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� Patients with failed epilepsy surgery should be considered for re-evaluation for new surgery.
� Resection of the MEG localization positively associated with favorable outcomes.
� Resection of SPECT localization with injection �20 s positively associated with favorable outcomes.

a b s t r a c t

Objective: Selected patients with intractable focal epilepsy who have failed a previous epilepsy surgery
can become seizure-free with reoperation. Preoperative evaluation is exceedingly challenging in this
cohort. We aim to investigate the diagnostic value of two noninvasive approaches, magnetoencephalog-
raphy (MEG) and ictal single-photon emission computed tomography (SPECT), in patients with failed epi-
lepsy surgery.
Methods: We retrospectively included a consecutive cohort of patients who failed prior resective epilepsy
surgery, underwent re-evaluation including MEG and ictal SPECT, and had another surgery after the re-
evaluation. The relationship between resection and localization from each test was determined, and their
association with seizure outcomes was analyzed.
Results: A total of 46 patients were included; 21 (46%) were seizure-free at 1-year followup after reoper-
ation. Twenty-seven (58%) had a positive MEG and 31 (67%) had a positive ictal SPECT. The resection of
MEG foci was significantly associated with seizure-free outcome (p = 0.002). Overlap of ictal SPECT
hyperperfusion zones with resection was significantly associated with seizure-free outcome in the sub-
group of patients with injection time �20 seconds (p = 0.03), but did not show significant association in
the overall cohort (p = 0.46) although all injections were ictal. Patients whose MEG and ictal SPECT were
concordant on a sublobar level had a significantly higher chance of seizure freedom (p = 0.05).
Conclusions: MEG alone achieved successful localization in patients with failed epilepsy surgery with a
statistical significance. Only ictal SPECT with early injection (�20 seconds) had good localization value.
Sublobar concordance between both tests was significantly associated with seizure freedom. SPECT
can provide essential information in MEG-negative cases and vice versa.
Significance: Our results emphasize the importance of considering a multimodal presurgical evaluation
including MEG and SPECT in all patients with a previous failed epilepsy surgery.

� 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Approximately 30% of patients with intractable focal epilepsy
still have recurring seizures after the first resective surgery
(Spencer and Huh, 2008). In these patients, re-evaluation for a
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potential reoperation can be a worthwhile attempt. Previous stud-
ies reported reoperation rates to be between 35.9% and 65.2% in
patients with unfavorable outcome after initial surgery; seizure-
free rate vary considerably among studies and ranged from 9.5 to
57.1%, and was estimated at 36.6% across all the studies (Surges
and Elger, 2013).

As noninvasive procedures commonly used in presurgical eval-
uation, magnetoencephalography (MEG) and ictal single-photon
emission computed tomography (SPECT) provide interictal and
ictal localization and can yield essential localization information
(Knowlton et al., 2006; Schneider et al., 2013, 2012). No previous
studies specifically address the utility of MEG and SPECT on
patients with previously failed surgery. In this study, we aim to
investigate whether the noninvasive multimodal approach with
MEG and ictal SPECT contributes to better post-operative seizure
outcome in patients with previously failed epilepsy surgery.
2. Materials and Methods

2.1. Patient population

The study was approved by the Institutional Review Board of
the Cleveland Clinic. We reviewed all medical records from the epi-
lepsy surgical database between January 2009 and September
2014. The following inclusion criteria were used: (1) intractable
epilepsy as defined by ILAE classification (Kwan and Brodie,
2001); (2) prior resective epilepsy surgery (single or multiple);
(3) re-evaluation including MEG and ictal SPECT; (4) resective epi-
lepsy surgery following the re-evaluation as mentioned in (3); and
(5) follow-up of 12 months after the surgery mentioned in (4). We
excluded patients whose prior brain surgery was non-resective,
e.g., vagus nerve stimulation, intracranial EEG (ICEEG), brain
biopsy, craniotomy and drainage for intracranial hemorrhage,
placement of shunts and aneurysm clipping (however, if there
was a subsequent resective surgery following these non-resective
procedures, patients can be included). We also excluded patients
who had functional hemispherectomy as the reoperation, and
patients whose postoperative MRI or CT scans were unavailable
or of unsatisfactory quality for delineation of resection extent.

2.2. Non-invasive and invasive video-EEG monitoring

Scalp video-EEG monitoring was performed using international
10–20 system of electrode placement. ICEEG with placement of
subdural grids and depth electrodes or stereo-EEG were performed
per consensus of panel discussion at patient management confer-
ences. Ictal scalp EEG localization results were obtained from clin-
ical report and classified as lobar, multilobar, hemispheric,
generalized or normal (no EEG change). Lobar and multilobar pat-
terns were considered localizing and the remaining patterns were
considered nonlocalizing. The ictal onset zone was used as the
localization result of ICEEG, which was determined based on the
final clinical report used to guide surgical resection.

2.3. MEG

A 60-minute spontaneous MEG recording was performed using
a whole-head, 306-channel Neuromag system (Elekta, Helsinki,
Finland). Acquisition parameters can be found elsewhere
(Kakisaka et al., 2013; Murakami et al., 2016). MEG spike localiza-
tions were calculated based on a single equivalent current dipole
model (Bagic et al., 2011). Dipole sources were co-registered to
the patient’s MRI. A negative MEG was defined as a study with
no epileptiform discharges, slowing only, or if the number of spikes
in the entire study is <5 (Bagic et al., 2011). A localizable MEG was
defined as a study with more than 5 dipoles with acceptable statis-
tics (Bagic et al., 2011). If the interictal MEG was negative and only
ictal events were captured, ictal dipoles were used for analysis if
they were localizable. A tight cluster was defined by 5 or more
dipoles located in one sulcus and/or adjacent 2 gyri; a loose cluster
was defined by 5 or more dipoles located in one sublobar region
(details in ‘‘concordance analysis” section) (Murakami et al.,
2016). When there were interictal/ictal epileptiform activities
within the MEG study but they were not localizable by the single
equivalent current dipole modeling, the study was defined as
nonlocalizable.
2.4. Ictal SPECT

The ictal SPECT images were acquired on a SPECT CT camera
(Siemens, Symbia T16) within 2 h after injection of 20–40 mCi of
99mTc-ECD (ethyl-cysteinate dimer). Interictal SPECT studies were
accomplished after a minimum of 24 h of no seizures. The SPECT
data were processed using computerized imaging analysis tool SIS-
COM (Subtraction Ictal SPECT Co-registered to MRI) (O’Brien et al.,
2000). For clinical interpretation, a z-score threshold of 2 was used.
The hyperperfusion zones considered for analysis were those
described in the official clinical report by a nuclear medicine physi-
cian and the patient management team; if there were no dominant
area of hyperperfusion, the study was concluded as nonlocalizable.
A ‘‘not-obtained” SPECT study was defined by the scenario when
SPECT was ordered, but no seizures were recorded during the
video-EEG monitoring. Injection time of SPECT was calculated as
the time lapse between the start of the seizure based on video-
EEG recording and tracer injection. If several SPECT seizures were
recorded, the shortest injection time was used. Although there
might have been ictal SPECTs obtained on multiple seizure types
on the same patient, the one included in the analyses was on the
main seizure type.
2.5. Resection analysis

Image coregistration was performed using CURRY 6 (Com-
pumedics Neuroscan, Hamburg, Germany). Consistently for each
patient, we coregistered three sets of images: pre-surgical MRI
(which contained resection from the previous surgery), MEG
results (pre-surgical MRI with dipole locations imprinted), hyper-
perfused z-score maps from SISCOM analysis, and post-operative
MRI (which contained resection of the previous surgery and the
re-surgery). Blinded to outcome data and other clinical data used
for the current and previous evaluations, we used the coregistered
images to determine: (1) the location of re-surgery (especially
helpful when the re-surgery was an extension of the previous
resection); (2) whether resection overlapped with MEG dipoles;
and (3) whether resection overlapped with SISCOM hyperperfusion
(z-score = 2 to be consistent with what was used for the clinical
report). We considered MEG cluster resection complete if the sur-
gically resected area contained more than 90% of the MEG dipoles.
For SISCOM, as in most cases the hyperperfusion was more
extended than the resection, we regarded SISCOM to be included
in resection, if one of the hyperperfusion zones overlapped with
the resection cavity, consistent with previous studies (O’Brien
et al., 2000; Sulc et al., 2014). Considering post-operative move-
ment of tissue around the resection cavity, MRI distortion and
coregistration error, the dipoles/hyperperfusion areas were consid-
ered as inside the resection if they were within 5 mm from the
resection margin. We then assessed the association between
seizure outcomes and whether the MEG/SISCOM localization was
contained in the resection.



Table 1
Concordance patterns between MEG and SPECT, indepen-
dent of epilepsy surgery resection.

A Sublobar concordance
B Sublobar plusa

C Lobar concordancea

D Not overlapping but localized ipsilateral
E Not overlapping and bilateral

a Overlapping but one or both test can be more
widespread.

Table 2
Demographics and clinical data of included patients (N = 46).

Mean age 30y (range 2–54, SD ± 14)
Sex 21F/25M
Duration of epilepsy 20y (range 1–53, SD ± 13)
Handedness 38R/8L
Seizure free 21 (46%)
Non-contributive MRI 31 (67%)
More than one previous

surgery
10 (22%)

Time of seizure reoccurrence
after previous surgery

11.7 months (range 0–148, SD ± 26 months)
30 patients < 6 months
6 patients 6–12 months
10 patients > 12 months

Time between surgeries 6 years 6 months (range 1–23 years)
Epilepsy Type 3/46 mTLE, 11/46 TLE, 32/46 ETLE
Surgery 29 lobar, 17 multilobar
Localization of the new surgery Extension of previous surgery: 30/46

New localization: 16/46
Pathology 25 FCDs (21 FCD type I, 4 FCD type II)

15 non-specific
1 dysplasia + hippocampal sclerosis
1 hippocampal sclerosis
2 tumors
1 cavernous angioma
1 unknown

Scalp EEG Interictal 10 (22%) lobar
27 (59%) multilobar
9 (20%) nonlocalizable

Scalp EEG Ictal 16 (35%) lobar
18 (39%) multilobar
11 (24%) nonlocalizable
1 (2%) no seizures

MEG 27 58%) localizable
� 11 single tight cluster, 7 single loose
cluster, 9 multiple clusters

� 14 had at least 1 cluster at previous
resection margin

18 (39%) negative
1 (2%) nonlocalizable

SPECT 31 (67%) localizable
� 8 single, 23 multiple hyperperfusion
regions

� 17 had at least 1 hyperperfusion region
at previous resection margin
12 (26%) not obtained
3 (6%) nonlocalizable

Mean duration of ictal SPECT
seizures

105 sec (range 16–660 s, SD ± 122 s)

Mean injection time 20 sec (range 4–185 s, SD ± 29 s)
ICEEG 25 (54%)
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2.6. Concordance analysis

As shown in Table 1, concordance between MEG and SPECT was
defined as ‘‘sublobar” (A), ‘‘sublobar plus” (B), ‘‘lobar” (C), ‘‘multilo-
bar ipsilateral” (D) and ‘‘multilobar bilateral” (E). Sublobar regions
were defined with modifications form literature as follows: fron-
topolar, frontal superiormesial, dorsolateral frontal superior, dorso-
lateral frontal inferior, orbitofrontal, parietal superior mesial,
parietal inferiormesial, parietal superior lateral, parietal inferior lat-
eral, temporomesial, temporolateral, temporopolar, temporobasal,
occipital mesial, occipital lateral, frontal opercular, temporal oper-
cular, parietal opercular, anterior insular, posterior insular,
temporo-occipital junction, temporo-parietal junction, anterior cin-
gular, middle cingular and posterior cingular (Schneider et al.,
2013). On the lobar level, the operculum, the insula and temporal
junctions were classified as separate regions. The concordance
between scalp EEG andMEGwas performed at the lobar level (fron-
tal, temporal, parietal and occipital). The concordance patternswere
assessed in terms of their association with seizure outcomes.

2.7. Seizure outcome and pathology

Outcome was assessed at 1 year after surgery and classified into
completely seizure-free and not seizure-free. Histopathological
specimens were reviewed by a dedicated neuropathologist and
focal cortical dysplasia (FCD) was classified according to the Pal-
mini classification (Palmini et al., 2004).

2.8. Statistics

SPSS 19 (IBM Co., Armonk, NY, U.S.A.) was used for statistical
processing of the data. The statistical methods were descriptive
statistics with frequency analysis and cross tab analysis, as well
as mean and standard deviation (SD) calculation in parametric
data. Statistical significance was assessed using a Fisher exact
(when N < 5) or Chi Square test, with a significance defined as a
probability (p) value � 0.05.
3. Results

3.1. Demographics and clinical profiles

From the 1512 patients screened, 158 patients had previous
epilepsy surgery. Among these patients, 54 had both MEG and
SPECT performed. Seven patients underwent functional hemi-
spherectomy and were excluded. One patient had a postoperative
CT scan with unsatisfactory quality for analysis and was also
excluded. Therefore, a total of 46 patients were included. Demo-
graphics and clinical profile can be found in Table 2. Seizures
recurred within 6 months after the first surgery in the majority
of these patients (30/46, 65%). At one-year follow-up after reoper-
ation, 21 patients (46%) remained seizure-free. In most but not all
patients (65%), reoperation aimed at extending the area of the pre-
vious resection. Type of resection, type of epilepsy and type of
pathology did not significantly associate with seizure outcome
after the reoperation. Thirty-three patients had the same seizure
semiology and 13 had altered semiology before and after the pre-
vious (failed) surgery.

Out of the 46 selected patients, 24 had the previous surgery at
the Cleveland Clinic. Only one patient had a preoperative MEG,
which was localizable. Five patients (21%) had SPECT which was
localizable in all cases. The majority (13/24, 54%) had ICEEG.

The remaining 22 patients had their previous surgery at another
institution. Therefore, details of their original preoperative investi-
gations were not always available. One patient had a preoperative
MEG which was negative. Three patients (14%) had SPECT which
was localizable in all cases. Nine patients (41%) had ICEEG.
3.2. Positive rates

As detailed in Table 2, of the 46 patients included in this study,
27 (58%) had a localizable MEG, of which 2 patients had exclusively
ictal MEG findings. A total of 34 patients (74%) had a successful
ictal SPECT injection performed during a typical seizure. Secondary
generalization occurred in 8/34 (24%) of ictal SPECT seizures. SPECT
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studies were nonlocalizable (i.e. had no dominant areas of hyper-
perfusion) in three patients: one with a late injection (38 s, after
clinical onset during a 131-second seizure), one with a postictal
injection (8 s after the end of a brief 19-second seizure) and one
with early injection (12 s into a seizure that lasted for 83 s). The
remaining 31 patients with localizable SPECT had ictal injections
with a mean injection time of 20 s (range 4–185 s; median 16 s)
after EEG onset (29 patients) or after clinical seizure onset when
the earliest clinical change preceded the EEG onset (3 patients).
All injections occurred within less than 35 s, with the exception
of one case with a long injection time of 185 s during an exception-
ally long seizure that lasted for 660 s.
3.3. Resection analysis

Table 3 describes the resection analysis. Figs. 1 and 2 show two
illustrative cases.
Fig. 1. Example of a patient with right temporal lobe epilepsy, whose MEG and ictal
SPECT showed sublobar plus concordance (right mesial temporal for MEG and right
temporal for SPECT). ICEEG confirmed a right mesial temporal seizure onset. The
previous resection was a right occipital resection. The MEG focus and the temporal
SPECT hyperperfusion zone were both resected with re-surgery, and the patient
became seizure-free. Surgical pathology showed FCD type I. Ictal SPECT injection
time was 20 s. In Figs. 1 and 2, first row indicates previous resection; second row
shows MEG superimposed on the new resection; third row shows SPECT superim-
posed on the new resection. The yellow dots indicate the location of the MEG
dipoles, superimposed on the MRI with a slice persistence of 10 mm. Ictal SPECT
was processed with the SISCOM methodology and displayed with a z-score of 2.
(For interpretation of the references to colour in this figure legend, the reader is
3.3.1. MEG, resection and seizure outcomes
Eleven patients had complete resection of the MEG cluster, of

which 9 became seizure-free (82%); 16 patients had the MEG clus-
ter partially removed or not removed, of which 3 were seizure-free
(19%); 19 patients had a negative or non-localizable MEG study, of
which 9 were seizure-free (47%). Patients with complete MEG clus-
ter resection were more likely seizure-free than patients who did
not have the MEG cluster removed (p = 0.002).

In the 27 patients who had a localizable MEG, 11 had a single
tight cluster, 7 had a single loose cluster and 9 had multiple clus-
ters (4 patients had two tight clusters; 4 patients had one loose
and one tight cluster; 1 patient had two loose clusters). Seven of
the 11 (63%) patients with a tight cluster became seizure-free,
and 4 of the 16 (25%) patients who had a loose cluster or multiple
clusters became seizure-free. The presence of a single tight cluster
was not significantly associated with seizure freedom (p = 0.06). In
14 (15/27, 55%) patients, at least one of the MEG clusters were at
the margins of the previous resection.
referred to the web version of this article.)
3.3.2. Ictal SPECT, resection and seizure outcomes
Nineteen patients had at least one of the hyperperfusion areas

overlapping with resection, and 10 became seizure-free (53%); 12
patients did not have any hyperperfusion areas overlapping with
resection, and 4 were seizure-free (33%); the 3 patients who had
a nonlocalizable SPECT all had recurring seizures. In the 12 patients
who had a negative SPECT study, 7 were seizure-free (58%). The
overlapping of a SPECT hyperperfusion area with resection did
not associate with better seizure outcomes when compared with
the group of patients with no overlapping (p = 0.46).
Table 3
Association between MEG localization/SPECT hyperperfusion, resection and outcome.

Group
(N = 46)

Total Seizure-free
(12 m)

Not seizure-free
(12 m)

P value

MEG resected? 0.002
Yes 11 9 2
No 16 3 13

SPECT resected? 0.46
Yes 19 10 9
No 12 4 8

SPECT resected? (injection �20 sec, N = 23) 0.03
Yes 14 9 5
No 9 1 8

SPECT resected? (injection >20 sec, N = 8) 0.63
Yes 5 1 4
No 3 3 0
We further performed subgroup analyses based on injection
time. Twenty-three patients had an injection time of �20 s; 14 of
them had at least one of the hyperperfusion areas overlapping with
resection, and 9 became seizure-free (64%); 9 patients did not have
any hyperperfusion areas overlapping with resection, and only 1
became seizure-free (11%). In this subgroup, the overlapping of
SPECT hyperperfusion area with resection did associate with better
seizure outcomes (p = 0.03). This significance was not found in the
subgroup of patients whose injection time exceeded 20 s (p = 0.63).

In the 10 patients who had at least one of the hyperperfusion
areas overlapping with resection and became seizure-free, 4 had
single hyperperfusion area, 6 had multiple hyperperfusion areas,
50% of whom (3/6) had the hyperperfusion with the highest
z-score resected.
3.4. Concordance between MEG and ictal SPECT

Concordance analysis (Table 4) was performed on all patients
with localizable MEG and localizable SPECT. Sublobar concordance
(A + B) of MEG and ictal SPECT was found in 6 patients, and 5 of
them were seizure-free (83%). Five patients showed concordance
pattern C; 3 patients showed pattern D; and 6 showed pattern E.
The seizure-free percentage was 20% (1/5), 33% (1/3) and 33%
(2/6) for the C, D and E subgroups. Patients with a MEG and ictal
SPECT that were sublobarly concordant had significantly higher



Fig. 2. Example of a patient with right frontal lobe epilepsy, whose ictal MEG and
ictal SPECT showed sublobar concordance (right superior frontal mesial). Interictal
MEG was negative in this patient. The previous resection was multilobar involving
right peri-rolandic and parietal areas. The MEG focus and the right frontal SPECT
hyperperfusion zone were both resected with the new surgery, and the patient
became seizure-free. Surgical pathology showed FCD type I. Injection time of the
ictal SPECT was 9 s.
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chance of seizure freedom as compared to the rest of the group
(p = 0.05).

3.5. Negative or nonlocalizable MEG/SPECT

Of the 19 patients with a negative or nonlocalizable MEG, 11
had a localizable SPECT. Four of the 11 patients had at least one
of the hyperperfusion areas overlapping with resection and
became seizure-free. Of the 15 patients with a negative or nonlo-
calizable SPECT, 7 had a localizable MEG. Three of the 7 patients
had complete resection of the MEG cluster and became seizure-
free.

3.6. Scalp EEG

Ictal scalp EEG had localizing results in 34 patients (16 lobar, 18
multilobar). In 13 patients the localization from ictal scalp EEG was
contained within resection, and 7 patients became seizure-free
(53%). In 21 patients, the ictal EEG localization was partially
included or not included in the resection, and 10 were seizure-
free (48%). Resection of ictal scalp EEG localization did not associ-
ate with better seizure outcomes when compared with the partial/
no resection group (p = 0.5).
Table 4
Concordance between MEG localization/SPECT hyperperfusion and outcome.

Group (N = 46) Total Seizure-free

MEG and SPECT had sublobar concordance (A + B)?
Yes 6 (2A, 4B) 5 (2A, 3B)
No 14 (5C, 3D, 6E) 4 (1C, 1D, 2E
3.7. ICEEG

Twenty-five patients in our cohort (25/46, 54%) had ICEEG, in
whom 10 were seizure-free (10/25, 40%); in 21 (21/46, 46%), no
ICEEG was performed and 11 became seizure-free (11/21, 52%).
Patients with ICEEG performed did not have a significantly higher
chance of becoming seizure-free (p = 0.5). Localization from the
ICEEG showed sublobar concordance with MEG in 28% (7/25) and
lobar concordance in 16% (4/25). ICEEG showed sublobar concor-
dance with ictal SPECT in 20% (5/25), lobar concordance in 24%
(6/25). ICEEG, MEG and ictal SPECT were all concordant on a sublo-
bar level in 4 patients (4/25, 16%). No significant association
between ICEEG/MEG/SPECT concordance pattern and seizure out-
comes can be observed, likely due to small sample size.
3.8. Surgical pathology

Surgical pathology results consisted of 21 FCD type I (48%, 9/21
seizure-free), 4 FCD type II (9%, 3/4 seizure-free), and 2 tumors (4%,
both seizure-free). One patient (2%) had a cavernous angioma
(seizure-free), one had hippocampal sclerosis (not seizure-free)
and another one had hippocampal sclerosis together with dys-
plasia (seizure-free). In 15 patients, findings of surgical pathology
were nonspecific, such as gliosis or negative (32%, 1/15 seizure-
free). One patient did not have tissue submitted for pathological
examination.
4. Discussion

We present the first study that specifically examines the value
of two noninvasive tests, MEG and ictal SPECT, in a large group
of patients with failed epilepsy surgery, who were referred for
and underwent subsequent reoperation. Appropriate patient selec-
tion and interpretation of repeat preoperative evaluation are
exceedingly challenging in this cohort. Our findings suggest that
MEG and ictal SPECT provide unique and complementary informa-
tion, which can be used to guide electrode implantation and surgi-
cal strategy.
4.1. Characteristics of study cohort

In our challenging cohort, 67% of patients had a non-
contributory MRI prior to any surgical intervention, and 22% had
previously undergone more than one surgical resection. Impor-
tantly, almost half (46%) of these patients were seizure-free one
year after reoperation. This result in itself is encouraging and indi-
cates that a repeat presurgical evaluation can lead to promising
seizure outcomes despite the various complexities. Previous stud-
ies of cohort similar to ours (mixed cohort with heterogeneous
pathology and epilepsy type) showed variable seizure-free rates
between 19% and 43% (González-Martínez et al., 2007; Holmes
et al., 1999; Schwartz and Spencer, 2001; Siegel, 2004), consistent
with our findings. Comparing seizure-free rates between different
epilepsy centers remains challenging given that selection of
patients and utilization of tools for preoperative investigations
are highly heterogeneous.
(12 m) Not seizure-free (12 m) P value

0.05
1 (0A, 1B)

) 10 (4C, 2D, 4E)
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Comparing the differences between the previous (failed) evalu-
ation and the re-evaluation, neither MEG nor SPECT had been
obtained prior to the initial ‘‘failed” epilepsy surgery in the vast
majority of patients in our cohort, regardless of whether the eval-
uation was performed at our center or elsewhere, probably due to
their unavailability or infrequent use in the earlier years. Interest-
ingly, the percentages of patients who underwent ICEEG (approxi-
mately half) were similar from the previous evaluation and the re-
evaluation. This data perhaps corroborate the notion that noninva-
sive imaging techniques provide crucial information in improving
the accuracy of invasive evaluation (Murakami et al., 2016).

4.2. Diagnostic values of MEG and SPECT

Our analysis of the patient cohort in its entirety shows that
complete resection of MEG foci was significantly associated with
seizure-free outcome, whereas resection of the SPECT hyperperfu-
sion zone was not. Importantly, further subgroup analysis indicates
that resection of the region of SPECT hyperperfusion did associate
significantly with seizure-free outcome in the subset of patients
who had a relatively early SPECT injection (�20 s). Notably, all
patients included in this cohort had truly ictal injections with a
mean injection time of 20 s and a median of 16 s. The importance
of early injections was previously highlighted by Lee et al., who
noted that injection times of less than 20 s were critical in obtain-
ing accurate SPECT localization (Lee et al., 2006).

It is worth pointing out that a large proportion of patients with
MEG-negative studies did have a localizable SPECT result – an
observation that highlights the value of SPECT in this situation,
especially when early injections are feasible. Similarly, a localiz-
able MEG provided unique/complementary information, when
ictal SPECT injection was unsuccessful or delayed beyond 20 s in
the course of the patient’s seizure.

Our results are consistent with other studies, which showed
that resection of MEG foci was significantly associated with better
seizure outcomes in patients without (Almubarak et al., 2014;
Fischer et al., 2005; Otsubo et al., 2001; RamachandranNair et al.,
2007) or with prior surgery (Kirchberger et al., 1998; Mohamed
et al., 2007). The advantage of MEG could be attributed to the fact
that MEG signals (unlike scalp EEG) are not significantly distorted
by postoperative skull defects, underlying lesions or surgical cavi-
ties (Okada et al., 1999). In fact, our data showed that resection of
the ictal onset zone determined by scalp EEG did not associate with
a favorable postoperative seizure outcome in this patient cohort.
Taken together, the previous literature and our current study indi-
cate that MEG is a uniquely suited tool for the localization of resid-
ual epileptogenic foci in patients who have failed epilepsy surgery.

O’Brien et al. reported that resection of the SPECT hyperperfu-
sion zone was significantly associated with seizure freedom in a
group of 36 patients with extratemporal lobe epilepsy (O’Brien
et al., 2000). There are differences between their study and ours
in patient selection (our cohort failed previous surgery and theirs
did not) and approaches to estimate completeness of resection.
In their study, a complete resection had to include all areas of
hyperperfusion identified by SISCOM analysis. Had the same crite-
ria been applied to our cohort, only few resections (8 in total)
would have been deemed as complete, given that the areas of
hyperperfusion in our patient population often had a multilobar
or relatively diffuse appearance. This more diffuse pattern cannot
be attributed to later injections given that that the mean injection
time was 20 s in this study, as compared to 43 s in the study of
O’Brien et al (O’Brien et al., 2000). Wetjen et al. examined SISCOM
in a cohort of 58 patients who had failed previous epilepsy surgery
(Wetjen et al., 2006). In 70% of the included patients, SISCOM local-
ization was consistent with the putative epileptogenic zone. About
half the patients underwent reoperation in the study; 10 of 20
patients (50%) with a concordant SISCOM focus compared with
none of 3 patients with a discordant focus had a favorable seizure
outcome (p = 0.23). The non-significance is consistent with our
findings, although it could also be due to small sample size. Injec-
tion time was not specifically reported in the study, so no compar-
ison can be performed with our subgroup analysis. Lastly, Dupont
et al. examined patients with visible FCD lesions and their SISCOM
analysis, and reported that full resection of the SISCOM hyperper-
fusion was not always required to render a patient seizure-free; as
long as the lesion and the hyperperfusion within and immediately
surrounding the lesion was resected, patients tended to do well
(Dupont et al., 2006). This study highlights the nature of ictal
SPECT, which should be viewed as a dynamic study that reflects
not only the site of generation, but also areas of seizure propaga-
tion (Newey et al., 2013). Our methodology was consistent with
the concept of the study by Dupont et al., in that we evaluated in
this cohort (which had FCD as the main pathology) overlap of
resection with at least one area of SPECT hyperperfusion, rather
than requiring completeness of resection of all the hyperperfusion
regions.

4.3. Concordance between MEG and ictal SPECT

Our findings indicate patients are more likely to become
seizure-free when their MEG and SPECT studies show concordance
on a sublobar or sublobar plus level. Test concordance is an impor-
tant predictive factor in epilepsy surgery as a whole (Lee et al.,
2005). Knowlton et al. performed a controlled, prospective, obser-
vational study to determine the predictive value of functional
imaging tests for seizure outcome after surgery (Knowlton et al.,
2008). In this important study, localization concordance with
ICEEG was shown to be the greatest with MEG, and additional diag-
nostic gain was achieved with the combination of SPECT with MEG.
Schneider et al. retrospectively studied a group of 14 patients with
nonlesional MRI, and reported that the combined use of MEG and
ictal SPECT increases the accuracy of localizing the epileptogenic
zone compared to each single test alone (Schneider et al., 2013).
Our study finding is consistent with the previous two studies
(which used cohorts primarily of patients without prior surgery),
suggesting that test concordance is similarly important for patients
with previously failed surgery. The presence of concordance could
indicate convergence of the underlying mechanisms of the epilep-
togenic substrate, and thus be attributable to (or predictive of) a
more focal epileptogenic process, which in turn provides for a
more confident preoperative localization. Test concordance
between MEG and SPECT is also of practical importance when ictal
SPECT shows multiple regions of hyperperfusion. These regions of
hyperperfusion can provide valuable information on how epileptic
activities propagate and should not be overlooked. However, the
hyperperfusion region most relevant to the initiation of seizures
can sometimes be most effectively localized by examining concor-
dance with other tests such as MEG.

4.4. Negative MEG

One should note the relative high proportion (39%) of negative
MEG cases in the current study. These same patients typically had
a low incidence or complete absence of discernible interictal spikes
on prolonged scalp EEG recordings – a fact that can explain the lack
of interictal activities during the brief sampling window afforded
by a single MEG study. In a study that was previously published
by our group, MEG was found to be negative in 12 of the 197
patients, i.e. 6% (Almubarak et al., 2014). The vast majority of these
197 patients did not have previous surgical resection. The signifi-
cantly higher rate of MEG-negative cases in the current study
(39%, compared to 6% in all comers with intractable epilepsies in
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the study of Almubarak et al., p < 0.001) could be attributable to a
cohort selection bias. It is possible that patients with a negative
MEG have epilepsies that are more difficult to localize and are
therefore more likely to fail epilepsy surgery.
4.5. Limitations

1. MEG and SPECT are inherently difficult to compare, given that
they rely on different pathophysiological processes. MEG cap-
tures the direct electromagnetic expression of primarily interic-
tal epileptic discharges, whereas SPECT identifies the resulting
signature of brain hyperperfusion in the course of a seizure
and thus depicts a complicated network of generated and prop-
agated activities. Taking into account the fundamental differ-
ences of the two modalities and previously published
methodology in related studies, we opted to use a stricter defi-
nition for completeness of resection when examining MEG
results, i.e. resection of >90% of MEG dipoles, as compared to
SPECT findings, i.e. overlap of resection with at least one area
of SPECT hyperperfusion. Note that by adopting this methodol-
ogy on SPECT, we are not implying the hyperperfusion regions
other than the ones overlapping with resection can be totally
neglected. These regions of hyperperfusion may reveal the
propagation of epileptic activities and should always be taken
into consideration with the patient’s electroclinical profile.

2. We only included patients who had both MEG and SPECT per-
formed as part of their re-evaluation, while a substantial num-
ber of patients might have MEG alone, or SPECT alone, or
neither of the two tests. Hence caution should be used to avoid
generalizing these results to all patients failing initial resective
surgery.

5. Conclusions

Our study emphasizes the importance of considering a multi-
modal presurgical evaluation including MEG and SPECT for
patients with a previously failed epilepsy surgery. MEG alone
achieved successful localization in patients with failed epilepsy
surgery with a statistical significance. Only ictal SPECT with early
injection (�20 s) had good localization value. Sublobar concor-
dance between both tests was significantly associated with seizure
freedom. SPECT can provide essential information in MEG-negative
cases and vice versa.
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