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Abstract
OBJECTIVES—To evaluate the ability of MEG to detect medial temporal spikes in patients with
known medial temporal lobe epilepsy (MTLE) and to use magnetic source imaging (MSI) with
equivalent current dipoles to examine localization and orientation of spikes and their relation to
surgical outcome.

METHODS—We prospectively obtained MSI on a total of 25 patients previously diagnosed with
intractable MTLE. MEG was recorded with a 275 channel whole-head system with simultaneous 21-
channel scalp EEG during inpatient admission one day prior to surgical resection. The patients’
surgical outcomes were classified based on one-year follow-up after surgery.

RESULTS—Nineteen of the 22 patients (86.4%) had interictal spikes during the EEG and MEG
recordings. Thirteen of 19 patients (68.4%) demonstrated unilateral temporal dipoles ipsilateral to
the site of surgery. Among these patients, five (38.5%) patients had horizontal dipoles, one (7.7%)
patient had vertical dipoles, and seven (53.8%) patients had both horizontal and vertical dipoles.
Sixty percent of patients with nonlocalizing ictal scalp EEG had well-localized spikes on MSI
ipsilateral to the side of surgery and 66.7% of patients with nonlocalizing MRI had well-localized
spikes on MSI ipsilateral to the side of surgery. Concordance between MSI localization and the side
of lobectomy was not associated with a likelihood of an excellent postsurgical outcome.

CONCLUSIONS—MSI can detect medial temporal spikes. It may provide important localizing
information in patients with MTLE, especially when MRI and/or ictal scalp EEG are not localizing.

SIGNIFICANCE—This study demonstrates that MSI has a good ability to detect interictal spikes
from mesial temporal structures.
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INTRODUCTION
Although magnetic source imaging (MSI), the combination of magnetoencephalography
(MEG) recordings with source localization and MRI overlay, appears to be very sensitive and
useful for localization of the epileptogenic zone in neocortical epilepsy, its ability to detect
deep sources such as the medial temporal lobe and the interhemispheric surface of the frontal
lobe remains in question (Rampp and Stefan, 2007). Several studies suggest that MSI can
distinguish between neocortical and medial temporal lobe sources (Baumgartner et al., 2000;
Stephen et al., 2005). In addition, combined MEG and EEG dipole modeling has been used to
classify spikes arising from subcompartments of the temporal lobe and may thus be helpful in
differentiating subtypes of mesial temporal lobe epilepsy (MTLE) (Pataraia et al., 2005).
However, a recent report using a whole-head magnetoencephalography (MEG) system to study
patients with MTLE found that the yield of MEG to record medial temporal spikes was very
low and equivalent current dipole (ECD) modeling showed only partial correlation with
electrocorticography (Leijten et al., 2003). Another study demonstrated that MEG was unable
to detect spikes arising from the medial temporal lobe in patients who had medial temporal
lobe spikes identified by intracranial electrodes (Shigeto et al., 2002). The goals of our study
were to evaluate the ability of MEG to detect medial temporal spikes in patients with known
MTLE and to localize and describe corresponding magnetic source images. We also explored
whether MSI concordance with side of surgery could predict surgical outcome.

METHODS
We prospectively obtained MEG recordings on a total of 25 patients previously diagnosed with
intractable MTLE who were being admitted for anterior temporal lobectomy. The mean age
of these patients was 42.8 years (range, 24–68 years). Informed consent for the study was
obtained from all subjects. MEG studies were performed under a protocol approved by the
UCSF Committee on Human Research.

Prior to the MEG, all patients had already undergone a standard clinical presurgical evaluation
including ictal scalp EEG monitoring, high resolution MRI, neuropsychological testing and
Wada testing. For ictal scalp EEG analysis, we used primarily longitudinal bipolar and
referential montages. The ictal EEG onset was localized to the temporal lobe when the
amplitude ratio of the temporal versus the parasagittal chain was higher than 2:1 in bipolar
montages and was higher than 2:1 for the two sides in referential montages (Steinhoff et al.,
1995). In some cases, functional neuroimaging (such as a PET scan) was performed in order
to determine the surgical plan, but none of the patients had had MEG prior to admission for
surgery and so MSI was not used to direct the surgical plan.

Selection of patients for resective temporal lobe epilepsy surgery was based on standard
criteria, which included medical intractability, identification of epileptogenic zone in the
temporal lobe and a relatively low risk of new deficits (Ojemann and Valiante, 2005).
Identification of epileptogenic zone was based on convergence of findings from clinical
semiology, electrophysiology, neuroimaging and neuropsychology (Rosenow and Luders,
2001). In general, patients with unilateral anterior temporal epileptic discharges on interictal
scalp EEG with ictal scalp EEG onset in the same region and imaging evidence of ipsilateral
mesial temporal sclerosis were offered surgery. Patients who had non-localizing ictal EEG
onset with or without imaging changes might have invasive EEG monitoring with subdural
strips and depth electrodes.

All patients underwent surgical resection by a single neurosurgeon who was experienced in
surgery for epilepsy and who was unaware of the MSI results. Surgeries were anterior medial
temporal lobectomies (AMTL) tailored by intraoperative electrocorticography (ECoG) and
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direct cortical electrical stimulation mapping of language cortex (in the case of dominant
hemisphere lobectomies). Typically, the resection included a maximum of 5.5 cm of the
anterior lateral non-dominant temporal lobe or 4.5 cm of the dominant temporal lobe as
measured from the temporal tip. The superior temporal gyrus was usually spared in the
dominant hemisphere. The medial resections included the amygdala and the hippocampus to
2–3.5 cm.

MEG data acquisition & analysis
Simultaneous EEG and MEG recordings were performed inside a magnetically shielded room
during inpatient admission one day prior to surgical resection, at a time when patients’
antiepileptic medications were being reduced to maximize the utility of ECoG. MEG was
recorded with a 275 channel whole-head axial gradiometer system (VSM MedTech, Port
Coquitlam, British Columbia). Data were recorded from each patient in a passband of 0–75
Hz (300 Hz sample rate) using a CTF 275-channel whole cortex MEG helmet. Twenty-one
channel scalp EEG was recorded simultaneously using a modified international 10–20 system
that included subtemporal electrodes (American Clinical Neurophysiology Society, 2006).
Thirty to forty minutes of spontaneous data were obtained in 10 to 15 minute intervals with
the patient asleep and awake. The position of the head in the MEG dewar relative to the MEG
sensors was determined via indicator coils before and after each interval to ensure adequate
sampling of the entire magnetic field. The data were bandpass filtered offline at 1–70 Hz.

Spikes were visually identified by a certified EEG technologist (MM) and were confirmed by
a board-certified clinical neurophysiologist and epileptologist (HEK). EEG spikes were
identified based on the criteria defined by the International Federation of Clinical
Neurophysiology (IFCN) for EEG epileptiform discharges (Deuschl and Eisen, 1999). MEG
spikes were chosen for analyses based on duration (< 80 ms), morphology, field map, and lack
of associated artifact (e.g., ECG, EMG, EOG). The onset of each spike, defined as the rising
deflection of the first sharp negativity from the baseline, was marked and equivalent current
dipoles (ECD) were fit using commercial software provided by CTF Systems (VSM MedTech,
Port Coquitlam, British Columbia). Only sources with a goodness of fit higher than 90% were
accepted. Co-registration of dipoles to MRI scans was performed using fiducials (nasion and
preauricular points) to produce magnetic source images of dipoles superimposed on anatomic
images. The authors then inspected these MSI results and classified the spike dipoles according
to their location and orientation. The dipoles were considered to have vertical orientation if
they lay between 0 and 30 degrees from the vertical axis. If the dipoles lay between 60 and 90
degrees from the vertical axis, they were considered to have horizontal orientation (Pataraia et
al., 2005).

Clinical data collection
Ictal scalp EEG was recorded using a 21-channel system with the electrodes arranged according
to a modified international 10–20 system that included subtemporal electrodes (American
Clinical Neurophysiology Society, 2006). In addition to noninvasive studies, four patients
underwent intracranial EEG recordings with depth electrodes and subdural strips. Results of
ictal scalp and/or intracranial EEG and MRI were determined by retrospective review of their
reports. These results are shown along with MSI localizations in Table 1.

Surgical outcome
We classified patients’ surgical outcomes based on one year post-surgery follow-up using a
modified Engel classification (Engel et al., 1993). Patients with Engel Class I were considered
as having an excellent outcome.
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Statistical analysis
Data were analyzed using Stata statistical software version 10.1 (Stata Corp, College Station,
Texas). Because the decision to perform surgery in our patients was based largely on the result
of ictal scalp or intracranial EEG and MRI, only the positive predictive value of MSI was
calculated. The positive predictive value of MSI was the ratio of patients with excellent
outcome who had well-localized spikes on MSI ipsilateral to the side of surgery to all patients
with well-localized spikes on MSI ipsilateral to the side of surgery regardless of the outcome.
To demonstrate the relationship between MSI localization and surgical outcome, the patients
were divided into two groups: those in whom the MSI localization was concordant with the
side of surgery and those in whom it was not. Fisher’s exact test was used for analysis of
whether the proportion of those with excellent outcome differed between the concordance and
the non-concordance groups. Logistic regression analysis was used to determine if concordance
of ictal scalp EEG with the side of lobectomy, concordance of MRI with the side of lobectomy,
concordance of MSI with the side of lobectomy and concordance of a combination of these
tests with the side of lobectomy could independently predict excellent outcome after surgery.
Significance level was set at P<0.05.

RESULTS
Twenty-five patients underwent simultaneous EEG and MEG recording. Due to significant
artifact from metallic dental objects on MEG, which resulted in unreliable spike detection and
localization, three out of the 25 patients were excluded from subsequent data analyses. Of the
remaining 22 patients, 14 underwent left temporal lobectomy and eight underwent right
temporal lobectomy. Table 1 shows the demographic and clinical information for the remaining
22 patients. Ten of the 14 left temporal lobectomy patients had a surgical outcome of Engel
class I, while the remaining four had a surgical outcome of Engel class II. Only one out of the
nine right temporal lobectomy patients had a poor outcome of Engel class IV.

MEG data
Nineteen of the 22 patients (86.4%) had clearly identifiable interictal spikes in MEG and EEG
recordings, and the MEG spikes could be accurately modeled by a single equivalent current
dipole. All spike dipoles were localized to the temporal lobe. No extratemporal dipoles were
detected. Thirteen of 19 patients (68.4%) demonstrated unilateral temporal dipoles ipsilateral
to the site of surgery (e.g. Figure 1, Case 22 in Table 1), four patients (21.0%) had independent
bilateral temporal dipoles (e.g. Figure 2, Case 12 in Table 1) and only two patients (10.5%)
had unilateral temporal dipoles in the contralateral temporal lobe (Case 5 and 20 in Table 1).

Among patients that had concordance between MSI localization and the side of lobectomy,
two types of dipole orientations were observed. Five patients (38.5%) had horizontal dipoles,
one (7.7%) patient had vertical dipoles, and seven (53.8%) patients had both horizontal and
vertical dipoles.

Interestingly, patients with unilateral temporal dipoles localized to the contralateral temporal
lobe (Case 5 & 20 in Table 1) and three out of four patients with bilateral temporal dipoles
(Case 8, 10 and 15 in Table 1) demonstrated mainly vertical dipole orientation.

Comparison of MSI localization with ictal scalp EEG and MRI
Ictal EEG was non-localizing in one out of 22 cases. Sixteen patients (72.7%) had unilateral
hippocampal atrophy (HA) on the side of lobectomy. One patient had unilateral HA
contralateral to the side of lobectomy. One patient had bilateral HA. Ictal scalp EEG agreed
with the eventual side of lobectomy in 17 patients (77.3%). In all but one patient, ictal scalp
and/or intracranial EEG identified an epileptogenic focus ipsilateral to the lobectomy.
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Interictal MSI lobar localization was in agreement with that of the ictal scalp EEG in 10 of 22
patients (45.4%), with that of the ictal scalp and intracranial EEG in 12 of 22 patients (54.5%),
and with that of the abnormal MRI in nine of 16 patients (56.2%). In patients with well-localized
MEG spikes, ictal EEG was non-localizing in one case (Case 17 in Table 1) and the discordance
was only found in two cases (Case 5 & 20 in Table 1). Of five patients with non-localizing
ictal scalp EEG, three patients (60%) had well-localized spikes on MSI ipsilateral to the side
of surgery and four of six patients (66.7%) with nonlocalizing MRI had well-localized spikes
on MSI ipsilateral to the side of surgery.

Surgical outcome
Seventeen of 22 (77.3%) patients had an excellent outcome. Among the patients with an
excellent outcome, nine (69.2%) patients had well-localized spikes on MSI ipsilateral to the
side of surgery.

Four patients with Engel class II outcome showed unilateral temporal dipoles ipsilateral to the
site of surgery. Two (50%) of the patients with Engel class II outcome had non-localized ictal
scalp EEG and one patient had non-localized ictal scalp EEG and MRI (Case 4 in Table 1).
One patient with Engel class IV (Case 10 in Table 1) demonstrated bitemporal spikes on MSI
with well-localized ictal scalp EEG and MRI. The concordance between interictal MSI
localization and the side of lobectomy was not associated with a likelihood of an excellent
outcome (P>0.05).

Table 2 summarizes the association of well-localized and concordant MSI or non-localizing
and discordant MSI with potentially surgically remediable epilepsy. The positive predictive
value of MSI for patients with excellent outcome was 0.69 (95% CI, 0.39–0.91).

DISCUSSION
In our study, MEG was able to detect mesial temporal spikes in over 85% of our patients with
known MTLE. This finding is within the range of earlier studies with patient groups comprised
of those with extratemporal as well as temporal lobe epilepsy (Wheless et al., 1999; Ishibashi
et al., 2002; Iwasaki et al., 2002; Pataraia et al., 2005). Our detection rate is higher than that
reported of 32% by Leijten et al. (2003); this difference may be due to the different sensor
position with respect to the head and underlying cortex and/or the reduction of antiepileptic
medications in our presurgical patient group (Quesney & Ortiz, 2004). In addition, the
difference of sensor types, densities and configurations should always be taken into
consideration (Santiuste et al., 2008). A recent study comparing two different types of MEG
pick up coils, the magnetometer and the planar gradiometer, suggested that the magnetometer
is superior in recording spikes from the mesial temporal lobe and the planar gradiometer is
superior in detecting spikes from the temporal neocortices (Enatsu et al., 2008). In theory, the
loss of signal magnitude as a function of dipole depth is fastest for planar gradiometers (Vrba
et al., 2006). The planar gradiometer therefore seems likely to perform worse than the axial
gradiometer for deep sources. Our study, which employed the axial gradiometer system,
demonstrated similar results as reported in a recent study that used the magnetometer system
(Santiuste et al., 2008).

The majority of MEG spikes observed in our patients were oriented in the horizontal or in
mixed horizontal and vertical directions. Interestingly, most of the MEG dipoles in patients
with non-concordant MSI localization (Case 5, 8, 10, 15 and 20 in Table 1) were oriented
vertically. Horizontal dipoles have been shown to originate from temporal tip and lateral
temporal cortical sources, while vertical dipoles are associated with basomedial temporal
sources and probably represent propagation rather than direct involvement of the mesial
temporal structures (Pataraia et al., 2005;Ebersole and Hawes-Ebersole, 2007). The
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intraoperative ECoG recordings in patients with non-localizing MSI demonstrated frequent
spontaneous discharges from the hippocampus but only occasional or no spikes from the
temporal neocortices. On the other hand, intraoperative ECoG recordings in the patients with
well-localized MEG spikes (Table 1) demonstrated spontaneous discharges from lateral or
subtemporal neocortices as well as hippocampus. The widespread involvement extending
beyond mesial temporal structures recorded by intraoperative ECoG has been well documented
(Alarcon et al., 1997;Schwartz et al., 1997;Fernandez Torre et al., 1999;Pataraia et al., 2005).
Our findings and the findings from intraoperative ECoG studies suggest that epileptic spikes
are likely the product of propagation and recruitment of neuronal activity from complex
interaction along specific neuronal pathways. This concept has been confirmed by several
functional neuroimaging studies using PET and SPECT that described an extensive
involvement of the entire temporal lobe or farther in patients with MTLE (Sakamoto et al.,
2003;Kaiboriboon et al., 2005).

MRI and ictal scalp EEG are routinely used for presurgical evaluation in patients with refractory
MTLE. A previous study in a group of consecutive presurgical patients with extratemporal and
temporal lobe epilepsy suggested that MEG localization was superior to 1990-era MRI and
ictal scalp EEG (Wheless et al., 1999). In our patient group with pathology-proven mesial
temporal lobe epilepsy, we did not find that MSI was more sensitive than ictal scalp EEG or
high-resolution epilepsy protocol MRI. This may be due to subsequent improvement in
neuroimaging or to the likelihood of interictal MEG to record some contralateral temporal
spikes. It has been shown that patients with MTLE commonly have independent spikes from
bilateral temporal lobes (Krendl et al., 2008). Ictal EEG recording, therefore, has been used as
the most important piece of information in making surgical decision in this group of patients.
In general, MEG studies are conducted on an outpatient basis and focus on interictal
epileptiform activity. Only limited attempts have been made to record itcal MEG in patients
with MTLE (Sutherling et al., 1987; Stefan et al., 1992; Tilz et al., 2002; Assaf et al., 2003).
These studies demonstrated that ictal MEG findings were in close agreement with the invasive
and noninvasive preoperative studies. Recent advances in detection and correction of head
movement by continuous registration of head positioning have resulted in improved
localization accuracy of MEG (Uutela et al., 2001; Wilson, 2004; Wilson et al., 2007). These
techniques allow longer recording sessions and may increase our ability to record seizures.
Further studies are required to assess the utility of ictal MEG in identification of the
epileptogenic zone and its role in predicting outcome after epilepsy surgery.

Compared to scalp EEG, MEG has been considered to be less sensitive in recording spikes
from the medial temporal lobe because the decay of magnetic fields is more pronounced than
that of electrical fields with increased distance from the generator (Rampp and Stefan, 2007).
Moreover, MEG selectively measures spikes produced by the neurons lining the sulci because
only tangential components of a current source can be detected (Barkley and Baumgartner,
2003). Nevertheless, MEG signals are not distorted by the dura, skull and scalp and are
independent of a reference (Barkley and Baumgartner, 2003). Several studies using
simultaneous MEG and EEG recordings have shown that some spikes are seen only in the
EEG, some are seen only in the MEG and some are seen in both EEG and MEG (Wheless et
al., 1999; Lin et al., 2003; Ramantani et al., 2006; Kirsch et al., 2007). MEG and scalp EEG,
therefore, provide complementary information when used together in presurgical evaluation
for epilepsy surgery.

Approximately two-thirds of the patients with normal or nonlocalizing MRI and about half of
the patients with nonlocalizing ictal scalp EEG had well-localized MSI that was concordant
with the side of lobectomy. In this subgroup of patients where one of the other pieces of clinical
information was nonlocalizing, MSI would have provided additional helpful information. From
a clinical decision standpoint, patients with normal or nonlocalizing MRI were the most
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difficult, because surgical planning relied mainly on functional neuroimaging studies and/or
intracranial EEG recordings. In fact, two of these patients (Patients 4 and 22 in Table 1)
eventually underwent intracranial EEG recordings. Both patients had well-localized MSI and
invasive monitoring would have potentially been avoided had MSI been used to confirm the
significance of functional neuroimaging studies.

Different predictive factors that are associated with favorable outcome of anterior temporal
lobectomy have been reported by several studies. A recent meta-analysis of the overall outcome
of epilepsy surgery including both temporal and extratemporal epilepsy demonstrated that
history of febrile seizures, mesial temporal sclerosis, tumor, abnormal MRI as well as extensive
surgical resection were strong predictors of excellent surgical outcome (Tonini et al., 2004).
Although concordance of EEG and MRI appeared to be a strong predictor of good outcome,
the conclusion cannot be made with certainty due to the heterogeneity of the studies and
potential confounding effects. We found that the concordance of MSI localization with the side
of surgery as well as the concordance of ictal scalp EEG, MRI or a combination of these tests
with the site of surgery was unable to predict excellent surgical outcome. It is possible that this
is a false negative finding due to the small number of patients in our study. Patients with bilateral
spikes may have poorer outcome as a group, though they may also have more frequent spikes,
which is an independent predictor of surgical failure (Krendl et al., 2008). In this patient group,
those with frequent bilateral spikes, MSI is more likely to be falsely lateralizing and at the same
time outcome is less certain; this confound biases against the predictive value of MSI. In
addition, other known and unknown prognostic factors that were not included in our analysis
could have an effect or interaction with the test results.

In conclusion, our study demonstrates that MSI can detect mesial temporal spikes. It may
provide important localizing information in patients with MTLE, especially when MRI and/or
ictal scalp EEG are not localizing. Further prospective investigations of MSI in a large number
of patients with MTLE will be useful to determine the predictive value of MSI concordance
with seizure outcome after surgery. As multiple lines of evidence converge to suggest that TLE
is not an homogeneous process, we must learn in which subgroups MSI can best be deployed
as a presurgical planning tool.
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Figure 1.
MSI, MEG with simultaneous scalp EEG of Case 22 showing interictal unilateral temporal
spikes. Single dipole source locations are shown as yellow triangles with vector tails
proportional to dipole strength, superimposed on the anatomical MRI. MEG and EEG show a
representative left temporal spike marked with a vertical cursor. The corresponding dipole is
outlined in orange on the MSI.
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Figure 2.
MSI, MEG with simultaneous scalp EEG recorded from Case 12 in Table 1, showing interictal
bilateral independent temporal spikes. Dipoles are shown as yellow triangles with vector tails
proportional to dipole strength.
Top Panel: MEG and EEG show a right temporal spike (marked with a vertical cursor). MSI
demonstrates horizontal dipoles modeled in the right anterior temporal lobe.
Bottom Panel: MEG and EEG show a left temporal spike (marked with a vertical cursor). MSI
shows vertical dipoles modeled in the left anterior temporal lobe.
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Table 2

Comparison of postsurgical outcome according to the concordance and the discordance or non-localization of
MSI with the site of surgery.

Magnetic source imaging (MSI)

Concordance (n = 13) Discordance or non-localization (n = 9)

Engel class I 9 (69.2%) 8 (88.9%)

Engel class II 4 (30.8%) None

Engel class III None None

Engel class IV None 1 (11.1%)
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