First, the resection
targeted abnormal tissue with an M Ay of 5.95 (figure 4.B), indicating the epileptogenic zone was
likely correctly localised. Moreover, a Dgs of 0.1 indicates that the most abnormal tissue was

removed, suggesting that the whole epileptogenic zone may have been resected (figure 4.C).
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Finally, we observed that the localised resection had a strong impact on the global abnormality,
with an ACk of 19% (figure 4.D). Altogether, the results for this patient would indeed suggest a

good surgical outcome based on the chosen resection site.
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Figure 4: Mechanism results for an example good outcome patient. (A) Patient 4
underwent resective surgery, achieving total seizure suppression 1 year post-operatively. For
all three mechanisms, patient 4 passes criteria to suggest surgical success. (B) First, abnormal
tissue has been targeted within the resection cavity. (C) Additionally, it is clear that the most
abnormal cortical tissue has been targeted. (D) Finally the ACy suggests that the overall
cortical abnormality may have been sufficiently altered after resection. Together, these results
based on pre-operative interictal MEG recordings would lead us to hypothesise that the
proposed resection zone for this patient is sufficient to completely suppress seizures.

Markers of surgical failure mechanisms discriminate outcome groups

In this section we applied markers of the three surgical failure mechanisms to the entire cohort of
32 neocortical epilepsy patients. Each marker was derived using patient abnormality maps with
healthy controls as a baseline. As abnormalities were computed across frequency bands and
regions there is a potential for large abnormalities to be observed by chance. We therefore checked
whether the M Ay scores were significantly greater than what we would have expected to see by
chance. We also quantified the overall performance of each marker to distinguish surgical outcome
groups. Cohort-wide associations between our markers of surgical failure and surgery outcome are

reported in figure 5.
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Figure 5: Surgical outcome separability of each mechanism at the group level. Boxplots
illustrate how well each mechanism discriminates surgical outcome groups. Each datapoint
represents an individual patient. Boxes extend from the 25th-75th% of the data. For each
mechanism, the AUC is calculated along with corresponding p-value using a one-tailed Mann-
Whitney U test. Good outcome patients (ILAE 1) are depicted in green, and bad outcome (ILAE
2+) in red. (**) corresponds to statistical significance at the 1% level.

For the M Ay scores, which correspond to the targeting of abnormal tissue (figure 5, left), we see
that the M Ay scores of seizure-free (ILAE 1) patients are larger than those of non seizure free
(ILAE 2+) patients (AUC=0.80, p = 0.003). This result highlights that resections with stronger
abnormalities are associated with surgical success. Further, the MAg scores for seizure free
patients differ from health at the 5% and 1% levels (MAg > 2.6,W=70.0, p = 0.006 and MA, >
3.0,W=64.0, p = 0.026 respectively). Meanwhile, our marker for the partial resection of the
epileptogenic zone, Dgs was larger in patients with poor surgical outcome (AUC=0.68, p =
0.053). That is, in poor outcome patients the most abnormal cortical tissue was typically spared
rather than resected (figure 5, centre). Moreover, Di¢ scores for good outcome patients were less
than chance Dis = 0.5 (W=10.0, p = 0.010), meaning that resected regions were more abnormal
than spared. Finally, our third marker corresponding to insufficiently altering the global
abnormality (ACg) was larger in good outcome patients. This marker quantifies the impact that the
resection has on the overall abnormality load (figure 5, right). This effect is in the hypothesised

direction, being a larger impact in seizure-free patients (AUC=0.64, p=0.096).

These results show that, as in our example patients, our markers of surgical failure mechanisms

may identify patients with poor surgical outcomes across the cohort studied.

19




Comparison with clinical demographics

Prior to surgical intervention, patients undergo a pre-surgical evaluation to determine if they are
suitable candidates for the procedure and which tissue should be resected. Clinical demographic
information may be used to aid decision making during the pre-surgical evaluation, and can hold
predictive information33. We therefore next compared the performance of our markers of surgical
failure mechanisms to clinical demographics to assess how well they distinguish surgical outcome
groups (figure 6). We found that age at resection, duration of epilepsy, and hemisphere of resection
did not distinguish surgical outcome groups well, with mean AUCs of 0.45, 0.39 and 0.47
respectively. Age of epilepsy onset and history of focal to bilateral tonic-clonic seizures were
moderately associated with surgical outcome with AUCs of 0.62 and 0.65 respectively. All three

of our markers of surgical failure mechanisms distinguish outcome groups above and beyond
chance (Abnormalities not targeted: AUC = 0.79 , Partial resection of the epileptogenic zone:

AUC = 0.67, Insufficient cortical abnormality impact: AUC = 0.64), matching or exceeding the

separability of the clinical demographics.

Association with surgical outcome
Epilepsy duration i

Age —_—
Age of onset S —
Focal to bilateral tonic clonic seizures —_—

Resection hemisphere e |

Abnormalities not targeted —
Partial resection of epileptogenic zone e |

Insufficient cortical abnormality impact F——m—m———

0.00 0.25 0.50 0.75 1.00
AUC
Figure 6: Surgical outcome separability comparisons between clinical demographics
and mechanisms of surgical failure. Each bar corresponds to the AUC obtained when
comparing surgical outcome groups using each variable individually. Bootstrapping with 1000
repeats is performed, with each bar corresponding to the average surgical outcome AUC. Error
bars show the 95% confidence interval for each variable.
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Simultaneous analysis of surgical failure mechanisms relates to post-surgical
outcome

Epilepsy is heterogeneous, with a wide range of mechanisms by which seizures may originate and
manifest. It is therefore reasonable to assume there are multiple mechanisms which render
treatment ineffective, with different mechanisms at play in different patients. Analysing each
mechanism independently would thus likely underperform for surgical outcome prediction relative
to a unified analysis as each explains unique causes for surgical failure. The different impact of
each mechanism on patients is evident in section 3.2, as each patient presented with different
markers of surgical failure. Patient 1 had three markers of surgical failure based on our proposed
mechanisms (figure 3.2, left column), patient 2 had two markers (figure 3.2, middle column),
whereas patient 3 only had one marker (figure 3.2, right column), yet all had post-surgical seizures.
This motivated us to assess the degree of similarity between mechanisms, and analyse the joint
performance of all mechanisms for distinguishing patient outcomes. We hypothesised that a
combined analysis would increase the proportion of patients correctly identified as poor surgical

candidates.

The three proposed mechanisms of surgical outcome failure provided complementary information,
with Pearson correlations of R=-0.64 between the M A, and Dgs. The correlation between the MA,
and ACp was R=0.39 and R=-0.37 between the Dy and the ACy (figure S2). Given this
complementary information, optimal thresholds to discriminate surgical outcome groups were next
chosen based on a data driven approach (methods section 2.7.3). A patient would be considered a
poor surgical candidate if the mean abnormality of the resected tissue (MAg) was less than 3.35.
For patients with partial resections to the epileptogenic zone or insufficient impact to the cortical
abnormality we would expect to see a Dgs > 0.34 or AC, < 9.58% respectively. Some 17 out of
20 (85%) non seizure free patients had M Ay scores less than 3.35. Similarly, 85% of non seizure
free patients had ACy values less than 9.58%. For non seizure free patients 15 out of 20 (75%) had
Dgs scores greater than 0.34 a marker of surgical failure due to the partial resection of the
epileptogenic zone. Combining all mechanisms into a single analysis showed that 19 of the 20
(95%) non seizure free patients were identified with at least one marker of surgical failure, figure
1.
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Figure 7: Harmonisation of all three mechanisms into a single analysis. ROC curves (left)
for each mechanism are used to identify the optimal threshold which discriminates the two
surgical outcome groups. Optimal thresholds are selected at the point which maximises the true
positive rate whilst simultaneously minimising the false positive rate. Patients are filtered into
sub groups based on those that fail to meet the criteria for at least one mechanism (centre)
and those that pass all three mechanisms (right). Shaded areas (grey) of Venn diagrams
illustrate the criteria used to filter the cohort. Specificity corresponds to the proportion of good
or bad outcome patients identified relative to all patients identified for the corresponding

criteria.

In total, 27 patients had at least one marker of surgical failure, of which 70.37% went on to have

poor surgical outcomes. Moreover, 90%, and 60% of poor outcome patients had two and three

markers of surgical failure respectively. Contrarily, seizure free patients had one, two, and three

markers of surgical failure with rates of 66%, 25%, and 16% respectively. Using the number of

markers of surgical failure we found that the unified analysis distinguishes surgical outcome

groups well, AUC=0.82, p=0.0008. For patients where our confidence of post-operative seizure-

freedom was highest (i.e. no markers of surgical failure), we were correct in 4 out of 5 cases, with

the remaining patient later recovering from year two. To summarise, if a patient failed at least one

marker, there is a 70% chance of poor outcome. In contrast, if a patient passed all three markers,

there is a 80% chance of good outcome.
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Discussion

Different patients may have different reasons for post-surgical seizure recurrence. In this study we
proposed three mechanisms which could relate to epilepsy surgical failure. Each mechanism was
quantified using patient-specific band power abnormality maps derived from interictal MEG
recordings, acquired as part of a pre-surgical evaluation. First, we demonstrated that each marker
of the surgical failure mechanisms relates to surgical outcome in the hypothesised direction, with
the resection of abnormalities (MAg) significantly separating outcome groups (AUC=0.80,
p=0.003). Second, we show that our proposed mechanisms perform better than clinical
demographics commonly used as part of a routine pre-surgical evaluation. Finally, by identifying
optimal thresholds of separability, we showed that 95% of non seizure free patients (ILAE 2+) had
at least one marker of surgical failure, suggesting our mechanisms could be beneficial during the

pre-surgical evaluation.

Our work introduces mechanisms of surgical failure which could be clinically useful. Both
intuitive, and easy to quantify, each mechanism provides important insights into why some patients
fail to completely suppress seizures post-operatively. First, we hypothesised that not targeting
abnormal, possibly epileptogenic tissue would result in surgical failure. This mechanism builds
upon the extensive literature relating structural abnormalities of the resected tissue to surgical
outcome!®1824 We quantified this mechanism as a single value per patient using the mean
resection abnormality (MAg). Our results suggest that the resection of abnormalities (MAg) is
indeed crucial for post-operative seizure control, and that normative mapping can serve as a useful

way to identify abnormalities.

Next, it is conceivable that the resection may indeed remove abnormal tissue, but that other, even
more abnormal areas remain (e.g. in eloquent cortex). Our measure for the possible mislocalisation
of epileptogenic tissue only measures properties of resected regions, disregarding remaining tissue.
We therefore postulated that for patients with partial resections to the epileptogenic zone regardless
of resection abnormality, if the most abnormal tissue is spared, then only partial seizure
suppression is expected. We quantified the partial resection using the Drs322°, a measure which
captures whether resected tissue is more abnormal than spared. Consistent with results reported by
Taylor et al.??, we show that this mechanism relates to outcome in the hypothesised direction

(AUC > 0.5 ). Moreover, the resection of the most abnormal tissue in seizure free patients was

23



significantly more common than chance (Dzs < 0.5), suggesting these regions were not randomly
targeted during surgical intervention, but correctly identified in seizure free patients. In contrast,
Dy scores for non seizure free patients were not significantly different than chance, indicating the
most abnormal tissue was not removed in those patients. Supporting our findings, Englot et al.*
reported that surgical intervention did not completely suppress seizures in 72% of the non seizure
free patients (ILAE 2+) because the epileptogenic zone was only partially resected. Similarly, Kim
et al.% also reported that complete resection of the ictal onset areas, identified by frequent interictal
spiking during an intracranial EEG study, related to better surgical outcome for a cohort of 109

neocortical patients.

The two proposed mechanisms of surgical failure thus far focus primarily on the resection, with
little consideration of the abnormalities in surgically spared tissue. We introduced a third
mechanism to identify whether strong abnormalities are present beyond the proposed resection,
using the ACr as the marker of surgical failure. We hypothesised that if strong cortical
abnormalities exist beyond the proposed resection site, a localised resection may not be sufficient
to completely suppress seizures post-surgically. Widespread abnormalities for individuals with
epilepsy have previously been reported using diffusion MRI data®”®, with some attributing
widespread abnormalities to an underlying epileptogenic network facilitating the spread of seizures
to distant regions®3°. Our marker of surgical failure may reflect this underlying epileptogenic
network, though further markers derived using functional connectivity matrices are required to
confirm this hypothesis. Together, our three mechanisms account for abnormalities within both
the resected and spared tissue, providing clinicians additional insight into the proposed resection

site for each individual patient.

In isolation, each mechanism discriminates surgical outcome groups in the hypothesised
directions, with the targeting of abnormalities significantly discriminating outcome groups (figure
5). Yet, each proposed mechanism provides valuable information in the context of surgical failure.
As reported previously#, surgery failures may occur for different reasons, and so it is unlikely for
a single mechanism to fully distinguish surgical outcome groups. Our formalism of these surgical
failure mechanisms allowed us to demonstrate that 95% of poor outcome patients presented with
at least one marker of surgical failure, 90% with at least two markers, and 60% with markers of

surgical failure for all three mechanisms. Overall, a combination of all three mechanisms
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discriminated surgical outcome groups well (AUC=0.82,p=0.0008). Fourteen patients were
identified with three markers of surgical failure and thus would be hypothesised to be poor surgical
candidates. In reality, 86% of those patients with three markers of surgical failure were indeed not
seizure free post-surgically. In total five patients had no markers of surgical failure based on our
proposed mechanisms, thus suggesting good outcome for all five. Indeed, four of those were
seizure-free, with the remaining patient ILAE 3 at 12 months. However, that patient experienced
only one seizure whilst in the process of reducing their medication dose during their first months
post-surgery. Although initially poor outcome due to the solitary seizure in year 1, this was an
isolated incident and the patient was seizure free for all subsequent years of follow up (over 5 years
to date). Our results suggest that the analysis of these surgical failure mechanisms, using a
multimetric framework, may provide robust predictions of surgical outcome of use during pre-

surgical evaluation.

While we have proposed three mechanisms of surgical failure, others may exist, including the
presence of multiple epileptogenic foci, or the development of new epileptogenic zones post-
operatively. To assess whether multiple foci are present, spatial statistics could be used*®4%, Spatial
statistics could allow investigation of spatial organization of abnormalities, and their proximity to
the resection. Such approaches could be useful for recognising previously unidentified multifocal
abnormalities, which may be a contraindication for surgery. To investigate the development of
new epileptogenic zones post-operatively, an extension into network based statistics for structural
and functional data could be beneficial. Recently, it has been proposed that there exists widespread
post-surgical functional abnormalities that were not present pre-surgically®. There, the authors
hypothesised that post-surgical evolution of the epileptogenic process may have contributed to
continued seizures in poor outcome patients. In addition, a longitudinal study of 48 patients
following temporal lobe resections revealed greater white matter post-operative changes related to
better outcomes*?. In summary, future studies could develop markers pertaining to new
mechanisms of surgical failure and incorporate them with our mechanisms for a more

comprehensive analysis.

Although applications to pathology such as epilepsy are rare, normative mapping of relative band
power has been reported previously®2243-4% Our normative maps of band power illustrate strong

bilateral delta activity in ventral frontal tissue, and strong bilateral theta activity in dorsal frontal
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regions. Furthermore, our maps show strong bilateral alpha activity in occipital and parietal tissue.
Niso et al.*6 report similar spatial distributions using resting-state MEG recordings from 46 healthy
controls. Interestingly, we found that spatial distributions of normative band power are consistent
across modalities. Specifically, Taylor et al.?? constructed intracranial EEG normative maps using
the spared electrodes of 234 focal epilepsy patients who later went on to have successful surgical
outcomes (ILAE 1 and 2). We directly compare these normative maps in figure S1 and report
strong spatial similarities in the delta, alpha and beta frequency bands. Weaker associations in the
theta band could be attributed to alpha de-synchronisation, an effect commonly reported between
eyes open and closed data recordings, with reductions in alpha power. The discrepancies in gamma
spatial distributions across modalities are possibly due to the lower signal to noise ratio at higher

frequencies.

During the pre-surgical evaluation, interictal MEG recordings are used clinically to identify and
localise interictal spikes as markers of the epileptogenic zone. However, the origin and
pathological nature of spikes has been questioned, with some studies suggesting a protective
effect®, and others suggesting their resection does not improve outcomes®. Given this ambiguity,
and the high expense of MEG, their clinical use is less common during pre-surgical evaluation,
and are typically reserved for patients with difficult to localise seizure foci. We leverage the usually
discarded interictal data, demonstrating that even seemingly normal recordings can contain
clinically valuable information for the localisation of epileptogenic tissue. Beyond application to
traditional MEG data, as shown here, future studies could apply our markers of surgical failure to

scalp EEG, or less expensive portable MEG®2,

Several limitations of this work should be noted. First, although a large cohort of controls were
used, the patient sample size used in this study is relatively low. This in turn prevented us from
predicting surgical outcome using traditional data-driven machine learning techniques in order to
avoid the issue of overfitting the data. Instead, we proposed intuitive and hypothesis-driven
mechanisms which should generalise across patient cohorts. As a result, our simultaneous analysis
of surgical failure mechanisms resulted in 50% of seizure free patients exhibiting at least one
marker of surgical failure. The large false negative rate is likely attributed to the univariate
thresholds set to optimally separate surgical outcome groups. Future studies with larger sample

sizes could use machine learning algorithms to optimally separate surgical outcome groups in
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higher dimensions. Alternatively, clinical demographics and functional data could be harmonised
into a single predictive models as has been previously done using structural abnormalities'®>!7,
minimising the large false negative rate reported in our study. A second limitation of this work is
the poor signal to noise of resting state MEG for subcortical structures such as the hippocampus
and amygdala, with challenges due to the inverse problem. This is particularly problematic for
resting state low amplitude activity as studied here. Due to these factors, we excluded deep brain
structures from our analysis, and include patients with hippocampal resections only as
supplementary material. Finally, our normative data was acquired at a different site to that of our
patients. However, both sites used a 275 CTF MEG scanner and a 3T GE Signa HDx scanner,
which we expect mitigates site differences to a large extent. Additionally, our use of relative band
power as a standardisation will also aid site normalization to some extent as in our previous work??,
Furthermore, although our normative data is used as a baseline, the main statistical comparisons
regarding surgical outcome are made between patients from the same site and are therefore

unaffected by site differences.

Surgical resection of the epileptogenic zone is a treatment option for patients with refractory focal
epilepsy. At present, it is not fully understood why surgical intervention in some patients is
unsuccessful, though different reasons may explain for different patients. In this study we proposed
three mechanisms which relate to surgical failure, demonstrating that they are robust to different
epochs and parcellation schemes as shown in supplementary S1.3. These mechanisms, used in
conjunction to clinical demographics could aid clinicians during the pre-surgical evaluation of
patients. Future studies could derive additional mechanisms of surgical failure, with a focus on
functional and structural networks, and combine all markers into a predictive model of surgical

outcome.
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