
An Assessment of MEG Coherence Imaging in the Study of
Temporal Lobe Epilepsy

Kost Elisevich, M.D., Ph.D.1, Neetu Shukla, M.S.2, John Moran, Ph.D.3, Brien Smith, M.D.3,4,
Lonni Schultz, Ph.D.5, Karen Mason, R.EEG/MEG T.5, Gregory L Barkley, M.D.3,4, Norman
Tepley, Ph.D.3, Valentina Gumenyuk, Ph.D.3, and Susan M. Bowyer, Ph.D.2,3,4

1 Department of Neurosurgery, Henry Ford Health System, Detroit, Michigan, 48202 U.S.A.
2 Department of Physics, Oakland University, Rochester, Michigan, 48309 U.S.A.
3 Department of Neurology, Henry Ford Health System, Detroit, Michigan, 48202 U.S.A.
4 Department of Neurology, Wayne State University, Detroit, Michigan, 48201 U.S.A.
5 Department of Biostatistics and Research Epidemiology, Henry Ford Health System, Detroit,
Michigan, 48202 U.S.A.

Abstract
Purpose—This study examines whether magnetoencephalographic (MEG) coherence imaging is
more sensitive than the standard single equivalent dipole (ECD) model in lateralizing the site of
epileptogenicity in patients with drug resistant temporal lobe epilepsy (TLE).

Methods—An archival review of ECD MEG analyses of 30 presurgical TLE patients was
undertaken with data extracted subsequently for coherence analysis by a blinded reviewer for
comparison of accuracy of lateralization. Postoperative outcome was assessed by Engel
classification. MEG coherence images were generated from 10 minutes of spontaneous brain
activity and compared to surgically resected brain areas outlined on each subject's MRI.
Coherence values were averaged independently for each hemisphere to ascertain the laterality of
the epileptic network. Reliability between runs was established by calculating the correlation
between epochs. Match rates compared the results of each of the two MEG analyses with optimal
postoperative outcome.

Key Findings—The ECD method provided an overall match rate of 43% (13 cases) for Engel
class I outcomes with 37% (11 cases) found to be indeterminate (i.e., no spikes identified on
MEG). Coherence analysis provided an overall match rate of 77% (23 cases). Of 19 cases without
evidence of mesial temporal sclerosis, coherence analysis correctly lateralized the side of TLE in
11 cases (58%). Sensitivity of the ECD method was 41% (indeterminate cases included) and that
of the coherence method 73% with a positive predictive value of 70% for an Engel class Ia
outcome. Intrasubject coherence imaging reliability was consistent from run-to-run (correlation
>0.90) using three 10-minute epochs.

Significance—MEG coherence analysis has greater sensitivity than the ECD method for
lateralizing TLE and demonstrates reliable stability from run-to-run. It therefore improves upon
the capability of MEG in providing further information of use in clinical decision-making where
the laterality of TLE is questioned.
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Introduction
Magnetoencephalography (MEG) has gained acceptance as a noninvasive method for the
study of focal epileptogenicity, particularly for those patients who are judged to have a drug
resistant condition and for whom a surgical option exists (Barkley and Baumgartner, 2003;
Burneo, 2004; Papanicolaou et al., 2004; Fischer et al., 2005; Shiraishi et al., 2005;
Knowlton et al., 2006).

For temporal lobe epilepsy (TLE), a number of distinct electrographic (Williamson, 1987;
Cascino et al., 1996; Cendes et al., 2000; Kilpatrick et al., 2003; Risinger et al., 1989; Lieb
et al., 1976) and imaging (Bernasconi et al., 2000; Cendes et al, 1993; Jack et al., 1990;
1996; van Paesschen, 1997; Jafari-Khouzani et al., 2010) characteristics have been identified
that provide ample but, at times, incomplete information for determining the laterality of the
focus. Hence, further intracranial electrographic recording of both temporal lobes is often
recommended. Even this application remains problematic because of surgical risk and
sampling bias; moreover, the associated economic burden may be considerable (Elisevich et
al., 1996). Whereas MEG has been most useful in detecting epileptiform activity over lateral
neocortical areas (Knowlton & Shih, 2004; Park et al., 2004; Bast et al., 2005), its
application in cases of suspected mesial (m)TLE, the predominant site of surgical
intervention for localization-related epilepsy, has been considered less so (Pataraia et al.,
2005). The MR-FOCUSS source imaging technique (Moran et al. 2005) used in this study
has a moderate depth imaging bias for cortical sources thus mitigating some of this concern.
The effect of depth on coherence imaging was further reduced because the coherence
calculation was normalized to remove the amplitude of sources. Single equivalent current
dipole (ECD) modeling of interictal spike activity is commonly used for the estimation of
generator sources (Bowyer et al., 2003; Ebersole & Hawes-Ebersole, 2007) with the
estimated ECDs superimposed on coregistered magnetic resonance (MR) images. The
application is entirely dependent upon the recording of interictal discharges during the time
of recording.

The detection of local and widespread epileptic network interactions may provide greater
promise for determining the laterality of ictal onset zones and for defining the surgical target
(Lehnertz et al., 2007). This is particularly useful in TLE cases in which there may be
sufficient ambiguity in the electrographic and imaging analysis of the condition to confound
the selection of the epileptogenic side. Epileptic network behavior has been shown to be
associated with alterations in both gray and white matter in TLE (Bernasconi et al., 2004).
However, measurements of physical connectivity (i.e., fiber tracts) and network signal (i.e.,
functional) connectivity have not yet been integrated and implemented in the framework of a
complete brain imaging software package that is suitable for identifying a site for surgical
resection.

Abnormal transients and oscillations of spontaneous neural activity can be found in MEG
and EEG recordings. These transient waveforms and oscillations can be quantified by
applying a time-frequency decomposition technique such as the short-time Fourier transform
(stFFT) (Portnoff, 1980). After transformation to a time-frequency representation, the
strength of network interactions can be estimated by the calculation of coherence which is a
measure of synchrony between signals from different regions for each FFT frequency
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component (Nolte et al. 2004). The mean phase coherence (MPC), closely related to
coherence, makes use of a Hilbert transform to extract the phase relationship between
signals (Mormann et al., 2000). By calculating MPC between intracranial electrodes,
Schevon et al. (2007) found regions of high phase coherence primarily located in the
cerebral cortex adjacent to seizure onset zones. A seizure-free outcome was associated with
removal of these highly coherent nodes (Schevon et al., 2007). Local increase of coherence
during the interictal period has also been reported in particular regions of the temporal lobe
(Towle et al., 1998; 1999). Increased levels of several synchronization measures in the
involved hemisphere during the interictal period have also been reported (Kraskov, 2004).
The finding that ictally connected neural networks can be detected directly from real-time
MEG data raises the possibility of its use in the clinical investigation of localization-related
epilepsy, in particular, its laterality in cases of TLE with confounding investigational
features.

We undertook to study the utility of coherence analysis with MEG in confirming the
laterality of the ictal onset zone in cases of TLE, a large proportion of which required
inpatient extraoperative electrocorticography (ECoG). A post hoc coherence analysis of each
case by a blinded reviewer allowed for a comparison to be made with results obtained by
conventional ECD analysis. We hypothesized that spontaneous recorded signals of an
epileptic focus would be characterized by greater average coherence of local cortical activity
because of its involvement in an underlying epileptic network. Accordingly, coherence
analysis would provide greater sensitivity in lateralizing the TLE focus than the standard
ECD methodology. Postoperative status provides a final determination of the accuracy in
identifying laterality. Comparison of outcomes between the two methods of MEG analysis
against that of an Engel class Ia status was used to assess the sensitivity of each application.
A class Ia status comprises the most robust indicator of laterality (i.e., true positive)
clinically and serves to distinguish which method best approximates this ideal. Ultimately, a
prospective study will provide an overall measure of sensitivity by including all
postoperative outcomes.

Design and Methods
Patients

An archival review of 30 patients (11 males, 19 females) with drug resistant TLE and ages at
the time of MEG ranging from 8 to 59 years (mean 29 ± 12 years) was used in this study.
The patients were selected consecutively from a listing of MEG studies performed over a
five year period (2000 – 2005). A natural bias arose in this cohort as only those patients with
conflicting or problematic investigational results (i.e., absence of mesial temporal sclerosis
(MTS), artifact-related obscuration of ictal onset, differences in lateralization of
epileptogenicity between EEG and imaging studies) were referred for MEG study. Standard
investigation included inpatient video-electroencephalography (vEEG), MR imaging, single
photon emission computed tomography (SPECT) ictal and interictal study, positron
emission tomography (PET), sodium amobarbital study and a neuropsychological
assessment. The criteria used for establishing MTS on MR imaging were as follows: (1)
reduction of hippocampal volume as determined by a right-left asymmetry on T1-weighted
coronal MR images, (2) increased FLAIR MR signal intensity and (3) loss of intrinsic
hippocampal laminar structure. These features were required on at least two sequential
coronal images to declare the impression of MTS. A single feature such as volume loss
would therefore not support this impression. Further extraoperative electrocorticography
(eECoG) with intracranial electrodes was performed in 17 (57%) patients. Age at seizure
onset ranged from infancy to 55 years (median 9.5 years; mean 12 ± 12 years) and the
duration of epilepsy from 1 to 49 years (median 16.5 years, mean 18 ± 12 years). Table 1
summarizes the main clinical and imaging features of all patients. Postoperative outcome
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was assessed after one year using the Engel classification (Engel et al., 1982) by KE, GB
and BJS. Twenty-two of the 30 patients (73%) were identified as having a class Ia outcome.
Of the remaining eight patients, four were subgrouped in class Ib-d and four in classes II and
III. Eleven patients (37%) were identified with MTS of whom ten had class Ia outcomes and
one (case 2) had a class Id outcome.

This protocol was approved by the Institutional Review Board of Henry Ford Hospital.

Control Subjects
Eleven subjects (3 males, 8 females), aged 19 to 49 years (mean 30 ± 10 years), were
screened by questionnaire and designated to be without neurological disorders. Age and
gender distributions mirrored that of the study population. Control data were collected
between 2007 and 2009. All were studied using the same MEG hardware and software as
the study population.

Magnetoencephalography Data Analysis
As part of a routine presurgical evaluation, three 10 minute epochs of MEG and EEG data
were acquired from each patient at a sample rate of 508.6 Hz DC to 100 Hz analog filtered
using a 148 channel whole head magnetometer (4D Neuroimaging, San Diego CA) in a
magnetically shielded room. Control subjects had 10 minute MEG recordings performed in
the same manner. During these 10 minutes, spontaneous brain activity was collected while
the subject was in a resting state (i.e., awake, drowsy and/or sleep activity).

The original analysis of data included a filtering at 3-50 Hz, performance of a single ECD
analysis and display of the results on MR images which were coregistered to the subject's
digitized head shape recorded at the time of MEG data collection. Automatic probe position
routines were conducted to locate the head with respect to the neuromagnetometer detector
coils. The whole head helmet containing the detector array was placed in close proximity to
most of the cerebrocortical surface. Changes in the subject's position during the study were
detected by alterations in magnetic field locations from coils on the forehead and ears. Runs
during which the subject moved more than 0.8 cm were repeated (Bowyer et al., 2003).
Magnetoencephalographic data for control subjects were collected and filtered similarly at
3-50 Hz. Single ECD analysis was not performed on MEG data from control subjects as no
spikes were identified.

The frequency dependency of coherence conveys information only about the natural
frequency characteristics of the corresponding brain network as the imaged pattern of
coherence across the brain is relatively unaltered across frequencies. Across all patients, the
spatial distribution of coherence between frequencies correlated greater than 0.98. This
justified averaging coherence across frequencies since the average contained all the
information about the distribution of coherence in the brain. The average coherence is
different from a correlation analysis of brain signals as coherence eliminates the problem of
time lags of activation between brain regions. The frequency range with the greatest power
tended towards the lower end of band-passed data, corresponding to alpha activity in the 9 to
14 Hz frequency band. There was only a weak relationship between power spectral
amplitude and coherence especially for locations characterized by high coherence.

Single Equivalent Current Dipole Analysis
Magnetoencephalographic parameters used to establish whether the ECD application was
reliable included the following selection criteria: (1) correlation coefficient (R) greater than
0.98 [degree of association between the actual measured magnetic field data and the
estimated forward solution data]; (2) goodness-of-fit (GoF) greater than 0.95 [measure of
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how well the defined magnetic field agrees with that estimated from an assumed dipole]; (3)
root mean square (RMS) greater than 400fT [measure of magnetic signal strength of the data
at the latency for which the dipole is computed]; (4) dipole moment (Q) greater than
200nAm [strength of the dipole vector]; and, (5) confidence volume (CV) less than 1.0 cm3

[spatial volume encompassing the 95% probability of source localization (Bowyer et al.
2003).

Coherence Analysis
For the current post hoc coherence analysis, the digitally filtered MEG data (band pass 3-50
Hz) for both patients and control subjects were reloaded into the MEG Tools software
(Moran, 2008). The band pass filter eliminated the very low frequency background
variations and reduced the high frequency environmental magnetic noise. A fourth order
ICA artifact filter was used to remove heart signals observed in the MEG recordings.

To localize cortical source activation of epileptiform activity, a model of gray matter was
constructed using each individual's T1-weighted high-resolution volumetric MR image. The
realistic head model consisted of X-, Y- and Z- oriented dipoles at approximately 4000
locations distributed to represent the same amount of gray matter identified in each
individual's MR image. These MR images were coregistered with the individual's digitized
head shape recorded at the time of MEG data collection.

The 10 minutes of rest state MEG data were prepared for source imaging by division into 80
segments, each containing 7.5 seconds of data of relatively uniform brain behavior (Moran
et al., 2004; 2005). For each of these data segments, signals from neuronal sources were
isolated using an ICA spatiotemporal decomposition technique designed to extract signals
from distinct compact sources that exhibit burst behavior and minimal temporal overlap with
other active sources. These ICA signal components have MEG spatial magnetic field
patterns corresponding to one or a few spatially distinct compact sources which are much
easier to image accurately using the MR-FOCUSS source imaging technique (Moran et al.,
2005). Separate from the imaging algorithm, the cross-spectrum between ICA signals was
calculated. In these cross-spectrum calculations, a sequence of FFT spectra was calculated
using 0.5 sec windows and 25% overlap with FFT amplitudes for 24 frequency bins of 2 Hz
width between 3 and 50 Hz. The imaging results and the signal cross-spectrum were used to
calculate the coherence between all pairings of active cortical locations within each of the 24
frequency bins. Finally, for each active source, the average coherence across frequencies and
sources was calculated. In these coherence imaging results, the localization of imaged brain
activity is strongly dependent on the frequency bands with greatest power.

A detailed coherence calculation is included in the Appendix (online). Laterality was
determined by calculating the mean coherence values for each individual hemisphere. The
coherence value of each source in a hemisphere was summed and divided by the number of
sources.

Identification of High MEG Coherence
High coherence was expressed by red color coding (Fig. 1, 2). Individual scaling was
necessary to demonstrate locations of activity relative to each figure's maximum amplitude.
A fixed scale would compromise the ability to determine the scale invariant distribution of
source amplitude conveyed in a figure for any individual. The resection volume was
schematically outlined on the preoperative MR image of each patient by the neurosurgeon
(KE). Images were inspected by a senior epileptologist (BJS) blinded to patient identity and
postoperative outcome. The location of maximal MEG coherence was identified as
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unilateral temporal, bilateral temporal or bilateral extratemporal (Table 2). High coherence
(i.e., red) areas that matched with the surgical resection site were marked ‘Y’.

Statistical Analysis
The match rates for the ECD and the coherence imaging methods were compared using
McNemar's test (Fleiss et al., 1986). Only those patients with class I outcomes were used in
the comparison. A two-sample t-test was performed to compare the means from coherence
analysis between control subjects and patients with TLE. A similar comparison of means
established between the operated and contralateral hemispheres was assessed using the
paired t-test. To assess the consistency of coherence imaging across runs, correlation
coefficients were computed.

Results
Magnetic Resonance Images and Surgical Outcomes

Class I outcomes were identified in 26 cases (87%) out of the group of 30 patients (Table 2).
Class Ia outcomes comprised the great majority of these (22/26, 85%). Four patients retained
disabling seizure activity postoperatively rendering suboptimal Engel classifications [cases 7
(IIb), 10 (IIIa), 14 (IIIa), 21 (IIa)]. Of the 19 cases in which MTS was not apparent on MR
imaging, coherence analysis provided localizing data that identified a class I outcome in 11
(58%, 11/19). In the remaining eight cases (42%), coherence analysis was not useful in five
(cases 3, 11, 14, 29, 30) and identified incorrectly the site of epileptogenicity in three (cases
7, 10, 21).

Single Equivalent Current Dipole Analysis
No epileptiform activity was identified in 11 patients (37%) and, of the 19 remaining cases
with ECD localizations, 13 (68%, 13/19) achieved class I outcomes (Table 2). Of the entire
study population of 30 patients, ECD analysis provided information indicating a favorable
outcome (i.e., class I) in 50%. Sixteen cases matched, by laterality, with the side of the
resection although not all achieved favorable outcomes (Table 3). Nine patients had a class
Ia outcome with an additional four patients achieving class Ib-d outcomes and three others,
class II or III outcomes. Of the 14 patients who could not be localized, 11 had no
epileptiform activity but achieved class Ia outcomes, one (case 3) showed dipoles
contralateral to the side of resection (i.e., left temporal) in the right frontal lobe in addition to
the left insula and two (cases 21, 25) lateralized correctly but with insufficient clustering of
dipoles in the temporal lobe. Despite this lack of concordance, two of the three latter patients
(cases 3, 25) achieved a class Ia outcome whereas the remaining patient (case 21) had a class
IIa outcome.

Coherence Analysis
The pattern of coherence across the cortical structure was nearly identical for frequencies
from 3 to 50 Hz in each subject. The mean coherence across all 24 frequency bins, within
the 3-50 Hz band, was calculated and sites of coherence coregistered on the presurgical MR
images (Figs 1, 2). These sites coincided with the respective temporal lobe undergoing
resection in 23 (77%) of the 30 patients examined (Table 2). An interhemispheric
comparison of means from coherence analysis of all 30 patients identified a value of 0.089
(±0.013) for the resected side and 0.074 (±0.011) for the contralateral side. The difference in
means between the two sides was statistically significant (p<0.001; Fig 3). The results
identify agreement with those of the prior conventional investigation although do not
correlate with optimal postoperative outcome in all cases. Using only the class I outcome
results (i.e., absence of disabling seizures) as a measure of success, the mean coherence
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value was found to be 0.26 ± 0.03. Control subjects demonstrated no area of high coherence,
as expected, and a lower mean coherence value (0.17 ± 0.09). A diffuse pattern appeared
scattered over and near the cerebral mantle in control subjects (Supplemental Fig. 1;
available online). This difference in means between the two groups was statistically
significant (p = 0.007) (Supplemental Fig. 2; available online).

Coherence analysis lateralized the site of temporal epileptogenicity in 16 (73%) of 22 TLE
patients who achieved a class Ia outcome following surgery (Table 3). Of the 11 patients
identified without epileptiform activity by the ECD method, eight could still be analyzed
and localized effectively using coherence analysis to achieve a class Ia outcome (Fig. 2,
Table 2). Of the seven patients (cases 3, 11, 12, 14, 16, 29, 30) who could not be lateralized
by coherence analysis, three (cases 11, 12, 29) showed no epileptiform activity during the
study and could not be analyzed by the ECD method, whereas, three others (cases 14, 16,
30) were correctly lateralized. In the final patient (case 3), neither method was sufficient.
Despite such discrepancies, all patients achieved class Ia outcomes except case 14 (IIIa). A
detailed examination of the nature of the findings of coherence analysis indicated, that in
four patients (cases 11, 16, 29, 30), a pattern of near symmetric bitemporal coherence was
obtained with greater prominence contralateral to the side of resection. Two patients (cases
3, 14) showed symmetric bitemporal coherence without any indication of lateralization. In
the final patient (case 12), lateralization was correct for the right hemisphere but without
sufficient concentration of signal in the temporal lobe to declare it specifically epileptogenic.
Assessment of the 26 patients with class I outcomes showed a match rate for the coherence
method of 76.9% compared with a 50% match rate for the ECD method (p = 0.065).

Sensitivity and Specificity
The sensitivity and specificity were determined for each of the two methods of MEG
analysis using Engel class Ia outcomes as an absolute measure of success (Table 4). In the
case of the ECD method, 11 cases were indeterminate for lack of epileptiform activity and
their inclusion necessarily underestimates the sensitivity of the method as it raises the false
negative prediction from two (cases 3, 25) to 13 cases and lowers the sensitivity from 82%
(9/11) in the case of their exclusion to 41% (9/22) with their inclusion. A specificity of 13%
(1/8) was calculated for the ECD method. Using coherence analysis, there were no
indeterminate predictions and six false negative results. With 16 true positive results
identified, a sensitivity of 73% was calculated. A specificity of 13% (1/8) was found with
seven false positive results identified. Coherence analysis provided a positive predictive
value for Engel class Ia of 70% (16/23), whereas for ECD, it was 56% (9/16).

Coherence Reliability
A reliability study was performed to establish whether coherence imaging measurements
were consistent from run-to-run. For each subject, multiple runs of three separate ten minute
epochs were collected with an interval of five minutes between epochs. Correlation of
coherence from run-to-run was found to be greater than 0.90 for all subjects (Supplemental
Fig. 3; available online). Little difference in coherence was detected for runs performed
during awake and drowsy states with a correlation of 0.92.

Discussion
Coherence analysis using MEG provides superior lateralization of a site of epileptogenicity
in cases of TLE when compared to the more commonly used ECD method. The analysis is
not limited by an absence of epileptiform activity during the course of the study and,
because of its ability to identify higher synchronization of activity in the seizure onset zone
(Arnhold et al., 1999; Mormann et al., 2000; Bartolomei et al., 2004), the method is

Elisevich et al. Page 7

Epilepsia. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



applicable in all patients undergoing investigation for partial epilepsy. In fact, one third of
patients in this study were excluded from analysis by the ECD method for lack of
epileptiform activity. Identification of class I outcomes using either method was similar
when these indeterminate results were excluded from analysis in the case of the ECD
method. When included, the ability of the ECD method to identify a class I outcome fell
from 87% to 50%. Similarly, because of the indeterminacy problem, the sensitivity of the
ECD methodology was found to be 41% as compared to 73% with coherence analysis. The
specificities for each method are low indicating that neither provides sufficient exclusionary
information in assessing the laterality of focal temporal epileptogenicity.

Although coherence analysis correctly identified an Engel class I outcome in 20 (67%) of 30
cases, it incorrectly identified a putative site of epileptogenicity corresponding to that
determined by standard investigation in three cases (7, 10, and 21) that had achieved
suboptimal results (i.e., Engel class II, III) assuming that a sufficient resection had been
performed. Furthermore, it provided misleading information regarding the laterality of
epileptogenicity in another six cases that achieved optimal results (i.e., Engel class Ia). In a
large retrospective review of 455 patients with partial epilepsy of both temporal and
extratemporal origin, an average sensitivity of MEG for specific epileptic activity, using the
ECD method was 76.3% with the exclusion of indeterminate cases (Stefan et al., 2003). This
was not, however, a final confirmation of epileptic focality amenable to surgical resection
and, therefore, was not fully verifiable in accordance with surgical outcome. Of 109 patients
with TLE who did undergo resection in the latter study, ECD analysis identified the
corresponding lobe in 94 (86.2%) cases. Engel class I and II categories were grouped
together and regarded as a successful outcome and no numerical distribution between the
categories was provided. A similar grouping of class I and II outcomes in the current study
yields six more cases, four with class Ib-d and two with class II outcomes, for a total of 28
cases. Of this total, ECD analysis achieved a match rate of 64% and coherence analysis,
79%. Apart from the disparity in study populations (i.e., 28 vs 109 cases), the relative
distributions of class I and II outcomes and the manner of case selection may account for
differences between the two studies.

A limitation of this MEG study was the lack of information regarding coherence variability
during different states of arousal (i.e., wakeful, drowsy, asleep) and the lack of
standardization of measures in these states. Interictal spike discharges are more common
during drowsiness and light sleep. One would expect the yield of ECD MEG analysis and
perhaps the magnitude of coherence to be greater in the latter condition. Intersubject
variability in arousal during recording may have affected ECD measures adversely to bring
about lower sensitivity in this study. Run-to-run variability, however, did not seem to bear
this out. Moreover, coherence analysis remained the application with the greater yield for
the same interval of recording. Postictal recording with its greater likelihood of spike
discharge may be a further consideration in this argument that would ostensibly improve
yield with both analyses (Oishi et al., 2002).

From a clinical perspective, the ability to salvage data in the absence of concurrent
epileptiform activity bears considerable practical importance; however, its place in the
investigation of TLE must be examined alongside other applications serving to do the same.
Innovative postprocessing of MR imaging applications and electrographic approaches have
been developed in order to better establish the laterality of TLE preoperatively. Volumetric
assessment of the medial temporal structures (Jack et al., 1990; Cendes et al., 1993; Kim et
al., 1994) has been used, for some time, as a quantitative measure to establish the laterality
of an epileptic focus as volume reduction of the hippocampus, in particular, has been shown
to coincide with the location of the focus. However, in 15 – 30% of mTLE cases, no distinct
asymmetry in volume can be established (Jackson et al., 1994; Paesschen, 1997; Carne et al.,
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2004). An increase in signal intensity in both T2-weighted and fluid-attenuated inversion
recovery (FLAIR) images (Jack et al., 1996) has also provided lateralizing information and a
recent study of mean and standard deviation of FLAIR signal intensity (Jafari-Khouzani et
al., 2010) has indicated accurate lateralization in 98% of proven mTLE cases. There is
evidence, however, of cases in which MTS was identified by MR imaging but no mTLE was
found. This has been specifically noted in familial mTLE in which upwards of 34% of
asymptomatic first degree relatives of patients with mTLE were found to have MTS
(Kobayashi et al., 2003). The application of texture analysis in MR imaging to mTLE has
also shown promise over that of volumetry (Yu et al., 2001; Bonilha et al., 2003; Jafari-
Khouzani et al., 2010) The apparent diffusion coefficient (ADC) is significantly reduced in
mTLE with diffusion-weighted MR imaging (O'Brien et al., 2007); however, in certain cases
without distinct lateralizing features identified by conventional MR imaging, no difference
in ADC has been identified between the temporal lobes (Wehner et al., 2007). Other
imaging modalities, particularly functional studies, have therefore been used in a
complementary fashion to arrive at a more accurate predictive standard in the case of TLE.
Subtraction ictal SPECT coregistered to MRI (SISCOM) may be of use in localizing
epileptic foci (Spanaki et al., 1999), sometimes obviating the need for intracranial electrode
placement (Tan, 2008). Positron emission tomography (PET) of serotonin (HT1A) receptor
uptake binding may be reduced in TLE (Didelot et al., 2008) even in the absence of distinct
pathological change (Merlet et al., 2004). ECD source localization has been adopted in a
similar capacity with favorable postoperative outcomes reported when the resection volume
included or was proximate to ellipsoidal volumes containing a cluster of dipoles (Fischer et
al., 2005).

The use of MEG in the investigation of TLE does offer unique information toward the
lateralization of the epileptic focus in cases where ambiguity exists in determining which of
the two temporal lobes is epileptogenic after completion of standard study. This appears to
be particularly the case with the application of coherence analysis as was seen with
significant interhemispheric differences in coherence in the present study. A match rate of
76.9% was achieved for class I outcomes. However, in TLE cases without MTS, of which
there were 19 in this study, a match rate of only 58% was achieved. With coherence analysis
identified as the better predictor of laterality in TLE, its overall sensitivity may be
established in a prospective study that includes all clinical outcomes. Additionally, further
insight might be obtained in specific cases where coherence analysis fails to adequately
achieve acceptable lateralization and disagrees with the accrued data from standard
investigation that has suggested otherwise (i.e., case 14). Two cases were noted in our study
population to have had particularly poor outcomes (i.e., class IIIa). Each had widespread
hemispheric changes on MR imaging. In case 10, coherence analysis identified network
activity more distributed in the frontotemporal region and in case 14, symmetric bitemporal
coherence was apparent. Such cases may indeed deserve closer scrutiny in order to avoid
suboptimal postoperative outcomes.

At the present time, there is no single investigational modality that can reliably identify the
location of an epileptic focus in those cases of TLE in which there appears to be ambiguity
regarding the side of ictal onset. In fact, each modality, including MEG, may provide
misleading information that improperly lateralizes the focus. With continuing improvements
in these individual applications, however, and their proper use in a complementary fashion,
more dependable lateralization of temporal lobe epileptogenicity in the more challenging
cases may be possible. The application of MEG coherence analysis offers advantages over
that of the ECD method but still falls short of providing the needed predictive strength for
concluding laterality. Progress along these lines, however, may ultimately arrive at an
investigational model sufficiently robust to circumvent the need for extraoperative ECoG in
the majority of patients.
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Figure 1.
Case 1. Preoperative coronal MR images overlaid with the results of coherence analysis. The
study identifies an asymmetry in signal intensity (inset) weighted towards the left temporal
lobe despite the absence of MTS. The patient remains seizure-free following resection of the
inferopolar and mesiobasal portions of the left temporal lobe.
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Figure 2.
Case 6. Preoperative coronal MR images overlaid with the results of coherence analysis in a
case wherein the ECD method was indeterminate. The study identifies an asymmetry in
signal intensity weighted toward the mesiopolar region of the left temporal lobe despite the
absence of MTS. The patient remains seizure-free following resection of the inferopolar and
uncal portions of the left temporal lobe.
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Figure 3.
Box plots showing mean (◇), median, interquartile range and minimum and maximum
values of coherence for the resected and nonresected hemispheres. The difference between
the two sides was significant (p<0.001).
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Table 3
Summary of Engel classes with ECD and MEG analyses

Engel Class EC D Coherence analysis

Match* No Match Match* No Match

Ia 9 13 16 6

Ib 1 0 1 0

Ic 1 0 1 0

Id 2 0 2 0

IIa 0 1 1 0

IIb 1 0 1 0

IIIa 2 0 1 1

Total 16 14 23 7

*
A match indicates agreement of MEG analysis with the laterality of the surgical resection and, therefore, the result of standard investigation.

Epilepsia. Author manuscript; available in PMC 2012 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Elisevich et al. Page 22

Table 4
Sensitivity and specificity of ECD and coherence analysis methods

ECD and Engel class outcome

Ia Not Ia Total

Match* 9 7 16

Not Match 13 1 14

Total 22 8 30

Sensitivity of Engel class Ia 41

Specificity of Engel class Ia 13

Coherence and Engel class outcome

Ia Not Ia Total

Match* 16 7 23

Not Match 6 1 7

Total 22 8 30

Sensitivity of Engel class Ia 73

Specificity of Engel class Ia 13

*
A match indicates agreement of MEG analysis with the laterality of the surgical resection and, therefore the result of standard investigation.
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