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SUMMARY
Purpose—In planning epilepsy surgery, it is important to be able to assess the likelihood of
success of surgery for each patient so that the possible risk and benefit can be properly considered.
In this study, functional connectivity was investigated as a means for predicting surgical outcome
from the preoperative functional magnetic resonance (fMRI) imaging of epilepsy patients.

Methods—Resting-state simultaneous EEG-fMRI data was collected from eighteen intractable
epilepsy patients before surgery and from fourteen healthy subjects. For each patient, EEG-spike
correlated fMRI analysis were performed and an activation cluster that overlapped the most with
the planned resection area for each patient was chosen as the seed for the functional connectivity
analysis. After the functional connectivity maps were computed, laterality indices of functional
connectivity were contrasted between patients who had seizures after surgeries (seizure-recurrence
group) and those who did not have them for at least a year (seizure-free group).

Key Findings—Patients in the seizure-recurrence group had less lateralized functional
connectivity than patients in the seizure-free group (t16=2.3, after control subtracted and Fisher
transformed, p < 0.05 two-tailed).

Significance—This study suggests the potential for using preoperative fMRI connectivity
analysis as a predictive outcome measure. If confirmed by further research, a high laterality will
be an important addition to the other predictors of better surgical outcome such as febrile seizures,
mesial temporal sclerosis, tumors, abnormal MRI, and EEG/MRI concordance.
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Introduction
Patients with intractable epilepsy are often treated with surgery. Surgical treatments have a
high chance of improving epilepsy symptoms. For instance, it has been reported that 60–
80% of medial temporal epilepsy patients have cessation of seizures as a result of a variety
of surgical approaches applied to different portions of the temporal lobe structures (Primrose
1992, Engel 1993, Spencer 1996). However, epilepsy surgeries are not without risks
including post-surgical complications, deficits in cognitive abilities and psychosis (Spencer
1996). Thus, it is important to assess the probability of successful surgery for each patient so
that the possible benefit and risk can be properly considered.

One of the factors that effect the surgical outcome may be involvement of multiple brain
regions in the epileptogenic process. A good example of this are patients with multifocal
seizures, where the seizures appear to originate at different locations in the brain with
different episodes or have a broad regional onset to their seizures. As an example the
involvement of a large network of brain areas in epilepsy, Gotman et al. (2005) found that
spike-and-wave epileptic discharges in generalized epilepsy patients were correlated with
activation in the thalamo-cortical network and suppression in the default-mode network.
Another example is that poor surgical outcome is observed in patients with bilateral brain
abnormalities due to diffuse brain pathology or developmental anomalies. Some have
suggested that a network of brain areas, not just a single onset zone, may be responsible for
the onset and maintenance of seizures (Spencer 2002). If multiple regions are involved,
surgery in one brain region may not lead to a cure of a subject’s epilepsy.

In the early 1990’s, a method of analyzing functional magnetic resonance imaging (fMRI)
data to identify networks of brain activities called functional connectivity analysis has been
developed. Functional connectivity analysis is based on the finding that regions in the brain
that are functionally connected appear to have significant low frequency correlations in the
temporal response of their blood oxygenation level dependent (BOLD) fMRI signals
(Bandettini et al. 1993, Biswal et al. 1995, Cordes et al. 2000). Functional connectivity is
usually computed by selecting one area of the brain as a “seed” and computing the
correlation between the fMRI timecourse of the seed and that of other areas or voxels of the
brain. Such analyses have revealed that there are consistent intrinsic networks that are stable
even under anesthesia (Vincent et al. 2007; Martuzzi et al. 2010) and that the strength of
specific circuits can reflect behavioral capabilities (Hampson 2004, Hampson et al. 2006).
Functional connectivity in epilepsy patients has been investigated using fMRI data acquired
during rest (Pereila et al. 2010, Bettus et al. 2010, Morgan et al. 2010, Zhang et al. 2010,
Liao et al. 2010) and during language tasks (Waltes et al. 2006, Voets et al. 2009).

OBJECTIVE AND RATIONALE
To our knowledge there have been no studies published that have investigated the
relationship between functional connectivity obtained from resting-state fMRI data and the
outcome of epilepsy surgery. In this work, we test the hypothesis that the more bilateral the
extent of the network that encompasses the region to be targeted for surgical resection, the
worse the surgical outcome. This hypothesis is based on the assumption that a network with
strong bilateral functional connectivity that includes the seizure generating region may be
less affected by surgical intervention than a unilateral, more localized network.

METHODS
In the following work the fMRI data was obtained prior to either intracranial EEG studies or
surgical resective procedures. Two kinds of seeds were used for computing the functional
connectivity: (1) seeds selected from significant clusters of spike-correlated fMRI activation
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(Lemieux et al. 2001, Baudewig et al. 2001, Bénar et al. 2002), where the selection among
multiple clusters was based on the written description of the planned resection, and (2) seeds
derived from the difference between the post- and pre-surgical anatomical MRI images.
Thus the first part of this study that uses the spike-MRI seeded functional connectivity
assesses the predictive value of the pre-operative imaging data, whereas the second part of
this study that uses the resection area seeded functional connectivity combines pre-operative
with post-operative imaging data (the exact area of resection) to assess the predictive power
of the pre-operative imaging data in determining outcome.

Data acquisition
Patients who were consecutively referred and underwent simultaneous EEG-fMRI recording
from October 2004 to May 2008 that later underwent epilepsy surgery were selected for the
analysis. Only patients with intractable epilepsy who had frequent interictal spikes (more
than 10 spikes per hour) were referred for the simultaneous EEG-fMRI. The patient sample
consisted of 18 epilepsy patients, 9 males, 7–55 years of age (mean 30.2 years). Clinical
information of the patients is summarized in Table 1 and demonstrates that this group
includes patients with a wide range of seizure type and suspected epileptogenic location.
Simultaneous EEG-fMRI data were also collected from 14 healthy subjects (ages 22–34
years, mean 26.1 years, 7 males). The control population was not specifically selected for
the current study, and thus although they were gender matched (50%) they were not age
matched precisely (the average ages were 4 years different). All subjects gave written
informed consent and the study protocol was approved by the Human Investigation
Committee of the Yale School of Medicine (New Haven, CT).

Each patient had four to eight six-minute resting-state EEG-fMRI runs during which blood
oxygenation level dependent (BOLD) based images were collected using a 3T scanner
(Siemens Trio, Siemens Medical, Erlangen, Germany). The fMRI data was acquired with an
echo-planar sequence with the following parameters: Repetition Time (TR)=1.55 sec, Echo
Time (TE)=30 msec, Flip Angle (FA)= 80 degrees, 25 slices 6mm thick with no gap, Field
of View (FOV)=220mm, 64×64 acquisition matrix. In addition to the fMRI images, an
anatomical image that had the same dimensions as the fMRI images was acquired using an
axial T1 weighted flash sequence (TR=300 msec, TE=2.47 msec, Flip Angle=60 degrees,
256×256 matrix), and a high resolution anatomical image was also acquired using a sagittal
MP-RAGE sequence (TR=1.5 sec., TE=2.83 msec., Inversion Time=800 msec., 160 slices,
256×256 matrix) from each subject for image registration purposes.

The EEG was recorded using two systems. The EEG data from patients 1 to 16 were
recorded using an old EEG system that consisted of a modified commercial EEG cap (40
channel QuickCap, CompuMedics, Charlotte, NC, USA) with a linked-ear reference, an in-
house made 125 Hz low-pass Butterworth filter for reducing the scanner noise (Negishi et al.
2004), and a commercial EEG recorder (NuAmps, Compumedics) which recorded the signal
at 500 Hz sampling rate. The EEG data from patients 17 and 18 were recorded using a new
EEG system that consisted of an in-house made carbon wire electrode cap with a bipolar
montage, a in-house made pre-amplifier with anti-polarization circuit (Negishi et al. 2008),
and a commercial EEG recorder (SynAmps2, Compumedics) which recorded the signal at
1000 Hz sampling rate.

Data processing
Step1: Preprocessing—The scanner noise and cardiac artifacts in the EEG signals was
removed offline using in-house software (Negishi et al. 2004, Negishi et al. 2008) and the
EEG signal was band-pass filtered at 1 to 50 Hz. The fMRI data was slice-timing corrected
and motion-corrected using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/).
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Step 2: Spike correlated fMRI analysis—Interictal spikes were read from the EEG
either by a neurologist (board certified in clinical neurophysiology) or by a biomedical
engineer experienced in reading interictal spikes from the EEG data recorded simultaneously
with the fMRI. The spike correlated fMRI analysis was performed using a general linear
modeling of the fMRI data, with the interictal spike timings as the event regressors. The
general linear modeling was performed using SPM2.

Step 3: Functional connectivity analysis—For the spike correlated fMRI seeded
functional connectivity analysis, clusters with more than 10 significantly activated voxels
were selected for each patient as the candidate seed regions for the functional connectivity
analysis. These clusters were compared with the planned resection area for the patient using
a computer program and the cluster that maximally overlapped the planned resection area
was selected as the seed for computing functional connectivity. The planned resection area
used for this analysis for each patient was defined verbally (e.g. left medial temporal lobe) in
the surgery database, which was converted into a map in the MNI space using the Yale
Brodmann atlas that was built into the Bioimage Suite (http://www.bioimagesuite.org/). The
default voxel threshold was determined as follows so that the seed size (see Table 1) was of
the same order of magnitude across patients. The threshold was initially set at the t value
corresponding to p=0.01 (False Discovery Rate adjusted), and was doubled if the cluster size
was more than 100 voxels, and was halved if the cluster size was less than 10 voxels. This
adjustment was repeated until the voxel size fell between 10 and 100. Functional
connectivity was computed using BioImage Suite. No efforts were made to remove the
effect of respiration and heart beat except for a 0.1 Hz low-pass filtering, a slice mean signal
removal, and a third order polynomial drift removal of the fMRI data. See the discussion
section for possible effects of the cardiac and respiratory artifacts.

The resection area seeded connectivity analysis was performed using the actual resected
areas as the seeds. For this analysis, a difference image between preoperative and
postoperative anatomical MRI’s were obtained in BioImage suite and used as the seed for
further functional connectivity analysis. Since postoperative MRI’s were available for only
nine out of eighteen patients (patients 1, 2, 3, 4, 6, 11, 12, 15, and 18 in Table 1), only these
patients’ data were subject to the resection area seeded functional connectivity analysis.

The seeds chosen for each patient (one from spike correlated fMRI analysis and one from
the resection area when available) were co-registered to an MNI standard brain and used to
compute the functional connectivity in the control subjects. The functional connectivity
maps for the control subjects that were computed from the patient-specific seed were then
averaged across control subjects after converting the correlation values to z-scores, and the
resultant map was used to compute the laterality of the functional connectivity in the
controls for the given seed. The functional connectivity maps were converted to statistical
maps by taking the Fisher transform (Fisher 1915) and fitting the histogram to a normal
distribution (Lowe et al. 1998). A Fisher transform was used because correlation values are
bound between −1 and 1, and thus intrinsically have non-Gaussian distributions.

Step 4. Laterality analysis—A laterality index (analogous to that used in fMRI language
lateralization, Arora et al. 2009) was defined as the normalized difference between the
functional connectivity value in the ipsilateral hemisphere and that of the contralateral
hemisphere.

(1)
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In this formula, L is the laterality index, HI is the number of voxels that had significant
functional connectivity (p<0.05) on the same side as the resection, and HC is the number of
voxels that had significant functional connectivity (p<0.05) in the side contralateral to the
resection.

Denoting the laterality index for a patient as Lpatient and the laterality index for the control
subjects that was computed from the patient’s seed as Lcontrol, the control-subtracted
laterality index Lc, was computed as follows.

(2)

Because the control-subtracted laterality values only range from −1 to 1, they were Fisher
transformed before being subjected to statistical tests in the same way the functional
connectivity values were transformed. The hypothesis tested was that patients with
unsuccessful outcome (seizure-recurrence group) have more bilateral functional connectivity
and thus exhibit significantly lower laterality indices compared to patients with successful
outcome (seizure-free group). Successful outcome was defined as seizure free with or
without auras at the latest follow-up that took place at least one year after the surgery, which
satisfies the ILAE Outcome Criteria 1 or 2 (Wieser et al. 2001) and Engel Category 1A or
1B (Engel et al. 1993). Statistical tests on laterality indices were performed using SPSS 16.0
(SPSS Inc., Chicago, IL, USA.

RESULTS
Fig. 1 shows examples of spike correlated fMRI seeded functional connectivity maps with
low, medium, and high laterality indices before laterality of the control subjects was
subtracted. Note that the functional connectivity map in Fig. 1 (b) includes some negative
connectivity medially, and since computation of the laterality index does not distinguish
negative and positive functional connectivity, the map (b) has a lower laterality index than
the map (c). Fig. 2 shows the laterality indices (control subtracted) of the seizure-recurrence
and seizure-free groups. After the Fisher transform, the laterality indices of the seizure-
recurrence group were significantly lower than those of the seizure-free group (t16=2.3, p <
0.05, two-tailed. Two-tailed tests were employed for t-tests throughout this paper following
the guidance given in Bland and Altman 1994).

Because a decrease in the laterality index can be caused by decreased functional
connectivity in the affected hemisphere (HI) or increased functional connectivity in the
contralateral hemisphere (HC) or both, it is natural to ask whether the change in one of these
alone can be a predictor of the surgical outcome. This question was addressed by a logistic
regression analysis, using control-subtracted ipsilateral connectivity and control-subtracted
contralateral connectivity as covariates and testing whether these two variables can predict
the surgical outcome. Logistic regression analysis tests whether the output probability is
modeled as a logistic function of the weighted sum of covariates, where the significance of
the model is evaluated by the chi-squared test and the effect of each variable being included
in the model can be evaluated using the Wald statistic. The result (Fig. 3) showed that the
two variables together were not significantly predictive of the outcome ( , p>0.05),
suggesting that the laterality index was more predictive than using ipsilateral and
contralateral connectivity linearly combined, possibly because of the normalization used in
the computation of the laterality index (denominator in equation (1)). Neither control-
subtracted contralateral connectivity (Wald static = 3.17, df=1, 0.05<p<0.1) nor control-
subtracted ipsilateral connectivity (Wald static = 2.56, df=1, 0.1<p) was predictive of the
outcome, although the former had a higher significance.
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The laterality of resection area seeded functional connectivity was not significantly smaller
in the seizure-recurrence group than in the seizure-free group (Fig. 4) (t7=1.90, p>0.05, two-
tailed). However, because this was based on smaller number of patients (5 in the seizure-
recurrence group and 4 in the seizure-free group), the result cannot be directly compared
with the result from the analysis based on spike correlated fMRI above. When the spike
correlated fMRI seeded functional connectivity analysis was applied on the same set of
patients, there was still a difference in the laterality between the seizure-recurrence and
seizure-free groups (t7=2.70, p<0.05 two-tailed). To compare the two seeding methods, a
repeated measure of variance test was performed with the outcome as a between-subject
factor and the analysis method (resection area seeded vs. spike correlated fMRI seeded) as a
within subject factor. The result showed a significant effect of the outcome (F=8.71, df=1,
p<0.05) but non-significant interaction (F=0.014, df=1, p>0.05), indicating no significant
difference between the two seeding methods. In summary, the control subtracted laterality of
the resection area seeded functional connectivity was not significantly different between the
seizure-recurrence and seizure-free groups in this particular set of patients, but a larger study
is necessary to compare the significance of resection area seeded functional connectivity
analysis with that of the spike correlated fMRI seeded functional connectivity analysis.

DISCUSSION
Effects of physiological noise on the estimation of functional connectivity

As mentioned in the methods section, no efforts were made to remove the effect of
respiration and heartbeat. It has been known that physiological noise reduces the specificity
in functional connectivity (Lowe et al. 1998). In the current case, the physiological noise
should impact both the seizure-recurrence and seizure-free groups alike and thus should not
bias the comparison between the two groups. Also, the effect of reduced spatial specificity is
minimal, since the analysis is based only on laterality of the connectivity. However,
existence of physiological noise may increase the noise in the functional connectivity and
thus weaken the validity of the statistical inference based on the laterality index.

Comparison with other research on the functional connectivity of epilepsy patients
Pereila et al. (2010) found impaired ipsilateral connectivity in their study on medial TLE
(tempoal lobe epilepsy) patients with hippocampal sclerosis. Using normalized correlations
between pairs of epilepsy related regions of interests (five regions of interests in each side),
Bettus et al. (2010) found decreased correlation in most medial temporal lobe epilepsy
patients bilaterally, with more decrease in the ipsilateral side than in the contralateral side.
Increased correlation was found only on the contralateral lobe in some patients. They found
the existence of increased correlation on the opposite side to be a strong indicator of
lateralization. These results are consistent with our findings, in that they identified impaired
ipsilateral functional connectivity and increased contralateral functional connectivity as
correlates of epilepsy.

Morgan et al. (2010) investigated the anterior hippocampal region in left TLE patients and
found increased negative functional connectivity in the network including thalamic,
brainstem, frontal, and parietal regions. Zhang et al. (2010) investigated the resting state
fMRI data from medial TLE patients using Independent Component Analysis (ICA) and
found decreased functional connectivity in dorsal mesial prefrontal cortex, mesial temporal
lobe, and inferior temporal cortex in both left medial TLE and right medial TLE patients.
They also found increased functional connectivity in the posterior cingulate cortex in right
medial TLE but not in left medial TLE patients. Liao et al. (2010) have shown changes in
functional connectivity in bilateral hipocampal screlosis patients. They found increased
functional connectivity within the medial temporal lobes and decreased functional
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connectivity within the frontal and parietal lobes, as well as between frontal and parietal
lobes in patients relative to healthy controls. These results cannot be directly compared with
the results presented in the current paper, since our method does not distinguish negative and
positive correlations and also does not distinguish connectivity in different regions in the
brain beyond hemispheric differences.

Some researchers investigated language related functional connectivity in epilepsy patients.
Voets et al. (2009) analyzed fMRI acquired during complex sentence encoding using tensor
ICA method, and found decreased connectivity between bilateral medial temporal lobes in
left medial TLE patients. Waltes et al. (2006) compared the language network between
epilepsy patients and controls, using regions activated by language tasks as the seed. They
found disrupted functional connectivity between the seed area and other language areas in
the left temporal lobe epilepsy patients. These results can not be compared directly with our
results, since our results does not use language related fMRI data, but it is of an interest that
they reported decreased connectivity in epilepsy patients. In the future, it would be
interesting to see whether connectivity in the contralateral area is increased in language task
related fMRI data and in resting fMRI data.

Functional connectivity as an indicator of the surgical outcome
The results of the current study showed that the laterality index computed from the EEG
correlated fMRI seeded functional connectivity was lower in the seizure-recurrence group
than in the seizure-free group. A review of past literatures (Tonini et al. 2004) found febrile
seizures, mesial temporal sclerosis, tumors, abnormal MRI, EEG/MRI concordance, and
extensive surgical resection to be the strongest predictor of attaining seizure-free outcomes.
If confirmed by further research, the laterality of functional connectivity will be a valuable
addition to the predictors of surgical outcome.

It may be argued that EEG correlated fMRI activities, being based on interictal epileptic
discharges rather than seizure onset zones, are not adequate as the seeds for functional
connectivity analysis. In fact, during the review of intracranial recording from the patients in
the current study it was observed that electrodes that continuously show interictal activities
are often not the ones that show earliest changes at the seizure onsets (not shown). However,
scalp EEG data often correctly localizes the seizure onset hemisphere in temporal lobe
epilepsy patients (Blume et al. 2001). We feel that the use of the interictal spike correlated
seeds is justifiable since we are trying to identify functional connectivity networks in the
resting-state fMRI data, rather than to directly localize a seizure onset zone.

Note that for one patient (patient number 4 in Table 1), the EEG-fMRI activation cluster
with the highest significance was located contralateral to the side of the resection and the
laterality index was negative. However, the spike correlated fMRI seed was chosen on the
ipsilateral side of the surgery because it overlapped with the resection area most. The patient
did not become seizure free after surgery. It could be argued that inclusion of this patient
unfairly lowers the average laterality index in the seizure-recurrence group in favor of our
hypothesis. However, we argue that the fact that the spike correlated fMRI was found on the
opposite site of the clinical consensus indicates the bilateral nature of the seizure related
brain activities, and thus is consistent with the fact that the patient did not become seizure-
free. Moreover, the hypothesis was confirmed even when this patient was excluded (F=2.54,
df=15, p<0.05 two-tailed).

The result based on a subset of patients who had postoperative MRI’s showed that there was
no significant difference in the laterality of the resection area seeded functional connectivity
between the seizure-recurrence group and the seizure-free group. However, there may be an
effect of different seed sizes between the two seeding methods, as the EEG-fMRI based
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seeds had smaller area sizes (mean 33.0 voxels, std. (standard deviation) 23.7 voxels,
voxelsize = 3.4×3.4×5 mm) compared to resection area based seeds (mean 283 voxels, std.
245 voxels). Larger seed areas could result in weaker functional connectivities, since the
timecourse of a large seed is an average of timecourses of many voxels that may include
voxels outside the affected area, or voxels whose timecourses are not phase-locked to each
other. However, since larger seed areas result in lower functional connectivity in both
ipsilateral and contralateral hemispheres, the laterality index may not be less sensitive to the
area size than the actual functional connectivity measures.

The use of the resected area as a seed may have a disadvantage in that these are structurally
determined seeds. The use of spike correlated fMRI localization enables one to define a
functionally determined seed that may well be part of a network related to interictal but
nevertheless epilepsy related activity. By contrast, if the resection area is used as the seed,
the resultant functional connectivity may not capture enough of the variance in the fMRI
data that is directly related to epilepsy.

On the other hand, it should be noted that the information on the surgical area affects the
resection area seeded analysis directly, which can be an advantage for the resection area
seeded analysis. For instance, the size of the planned resection, which is a significant
predictor of the outcome (Tonini et al. 2004), will change the size of the seed in the
resection area seeded analysis, whereas it does not change the size of the seed of the spike
correlated fMRI seeded analysis. Moreover, from a surgical planning point of view, it would
be interesting to investigate different resection strategies and estimate the impact of
resection on the network connectivity using the planned resection area as the seed. Thus the
resection area seeded correlation analysis merits a further, larger scale study.
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Figure 1.
Examples of spike correlated fMRI-seeded functional connectivity maps with low (a),
medium (b), and high (c) laterality indices. The laterality values displayed are before
laterality values of the controls are subtracted. The distinct lateralization of the functional
connectivity can be clearly recognized in (b) and (c).
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Figure 2.
Control-subtracted laterality index of the spike correlated fMRI seeded functional
connectivity. Patients in the non-seizure-free group had significantly lower laterality indices
than patients in the seizure-free group. The long horizontal bar shows the average, the
rectangle show the range between the average plus and minus the standard deviation, and the
“x” shows a data point.
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Figure 3.
Ipsilateral (blue solid lines) and contralateral functional connectivity (red dashed lines) used
as covariates for predicting the surgical outcome. Neither control-subtracted contralateral
connectivity nor control-subtracted ipsilateral connectivity alone was predictive of the
outcome.
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Figure 4.
Comparison between the resection area-seeded functional connectivity analysis and the
spike correlated fMRI seeded functional connectivity analysis based on 9 patients. The
resection area-seeded functional connectivity analysis did not show a significant difference
of laterality between seizure-recurrence and seizure-free groups, whereas the spike
correlated fMRI seeded connectivity did. However, the lack of interaction indicates that
there was not a significant difference between two seeding methods.
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