
RESEARCH ARTICLE

Association of EEG-fMRI Responses and
Outcome After Epilepsy Surgery
Andreas Koupparis, MD, PhD, Nicolás von Ellenrieder, PhD, HuiMing Khoo, MD, PhD, Natalja Zazubovits, MSc,

Dang Khoa Nguyen, MD, PhD, Jeffery A. Hall, MD, Roy W.R. Dudley, MD, Francois Dubeau, MD, and

Jean Gotman, PhD

Neurology® 2021;97:e1523-e1536. doi:10.1212/WNL.0000000000012660

Correspondence

Dr. Koupparis

andreas.koupparis@

mail.mcgill.ca

Abstract
Background and Objectives
To assess the utility of EEG-fMRI for epilepsy surgery, we evaluated surgical outcome in
relation to the resection of the most significant EEG-fMRI response.

Methods
Patients with postoperative neuroimaging and follow-up of at least 1 year were included. In
EEG-fMRI responses, we defined as primary the cluster with the highest absolute t value located
in the cortex and evaluated 3 levels of confidence for the results. The threshold for low
confidence was t ≥ 3.1 (p < 0.005); the one for medium confidence corresponded to correction
for multiple comparisons with a false discovery rate of 0.05; and a result reached high confi-
dence when the primary cluster was much more significant than the next highest cluster.
Concordance with the resection was determined by comparison to postoperative
neuroimaging.

Results
We evaluated 106 epilepsy surgeries in 84 patients. An increasing association between con-
cordance and surgical outcome with higher levels of confidence was demonstrated. If the peak
response was not resected, the surgical outcome was likely to be poor: for the high confidence
level, no patient had a good outcome; for the medium and low levels, only 18% and 28% had a
good outcome. The positive predictive value remained low for all confidence levels, indicating
that removing the maximum cluster did not ensure seizure freedom.

Discussion
Resection of the primary EEG-fMRI cluster, especially in high confidence cases, is necessary to
obtain a good outcome but not sufficient.

Classification of Evidence
This study provides Class II evidence that failure to resect the primary EEG-fMRI cluster is
associated with poorer epilepsy surgery outcomes.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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Denis, Montreal, Quebec, Canada.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Copyright © 2021 American Academy of Neurology e1523

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://dx.doi.org/10.1212/WNL.0000000000012660
mailto:andreas.koupparis@mail.mcgill.ca
mailto:andreas.koupparis@mail.mcgill.ca
http://NPub.org/coe
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000012660


The simultaneous recording of EEG and fMRI has provided
critical insights into epilepsy research.1 Empowering fMRI
analysis with the specificity of EEG to epileptic activity has
created a powerful tool for the study of brain regions involved
in focal2,3 and generalized epilepsies.4 Interictal EEG-fMRI
studies have proved useful in the presurgical evaluation of
patients with focal epilepsy,5-8 with the aim of localizing the
spike onset zone,3 a marker of the epileptogenic zone.

Identifying which part of the EEG-fMRI response needs to be
resected has been approached by studying the peak of the blood
oxygen level–dependent (BOLD) contrast.6,8-11 These studies,
based on small patient groups, suggest that resection of the
maximal response correlates with good seizure outcome.

Concordance of the peak response to the seizure onset zone
identified with stereo-EEG (SEEG) was explored12: there was
90% probability of concordance of the most significant BOLD
cluster to the seizure onset zone if the second most significant
cluster was much less significant than the first, that is, when
the most significant cluster stood out from the rest of the re-
sponse. This indicates that all peak BOLD responses to interictal
epileptic spikes do not have the same predictive power.

To determine the utility of EEG-fMRI in a clinical setting, we
assessed the relation of surgical outcome with the resection of
the most significant BOLD cluster while using different levels of
significance to separate results that are really trustworthy from
when they are simply indicative of the region to be resected.

Methods
Study Population
We included all patients with epilepsy who underwent EEG-
fMRI between 2006 and 2019, were subsequently operated
on, and had a follow-up of at least 1 year and postoperative
neuroimaging. Surgical outcomes were classified according to
the Engel system.13 The quality of imaging should be suffi-
cient to identify the resection cavity. Ideally, we opted for
1-mm-resolution T1 MRI scans obtained a few months after
the resection. If not available, any magnetic resonance (MR)
sequence with <5-mm slice separation or a CT scan was ac-
cepted, provided that coregistration with the anatomic T1
acquired during EEG-fMRI scanning could be performed.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Montreal Neurological In-
stitute and Hospital Research Ethics Board. All patients gave
written informed consent.

EEG-fMRI Acquisition and Analysis
EEG-fMRI acquisition was described in previous studies.6,12,14

Briefly, EEG was recorded with BrainAmpMR amplifiers (Brain
ProductsGmbH,Gilching, Germany) simultaneously with fMRI
using synchronization of EEG andMR clocks in our 3T scanner
(Siemens Trio before 2017, Siemens Prisma thereafter; Munich,
Germany), with 25 MR-compatible electrodes placed on the
scalp using the 10-20 (reference FCz) system and electrodes
from the 10-10 system (F9, T9, P9, F10, T10, and P10). Foam
pillows were used to immobilize the head, and sandbags
immobilized the cables. Images were collected in runs of 200
frames (6 minutes) for a scan time of 60 to 90 minutes with
patients at rest. Helium pump and ventilation were on. T2*-
weighted echo planar imaging sequences were used with the
following settings: until July 2008: repetition time 1.75 seconds,
echo time 30milliseconds, 64 × 64matrix, 25 slices voxel 5 × 5 ×
5 mm, and flip angle 90°; from July 2008: repetition time 1.9
seconds, echo time 25 milliseconds, 64 × 64 matrix, 33 slices,
voxel 3.7 × 3.7 × 3.7 mm, and flip angle 90°.

BrainVision Analyzer was used to remove MR and ballisto-
cardiogram artifact from the EEG with average artifact sub-
traction. Experienced neurophysiologists labeled the interictal
epileptiform discharges (IEDs) recorded during the scan,
taking into account the usual morphology known from the
patient’s routine or long-termmonitoring EEG. IEDs with the
same spatial distribution (of similar or different morphol-
ogies) were grouped, whereas IEDs with different spatial
distributions (for example, independent bilateral temporal
spikes) were considered different IED types.

The EEGs of the scans have been analyzed by several neu-
rophysiologists for different projects. For this study, the IED
labels already existing in our database were reused. In case of
multiple sets of markers having different approaches for IED
grouping for the same study, we opted for the one in which
the IED types best matched the routine EEG reports; if there
were several, we opted for the one done closer to the time of
surgery planning. If some IED types occurred rarely while 1
type was clearly dominant, only the latter was analyzed.

All scans were preprocessed and analyzed with our latest
pipeline and tools. There are many different approaches to
analyzing the functional images, and there is no consensus on
the preprocessing steps or the integration methods15 of EEG-
informed fMRI. Our preprocessing pipeline generally fol-
lowed the main recommendations of methodologic reviews15

and included slice time correction, estimation of motion pa-
rameters and in-run motion correction, between-runs motion
correction, and smoothing. The slice time correction was

Glossary
BOLD = blood oxygen level–dependent; FDR = false discovery rate;HRF = hemodynamic response function; IED = interictal
epileptiform discharge; MR = magnetic resonance; SEEG = stereo-EEG.
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performed with fractional-delay all-pass filters on the basis of
noncausal maximally flat IIR filters.16 The motion correction
was performed with minctools; all frames in a run were aligned
to the sixth frame; and the smoothing used a 3-dimensional
5-mm gaussian kernel. For movements >1 mm, the corre-
sponding frames were censored; that is, the rows of the corre-
sponding time point were removed from the design matrix.17 A
template was coregistered to the individual’s MR to produce an
automatic brain segmentation and mask (excluding everything
outside the brain and including gray matter, white matter, and
subcortical structures, as well as the ventricles).

The result of analyzing an EEG-fMRI study is a statistical map
of BOLD changes correlated to the IEDs, referred to as a t
map. To derive this, we used an event-related design with
fMRIstat18 as described in previous studies.14 Briefly, 4 re-
gressors were modeled using the convolution of the timing
and duration of each IED with 4 hemodynamic response
functions (HRFs) peaking at 3, 5, 7, and 9 seconds,19 while 6
motion parameters, 4 temporal trends, and the global signal
were modeled as confounds. At each voxel, the most signifi-
cant t value from the 4 t maps created with the 4 HRFs was
used to create the final single combined t map.

Levels of Significance
For each IED type analyzed, we considered both positive
(activation) and negative (deactivation) BOLD responses
because the latter were proved to be equally important in
localizing the epileptogenic zone.20-22 We defined the primary
cluster as the cluster with the highest absolute t value at a peak
located in the cerebral cortex, with the exception of negative
BOLD responses in the default mode network,23 that is,
usually symmetric responses involving the posterior cingulate,
precuneus, inferior parietal, and medial prefrontal cortices
because these have no value regarding the localization of
epileptic activity.24,25

Cluster significance was assessed at 3 levels of confidence
(low, medium, high). The low confidence level was defined as
a response with 5 contiguous voxels with a t value ≥3.1, cor-
responding to p < 0.005 for the combined analysis using the 4
HRFs.19 The medium confidence level was defined by t values
higher than the threshold corresponding to corrected whole-
brain topologic false discovery rate (FDR) of 0.05.26 For the
high confidence level, we used the criterion previously de-
scribed for detecting clusters with >90% probability of in-
dicating the seizure onset zone defined by SEEG.12 These are
primary clusters that are highly significant, while the next
significant cluster is much less significant or absent. Specifi-
cally, the cluster was classified as having high probability of
corresponding to the seizure onset zone when the equation |
t1| × 0 .025 + (|t1| − |t2|) × 0.080 > 0.30212 was fulfilled,
where t1 refers to the t value of the peak of the primary cluster
and t2 to the cluster with the next highest peak, with |t2| ≥ 3.1.
In qualitative terms, this equation creates, in the plane defined
by t1 and t1 − t2, a fraction of this plane where t1 is high, or t1 −
t2 is high, or a combination of both is sufficiently high.

Comparison to Resected Area
Preoperative anatomic scans were coregistered to func-
tional images and postoperative scans were subsequently
coregistered to anatomic image, using a linear trans-
formation with 6 df. Verification of these transformations
was done by visual evaluation of the intersection between
the cavity and the median functional image. In this visual
evaluation, any large sagging around the cavity was taken
into account. Results of fMRI analysis were superimposed
on the preoperative anatomic scan and compared to the
postoperative one. The t maps were visually examined and
classified as in previous studies6 into one of the following cat-
egories: concordant when the peak, that is, the voxel with the
maximum absolute t value, of the primary cluster was inside
the resection cavity; partially concordant when the peak of the
primary cluster was outside but close to the resection (within 2
cm of resection borders) and part of the primary cluster was
included in the resection area; partially discordant when no part
of the primary cluster was included in the resection but a sig-
nificant cluster other than the primary one was included; and
discordant when no significant cluster was included in the
resection.

Using a binary classification for prediction of surgical
outcome, the concordant and partially concordant studies
would predict a good outcome, while discordant and
partially discordant studies would predict a poor outcome.
Examples for these categories are given in Figures 1–3.

At map without any t value above the low confidence
threshold was considered not significant. A t map exhib-
iting widespread patterns like the ones seen in generalized
epilepsies or a result only in the default mode network was
classified as nonlocalizing. Ictal t maps and results from
IEDs contralateral to the resection were not included.
Callosotomies were excluded; radiofrequency thermo-
coagulations of epileptic foci were included if the treated
area was clearly identifiable in postoperative imaging.

Surgical Outcome
Good outcome was defined as Engel classes 1 (free of dis-
abling seizures) and 2 (rare disabling seizures), whereas poor
outcome consisted of Engel classes 3 (worthwhile improve-
ment) and 4 (no worthwhile improvement).13

Data Availability
Raw data files supporting the findings of this study are avail-
able from 2 authors (N.v.E. and J.G.) on reasonable request
and approval by the ethics boards of the corresponding
institutions.

Classification of Evidence
For the main research question regarding the relation of ep-
ilepsy surgery outcome to the resection of the primary BOLD
cluster, the study is rated Class II because of the retrospective
design.
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Results
Patients and Surgery Characteristics
EEG-fMRI is formally a research procedure, and only a small
fraction of surgical candidates investigated at our hospital are
scanned. There is no systematic patient selection, but the
most complex cases tend to be referred. We identified 147
patients who were operated on after an EEG-fMRI scan. Some
patients were operated on more than once, with extension of
their previous resection, and some were investigated with
multiple scans, so we examined a total of 184 scans and 199
surgeries and performed the analysis per surgery.

After application of the inclusion criteria for follow-up and
postoperative imaging and exclusion of 2 patients with cal-
losotomies, 128 surgeries remained, with 134 scans from 104
patients. Two scans were excluded because they were done
with a different setup (256-channel EEG cap for a HD-EEG-
fMRI project), 2 were interrupted before functional image
acquisition (1 panic attack, 1 seizure), and 19 (15%) were not
active (no IEDs during fMRI study). The remaining 111 scans
corresponded to 87 patients and 109 surgeries (17 patients

had >1 scan, maximum 3 scans; 19 patients had >1 surgery,
maximum 3 surgeries).

The analysis of the 111 scans produced 125 t maps (77 pa-
tients had 1 t map coming from 1 event type, 8 patients had 2 t
maps from 2 event types, and 2 patients had 3 t maps from 3
event types). For each surgery, the t map with the highest t
value was selected and then compared to postoperative im-
aging. Note that it is possible for a t map to be compared to 2
subsequent surgeries because it could be discordant to the first
but concordant to the second. Nonlocalizing t maps, as de-
fined in the Methods, were excluded from further evaluation.
This resulted in 106 t maps being compared to 106 surgeries
from 84 patients. Patient selection is summarized in Figure 4.

The study included 84 patients (44 female) with a median age
at surgery of 28 years (range 11–65 years) and median du-
ration of epilepsy of 16 years (range 1–53 years). The surgery
targeted the temporal lobe in 54% of patients, frontal in 27%,
parietal in 6%, occipital in 4%, andmultiple lobes in 9%. About
one-third were nonlesional (36%); 20% had MR evidence of
mesiotemporal sclerosis, 9% focal cortical dysplasia, 17%

Figure 1 Example of a Concordant Study

In this bilateral temporal case, left temporal interictal epileptiform discharges (n = 32) consisting of spikes with maximum amplitude at F7, T3,T9, and P9
followed by a slow wave (A) resulted in an activation cluster in the left anterior temporal lobe. Preoperative and postoperativeMRIs. (B.a) The primary cluster
with a peak value of t = 7.39was included in the resection. (B.b) The nextmost significant clusterwith a peak value of t = 6.38was an activation cluster in the left
fusiform gyrus, which was not resected. These t values are above false discovery rate level (4.72). This case fulfilled our first 2 levels of confidence but did not
fulfill the criterion for high confidence results because the t value of the secondmost significant cluster was close to the first. This examplewould be predicted
as a good outcome case with medium confidence, but this patient belongs to the poor outcome group (Engel 3).
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other malformations of cortical development, 6% tumors, and
12% other lesions.

Surgical Outcome and Concordance Between
Resection and BOLD Response
All 106 surgeries had a corresponding t map reaching the low
level of significance (t values >3.1); 77 (58 patients) had a
result reaching the medium level (threshold at FDR); and 32
(26 patients) had a result reaching the high level.

Figure 1 demonstrates an example of a concordant study. The
t map revealed an activation in the left anterior temporal lobe.
The primary cluster with a peak value of t = 7.39 was included
in the resection. The next most significant cluster with a peak
value of t = 6.38 was an activation in the left fusiform gyrus,
which was not resected. These t values were above FDR level
(4.72). This case fulfilled our first 2 levels of confidence but did
not fulfill the criterion for high confidence because the t value of
the second most significant cluster was close to the first.

An example of a partially concordant study is described in
Figure 2. The primary cluster was a deactivation in the right

posterior temporal lobe. Only part of the primary cluster was
included in the resection, and the peak value of t = −7.23 was
not. The second most significant cluster with peak value of t =
−5.94 was on the left posterior temporal lobe. The values were
above the FDR level of 5.30 but did not fulfill the criterion for
high confidence.

Two examples of partially discordant studies are shown in
Figure 3. In the first, the peak value (t = 17.41) of the primary
cluster in the left fusiform gyrus was outside the resection.
Although the resection included part of the same cluster in the
anterior temporal lobe, the peak was >2 cm from the resection
borders, so it was considered partially disconcordant. The
second most significant cluster had a much lower peak value
of t = 6.20 (not shown), so this study fulfilled the criterion for
high confidence. The second example had a primary cluster
with a peak value of t = 4.99 in the right orbitofrontal area,
which was not included in the resection. Another activation
cluster (peak t = 3.88) was included in the resection cavity at
the frontal pole. These clusters were all below the FDR (5.00)
level, and the patient belonged to the low confidence group.

Figure 2 Example of a Partially Concordant Study

Right posterior quadrant interictal epileptiform discharges (n = 223) with amaximumat T6P10O2 (A) produced a deactivation cluster in the right posterior temporal
lobe. Preoperative and postoperative MRIs. (B.a) Part of the primary cluster was included in the resection, but the peak t = −7.23 was not. (B.b) The second most
significant clusterwith peak t = −5.94wason the left posterior temporal lobe. The valueswere above the falsediscovery rate level of 5.30 but did not fulfill the criterion
for high confidence results. This example would be predicted as a good outcome case with medium confidence. This patient remained seizure-free for 3 years, but
seizures eventually recurred (Engel class 3). A second surgery extended the first resection, and the patient is again seizure-free but with a follow-up of 8 months.
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More than one-third of the surgeries had a good outcome (39
of 106, 37%). To relate the surgical outcome to the resection
of the peak of the primary BOLD cluster, a binary classifica-
tion was used by merging concordant and partially concor-
dant categories, as well as partially discordant with discordant,
to create contingency matrices (Table 1). The medium (t >
FDR) and high (fulfilling the provided criterion12) confidence
t maps have contingency matrices that are significant at a 5%
level for nonrandom associations (p = 0.027 and 0.012, Fisher
exact test), whereas for the low confidence t maps (t > 3.1),
the contingency matrix does not reach statistical significance
(p = 0.068). For the high confidence level, there is no case of a
discordant t map to the resection cavity that had a good
outcome, giving a negative predictive value of 100%. For the
medium confidence level, the negative predictive value re-
mains high but drops to 82% and for the low confidence level
to 72%. On the other hand, the positive predictive value is
low: for the high confidence level, 12 concordant cases had a
good outcome and 11 had a poor outcome (52% positive pre-
dictive value); for the medium level, the positive predictive value
drops to 43% and to 47% for the low level. The odds ratios (ratio
of chance of good outcomewhen the primary peak is included in
the resection vs chance when it is not) (95% confidence interval)
for the 3 levels of confidence are, from high to low, 20.65
(1.08–396.35), 3.42 (1.18–9.94), and 2.27 (1.01–5.07).

The exploratory subgroup analysis is available from OSF:
https://osf.io/962hs.

In summary, if the peak of the primary BOLD cluster of the
EEG-fMRI results was not resected, a poor outcome is
expected: for the high confidence level, no patient had good
outcome; for the medium confidence level, only 18% had
good outcome; and for the low confidence level, only 28% had
good outcome. The resection is necessary but not sufficient:
the positive predictive value remains low (43%–52%) for all
the levels of confidence (approximately half of the patients in
whom the maximum BOLD is resected are not seizure-free).

Determining High Level of Confidence
Our definition of a high confidence level was based on the
criterion described in a previous study comparing EEG-fMRI
clusters to SEEG.12 The results of our study fulfilling this
criterion are presented in Figure 5. As a secondary analysis, we
examined in our patient group whether we can modify this
equation while keeping a high negative predictive value to be
able to make predictions with high confidence in a larger
proportion of patients. With a 100% negative predictive value,
that is, completely separating the t maps in the discordant–
good outcome category, we selected the inequality |t1| × 0.
0813 + (|t1| − |t2|) × 0.6135 > 1 for further evaluation

Figure 3 Two Examples of Partially Discordant Studies

(A) The peak (t = 17.41) of the primary cluster in the
left fusiform gyrus was outside the resection. The
resection includes part of the same cluster in
the anterior temporal lobe, but because the peak is
>2 cm from the resection borders, it is not consid-
ered partially concordant. In this case, the second
most significant cluster had peak t = 6.20 (not
shown), so it fulfills the criterion for high confidence
results and would be predicted as a poor outcome
case with high confidence. The actual outcome was
indeed Engel class 4. (B) The primary cluster with
peak t = 4.99 in the right orbitofrontal area is not
included in the resection. There is another activation
cluster (peak t = 3.88) in the resection cavity at the
frontal pole; therefore, the results are partially dis-
cordant. These clusters are all below the false dis-
covery rate (5.00) level, resulting in a low confidence
study. In this case, the prediction would be poor
outcome with low confidence. The patient im-
proved, having only rare nocturnal events and no
diurnal ones (Engel class 2).
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because it includes as many cases as possible (Figure 5). With
this new criterion, 51 surgeries are now included as high
confidence results, with a negative predictive value of 100%
and positive predictive value of 44% (Fisher exact test, p =
0.0019, odds ratio 24.95, 95% confidence interval
1.39–448.89). This equation would therefore increase the
number of patients in the high confidence group from 32 to
51 while retaining similar predictive values.

Classification of Evidence
This is a retrospective study with clearly defined inclusion and
exclusion criteria; the surgical outcome was determined ob-
jectively without knowledge of the EEG-fMRI result and thus
fulfills Class II criteria for rating diagnostic accuracy studies.

Discussion
Our main finding is the very strong negative predictive value of
EEG-fMRI results in epilepsy surgery. With high confidence
results, no patient had a good outcome if the primary cluster was

not resected; and for the medium and low confidence results,
only 18% and 28% of the patients had a good outcome. This is a
very strong indicator that resection of the primary cluster is a
necessary, though not sufficient, condition for a good outcome:
necessary because sparing the primary cluster is associated with
poor outcome (to achieve good outcome, it must be resected)
and not sufficient because resecting the primary cluster alone
does not predict a good outcome (approximately half of the
cases in which the primary cluster was resected had a poor
outcome). This can be translated into clinical practice: EEG-
fMRI can be used to complement or direct other techniques
because the primary cluster should not be overlooked during
epilepsy surgery, but only as a part of a comprehensive protocol
because it cannot on its own predict a good outcome.

The clinical application of this result is tempered by the re-
stricted number of patients in the high and medium confi-
dence groups. We provided a modified equation to define
high confidence in EEG-fMRI results, which would have to be
confirmed in the future. This new criterion allows more pa-
tients to have high confidence results while keeping the

Figure 4 Patient Selection Flowchart

Of the 199 surgeries, 59 were ex-
cluded due to inadequate follow-
up: 29 with no follow-up in our
center, 15 lost to follow-upwithin a
year, 4 with a second surgery
within a year, and 11 recently op-
erated on and not yet having
reached a year of follow-up.
Twelve did not have adequate
postoperative imaging, and 2were
callosotomies.
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negative predictive value at 100%. For instance, 51 of 106
surgeries in our study would be reclassified as high confidence
results. If this is confirmed, it greatly increases the yield of
EEG-fMRI studies when we consider only high confidence
results as clinically informative.

The clinical value of EEG-fMRI in epilepsy surgery has been
explored before, but only a few studies have examined the
surgical outcome and concordance of EEG-fMRI results to
the resection.6,9-11,27 Direct comparisons are difficult due to
the small numbers of patients in these studies and the dif-
ferences in the definition of concordance and in what is con-
sidered good outcome. Methodologic differences in the
statistical analysis of EEG-fMRI also exist between groups. Our
definition of good outcome included Engel 1 and 2 categories.
This is a point of variability when comparing with studies that
similarly transform the Engel or International League Against
Epilepsy outcome scales to binary classifications. In this study,
the reasoning was that the clinical usefulness of the EEG-fMRI
scan should be demonstrated with Engel 1 to 2 outcomes be-
cause surgical outcome depends on many parameters, and we
should not expect that EEG-fMRI scans alone would be able to
predict complete seizure freedom as reflected in Engel 1.

We suggested in 2 smaller studies that resection of the peak of
EEG-fMRI results has a high negative predictive value6,27 for
the outcome in epilepsy surgery (some patients from these 2
studies are included in the current study). Another group of
researchers focusing on 30 patients with temporal lobe epi-
lepsy11 also reported a high (78%) negative predictive value of
EEG-fMRI.

On the other hand, lower negative predictive values can be
extracted from the data reported in 2 studies focusing on mul-
timodal presurgical evaluation.28,29 Though not their focus, a
separate evaluation of EEG-fMRI results was reported. In the
first study, a pediatric population,28 11 of 20 patients belonged to
the discordant with good outcome group, i.e., cases with good
outcome in which the EEG-fMRI result was not resected, with a
negative predictive value of 31%. In the other study comparing
concordance of different noninvasive techniques to SEEG and
surgical outcome,27 the number of cases in the similar discordant
with good outcome group was also high (11 of 26). This,
however, was not a direct comparison with the resection, so it is
not directly comparable to our study. Only 3 of 26 patients in
that study had outcome worse than Engel 2 and would fit our
poor outcome definition; this is very different from our cohort.
Moreover, in all of these studies, the authors did not provide
information on the t values of their EEG-fMRI results or a
method to evaluate the level of confidence in the result, which is
not surprising given the relatively small number of patients
(subsets of these are too small to be meaningful). Our data
suggest, however, that in scans with high confidence results, the
clinical utility is much higher than these earlier studies report.

Taking into account the findings published previously using
scalp EEG-fMRI5,6,8,9,11 and intracranial EEG-fMRI,30 our
large study can be used to clarify the role of EEG-fMRI in
prospective presurgical workup. On high confidence EEG-
fMRI results, if the primary BOLD cluster is discordant with
the presumed epileptogenic zone and is not planned to be
included in the resection, there is high chance of poor post-
surgical outcome; hence, the surgical hypothesis needs to be

Table 1 Contingency Table and Performance Statistics for the Different Levels of Confidence

Low confidence level Medium confidence level High confidence level

Engel outcome Engel outcome Engel outcome

t map 1–2 3–4 All 1–2 3–4 All 1–2 3–4 All

Concordant/partially concordant 23 26 49 19 25 44 12 11 23

Discordant/partially discordant 16 41 57 6 27 33 0 9 9

All 39 67 106 25 52 77 12 20 32

Performance

p Value 0.068 0.027 0.012

OR (95% CI) 2.27 1.01–5.07 3.42 1.18–9.94 20.65 1.08–396.35a

Accuracy 0.60 0.60 0.66

Sensitivity (95% CI) 0.59 0.44–0.74 0.76 0.59–0.93 1.00 1.00–1.00

Specificity (95% CI) 0.61 0.50–0.73 0.52 0.38–0.66 0.45 0.23–0.67

PPV (95% CI) 0.47 0.33–0.61 0.43 0.29–0.58 0.52 0.32–0.73

NPV (95% CI) 0.72 0.60–0.84 0.82 0.67–0.95 1.00 1.00–1.00

Abbreviations: CI = confidence interval; NPV = negative predictive value; OR = odds ratio; PPV = positive predictive value.
The Fisher exact test was used to calculate p values.
a For the high confidence group, the OR was calculated by adding 0.5 to all values.33
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reviewed and revised or investigated further with intracranial
implantation.

Our series contains a high number of poor outcome results,
indicating that complicated cases were included. In our center,
referrals for EEG-fMRI are biased toward complicated cases
in which the standard workup could not conclude with a
hypothesis for a surgical target or an alternative hypothesis
could not be excluded. We have also chosen to include cases
in which radiofrequency thermocoagulation was performed;
these are known to have low chances of seizure freedom.31

Indeed, the 4 included surgeries (30, 31, 89, and 101 in
Table 2) have poor outcome. Nevertheless, the bias toward
the complex cases does not alter the validity of our results. A
less complex case would imply simple localization with stan-
dard presurgical evaluation. We cannot assess what to expect
from EEG-fMRI in cases not regularly studied by our group.
In other words, we cannot be certain whether less complex
cases would provide low, medium, or high confidence results.
On the other hand, one would expect that less complex cases
would have better surgical outcomes, whereas more complex

cases would have worse surgical outcomes. With this in mind,
we may have underestimated the positive predictive value of
EEG-fMRI because, even with good localization of a plausible
surgical target, the outcome may be worse in complex cases.
There is no reason to believe that in less complex cases a high
confidence BOLD result could be ignored from surgical
planning.

Our focus was the primary cluster of the EEG-fMRI result,
even though EEG-fMRI studies often result in multiple acti-
vation clusters. This was selected for convenience because the
peak is an easy and unambiguous measure to identify and
localize. Although it may not convey other information
available in the t map that could be important, our data sug-
gest that it is a useful clinical indicator and should not be
ignored in planning surgery. The approach of defining the
level of confidence in the result using the relationship of the t
values of the primary and secondary clusters also enhances
this measure. It is possible that in results not reaching high
confidence, another indicator of the t map could be more
informative.

Figure 5 Criterion for High Confidence Results

Every surgery is positioned in the plane determined by the peak t values of the primary cluster (x-axis) and the difference between primary and secondmost
significant cluster (y-axis). Different colors and symbols represent outcomes. Every t map at the right of the red line belongs to the high confidence group
according to the criterion from Khoo et al.12; t maps at the left of the red line do not belong to the high confidence group. Blue line represents the modified
criterion, which is determined by the equation |t1| × 0 0.0813 + (|t1|−|t2|) × 0.6135 > 1. There is no surgery with good outcome for a discordant map on the
right of the blue line; that is, for high confidence cases (right of the blue line), if the primary peak was not resected (discordant map), we did not have a good
outcome. Note that the axes are not linear for x > 16 and y > 4. Conc = concordance.
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Table 2 Clinical Information for the 106 Surgeries Included in the Analysis

Patient Surgery Age, y Duration of epilepsy, y Lobe MRI Outcome Level of confidence Concordance

1 1 19 11 RT Nonlesional 4 Low Partially discordant

2 2 36 20 RT MCD 3 Low Partially discordant

2 3 25 9 RT MCD 3 Low Discordant

3 4 44 18 LT Tumor 1 Low Discordant

4 5 27 13 RF Nonlesional 1 High Concordant

5 6 33 25 LT MTS 1 High Partially concordant

6 7 42 36 RT Nonlesional 1 High Concordant

7 8 21 7 RT MCD 1 High Concordant

8 9 41 40 RT MTS 1 High Concordant

9 10 17 12 RT MTS 1 Low Discordant

10 11 26 25 LT MTS 2 Low Discordant

10 12 23 22 LT MTS 3 Low Discordant

11 13 32 27 LT MTS 1 Medium Partially discordant

12 14 39 24 LT MTS 2 Medium Partially concordant

13 15 19 12 LT Tumor 4 High Partially discordant

14 16 16 11 RF Nonlesional 1 Low Partially discordant

15 17 53 a RT MTS 3 Low Partially discordant

16 18 18 17 LF Nonlesional 3 Low Partially discordant

17 19 32 8 LT Tumor 1 Low Discordant

18 20 21 1 RT Tumor 1 Low Partially concordant

19 21 25 18 RT FCD 1 Low Discordant

20 22 29 21 LF Nonlesional 1 Low Partially discordant

21 23 48 16 LT MTS 1 Medium Partially discordant

21 24 46 14 LT MTS 4 Medium Partially discordant

22 25 21 5 LP Nonlesional 4 Medium Discordant

23 26 25 14 LTP MCD 3 Medium Partially discordant

23 27 25 14 LTP MCD 3 Medium Partially discordant

24 28 65 49 LT MTS 3 Medium Discordant

25 29 42 36 RF Nonlesional 4 Low Partially discordant

26 30 33 19 LP MCD 3 High Concordant

26 31 31 17 LP MCD 3 High Partially concordant

27 32 38 22 RT MTS 1 Low Concordant

28 33 21 7 LT MTS 1 Medium Partially discordant

28 34 20 6 LT MTS 3 Medium Partially discordant

29 35 49 46 LF Gliosis 3 Medium Discordant

30 36 39 22 RF Nonlesional 1 Medium Partially concordant

31 37 40 33 RF Nonlesional 3 Medium Partially concordant

31 38 37 30 RF Nonlesional 3 Medium Partially concordant

Continued
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Table 2 Clinical Information for the 106 Surgeries Included in the Analysis (continued)

Patient Surgery Age, y Duration of epilepsy, y Lobe MRI Outcome Level of confidence Concordance

32 39 30 29 RF Nonlesional 2 Low Partially discordant

33 40 37 33 LF Nonlesional 3 Low Discordant

34 41 38 16 RT MTS 4 Medium Discordant

35 42 31 29 RT MTS 1 Low Concordant

36 43 27 13 LT FCD 1 Medium Concordant

37 44 26 13 LT Nonlesional 3 Medium Concordant

38 45 20 4 LT MTS 3 Low Discordant

38 46 19 3 LT MTS 3 Low Discordant

39 47 34 20 RT Nonlesional 3 Medium Partially discordant

40 48 29 27 LT MCD 2 High Concordant

41 49 22 14 BF Tumor 1 Medium Partially discordant

42 50 34 15 RF Nonlesional 4 Medium Partially discordant

42 51 31 12 RF Nonlesional 3 Medium Partially discordant

43 52 41 36 RO Gliosis 3 High Partially discordant

43 53 38 33 RO Gliosis 3 High Partially discordant

44 54 21 9 RP FCD 1 Low Discordant

45 55 26 14 RT MCD 4 High Concordant

45 56 22 10 RT MCD 4 High Partially discordant

46 57 23 7 RF Nonlesional 3 Medium Partially discordant

47 58 22 8 LT MCD 3 Low Discordant

48 59 22 8 LF Gliosis 4 High Partially discordant

49 60 41 30 RT MTS 1 Low Partially discordant

50 61 33 21 RTP Nonlesional 1 Medium Concordant

51 62 39 12 LT MTS 3 High Partially concordant

52 63 43 35 LT MCD 4 Medium Discordant

53 64 36 17 RF Nonlesional 2 High Partially concordant

54 65 46 11 LT FCD 3 Low Partially discordant

55 66 25 7 LF Nonlesional 3 High Concordant

55 67 23 5 LT Nonlesional 4 High Partially discordant

56 68 25 17 LT Nonlesional 3 Medium Concordant

56 69 24 16 LT Nonlesional 3 Medium Concordant

57 70 32 27 RT Nonlesional 3 Low Partially discordant

58 71 29 8 RTP MCD 2 Medium Concordant

58 72 27 6 RTP MCD 3 Medium Concordant

58 73 24 3 RTP MCD 3 Medium Partially discordant

59 74 32 11 RT Nonlesional 3 Medium Partially concordant

60 75 26 21 LT MCD 1 Medium Concordant

60 76 24 19 LT MCD 4 Medium Partially concordant

Continued
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Although we classified the resulting t maps using the partially
concordant and partially discordant categories, these were
merged with the fully concordant and discordant groups for
statistical analysis. This reflects the decision to focus on the
primary cluster. In both concordant and partially concordant t
maps, at least part of the primary cluster was resected, whereas

in partially discordant and discordant t maps, no part of the
primary cluster was resected.

We can only speculate on why resection of the peak of the
primary cluster is not sufficient for good outcome. This simple
localization, ignoring the extent of the response and the other

Table 2 Clinical Information for the 106 Surgeries Included in the Analysis (continued)

Patient Surgery Age, y Duration of epilepsy, y Lobe MRI Outcome Level of confidence Concordance

60 77 22 17 LF MCD 4 Medium Partially discordant

61 78 54 53 RT MTS 1 Medium Partially discordant

62 79 28 7 RT Nonlesional 3 High Partially discordant

63 80 13 3 LT MCD 3 Medium Partially concordant

64 81 41 32 RFT MCD 3 Medium Concordant

64 82 39 30 RFT MCD 4 Medium Concordant

64 83 33 24 RF MCD 3 Medium Concordant

65 84 40 10 LT Nonlesional 4 Medium Partially discordant

66 85 19 18 LF Nonlesional 1 High Partially concordant

67 86 32 22 RF AVM 1 Medium Partially concordant

68 87 22 3 LF Abscess 1 High Partially concordant

69 88 22 10 RT MCD 3 Medium Concordant

69 89 21 9 RT MCD 3 Medium Concordant

70 90 39 32 LF Nonlesional 1 Medium Partially discordant

71 91 37 23 RP FCD 3 High Partially discordant

72 92 19 16 RT Neurocysticercosis 3 Medium Concordant

73 93 26 24 RF MCD 1 High Concordant

74 94 28 18 RO Nonlesional 4 High Concordant

74 95 25 15 RO Nonlesional 3 High Partially concordant

75 96 25 16 LF FCD 1 High Concordant

76 97 28 16 RP FCD 4 High Partially discordant

77 98 11 4 RT Nonlesional 3 High Concordant

78 99 40 4 RT Encephalocele 4 Medium Partially discordant

79 100 11 10 RF FCD 1 High Concordant

80 101 33 13 LT Gliosis 4 Low Partially discordant

81 102 30 11 LF Encephalocele 3 Low Concordant

82 103 24 13 LH Gliosis 1 Low Concordant

83 104 26 17 LT Nonlesional 4 High Discordant

84 105 28 24 LF Nonlesional 4 High Concordant

84 106 25 21 LF Nonlesional 3 High Partially concordant

Abbreviations: AVM = arteriovenous malformation; F = frontal; FCD = focal cortical dysplasia; H = hemispheric; L = left; MCD = other malformation of cortical
development; MTS = mesial temporal sclerosis; O = occipital, P = parietal; R = right; T = temporal.
Outcomes are given in Engel scale.
a Uncertain age at onset, long-standing.
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clusters, does not define the borders of the epileptogenic area.
This is a limitation of many methods localizing the epilepto-
genic zone. We also have to consider difficult cases in which
the seizure onset zone was indeed removed and a secondary
area of epileptogenicity takes over after surgery.

We chose to study surgeries, thus including some patients
more than once. This decision was based on the idea that each
subsequent resection may have different concordance with a
prior EEG-fMRI scan and the fact that some patients had a
new scan between surgeries. This is also reflected in the poor
outcome results; each subsequent resection implies poor
outcome for the previous one. Regarding the patients with
multiple scans, reproducibility of EEG-fMRI has been studied
before,32 but this was not an aim of this study. In any case,
only 1 t map was compared to each resection.

In some patients, particularly in recent years, results of EEG-
fMRI were taken into consideration when surgery was per-
formed. This does not alter the validity of our study; it may
simply increase the number of patients in whom BOLD
maximum and resection coincide.15

Finally, although this study was not designed to estimate the
yield of EEG-fMRI, mainly due to the selection of patients
who were known to have sufficiently active interictal activity
for an EEG-fMRI study and were subsequently operated on,
only 15% of the studies that fulfilled the criteria for inclusion
were not active.

We described a measure for the level of confidence in EEG-
fMRI results and compared the surgical outcomes when the
resection included or did not include the primary cluster. For
the high level of confidence, we found no patient with a good
outcome when the primary cluster was not resected. Although
the outcome of epilepsy surgery depends on many different
factors, resection of the peak of the primary cluster of the EEG-
fMRI study has a high negative predictive value and should be
taken into account during the presurgical evaluation.
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