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Abstract

Object—In patients with medically refractory epilepsy the accurate localization of the seizure
onset zone is critical for successful surgical treatment. The object of this study was to investigate
whether the degree of coupling of spontaneous brain activity as measured with functional
connectivity MR imaging (fcMR imaging) can accurately identify and localize epileptic
discharges.

Methods—The authors studied 6 patients who underwent fcMR imaging presurgical mapping
and subsequently underwent invasive electroencephalography.

Results—Focal regions of statistically significant increases in connectivity were identified in 5

patients when compared with an ad hoc normative sample of 300 controls. The foci identified by
fcMR imaging overlapped the epileptogenic areas identified by invasive encephalography in all 5
patients.

Conclusions—These results suggest that fcMR imaging may provide an effective high—spatial
resolution and noninvasive method of localizing epileptic discharges in patients with refractory

epilepsy.
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An important factor for success in the surgical treatment of epilepsy is the accurate
localization of the seizure onset zone.?® Finding a structural lesion on MR imaging, such as
mesial temporal sclerosis or a focal cortical dysplasia, improves the likelihood of controlling
the illness after the surgery.12 However, in two-thirds of patients with focal epilepsy there
are no identifiable brain lesions on conventional MR imaging, and it is sometimes difficult
to identify the source of epileptic discharges with scalp EEG. When the location of the
epileptic focus remains unclear, other diagnostic tests can be performed such as FDG-PET,
ictal SPECT, and/or MEG.*4 If uncertainty remains, iEEG with subdural grids or depth
electrodes may aid in decision making.1> An accurate noninvasive and high—spatial
resolution method to localize epileptic foci thus remains a major challenge.

Functional connectivity MR imaging (fcMR imaging) is based on correlating spontaneous
fluctuations in blood flow across the brain, and these fluctuations are ultimately linked to
neural activity.26:27 Previously, we and others demonstrated that fcMR imaging can be used
to identify eloquent cortex (for example, motor cortex) in the presurgical evaluation of
patients with brain tumors or epilepsy.2929 In this study, we hypothesize that epileptogenic
regions are characterized by altered connections to other brain regions even in the interictal
state and can be localized based on functional connectivity changes in comparison with
healthy controls. To test this hypothesis, we studied the feasibility of using a novel fctMR
imaging approach to identify epileptic foci, and compared the results to the clinical “gold
standard” for epileptic foci identification, iEEG.

Patient Population

Informed consent was obtained according to the guidelines and approval of the local
institutional review board. Resting blood oxygenation level-dependent (BOLD) fMR
imaging data from 6 patients with epilepsy (age range 18-24 years; 4 men, 2 women) were
analyzed. The patients were undergoing routine presurgical evaluation prior to electrode
implantation for localization of epileptic discharges. Three hundred healthy controls (143
men and 157 women) whose data were available in an existing fcMR imaging database?!
were used as a normative comparison sample to identify aberrant connectivity patterns (age
range of controls 18-33 years, mean 22.3 years). In all 6 patients undergoing presurgical
evaluation, epilepsy had been diagnosed and classified based on the guidelines of the
Commission on Classification and Terminology of the International League Against
Epilepsy.>

MR Imaging Data Acquisition

Prior to electrode placement, we acquired MR imaging data in all patients. Scanning was
performed on a 3-T TimTrio system (Siemens) using a 12-channel phased-array head coil
supplied by the vendor. High-resolution 3D T1-weighted MPRAGE images were acquired
for anatomical reference (TR 2530 msec, TE 3.44 msec, flip angle 7°, 1.0-mm isotropic
voxels, FOV 256 x 256). Functional data were acquired using a gradient-echo echo planar
pulse sequence sensitive to BOLD contrast (TR 2500 or 3000 msec, TE 30 msec, flip angle
90°, 36-43 axial slices parallel to the plane of the anterior commissure—posterior
commissure, 3.0-mm isotropic voxels, 0.5-mm gap, FOV 576 x 576). The patients passively
fixated on a visual cross-hair centered on a screen for each functional run, with an
acquisition time ranging from 312 to 444 seconds. No additional task was performed. They
were asked to remain awake and to be as still as possible. None of the patients reported a
seizure within 48 hours of fMR imaging acquisition.
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MR Imaging Processing: Functional Connectivity Analysis

Functional data were preprocessed according to the steps described previously.2” To
measure the degree of local and remote functional connectivity of each voxel, a voxel-wise
whole-brain correlation analysis was performed. 326 Specifically, the BOLD low-frequency
signal time course of each voxel from the subject’s brain was correlated to every other voxel
time course, at the local and remote level. Then Pearson correlation coefficients were
averaged and assigned to the given voxel. We chose a neighborhood strategy to define local
and remote limits. This computationally efficient approach, which is a derived measure of
betweenness centrality in graph theory, has demonstrated robust estimates of connectivity
profiles that characterize normal cortical regions.2® For local connectivity, all voxels in the
3-mm-radius sphere surrounding the seed voxel were included. For remote connectivity, all
the voxels outside a 25-mm-radius sphere were included. This gap between local and
remote distances excluded possible overlap between the indexes. The degree of coupling
was calculated by summing the number of voxels above a correlation threshold of 0.25 both
locally and remotely. To determine statistically significant differences between the patients
and controls, we calculated the Z value at each voxel in the individual patients using our ad
hoc normative control sample of subjects. The Z score of each voxel in each patient’s map is
given by Z; = (Xj — X/, where X is the mean coupling and o is the standard deviation of the
degree of our normative sample at that particular target voxel. Therefore, we produced local
and remote connectivity Z score maps for each patient that indexed aberrant connectivity.
This analysis was done without knowledge of the results from the iEEG.

Magnetoencephalography

As part of the routine evaluation of surgical epilepsy patients, whole-head MEG was
obtained using a Elekta-Neuromag device (see Knake et al.13 for acquisition details).
Equivalent current dipole (ECD) source analysis was performed on the interictal discharges
using a single-layer boundary element model. The ECDs were fused to the MPRAGE
anatomical volume from each patient’s MR imaging. Epileptic discharges were localized by
experienced magnetoencephalographers, and the lobar localizations of interictal discharges
were determined.

Intracranial EEG Monitoring

Results

To localize the seizure event foci, intracranial electrodes (2 mm diameter, 1 cm separation,
Ad-Tech) were implanted through a small craniotomy. The number of electrodes per patient
ranged from 48 to 126. The MPRAGE anatomical volume was coregistered with a
postimplantation CT image using an automatic rigid-body registration algorithm. In some
patients, the registration required manual adjustment due to mild brain shifts resulting from
the craniotomy, such as subdural and epidural fluid accumulations. As part of the routine
clinical evaluation, patients stayed in the hospital 6-9 days, and physiological data were
continuously monitored during this period. Recordings around the seizure events were
analyzed by an epileptologist who identified the electrodes corresponding to the seizure
onset and frequent interictal spikes (electrodes identified in Fig. 1). All the iEEG
interpretation was done without knowledge of the fcMR imaging results.

Statistically significant differences were found in the functional connectivity maps in 5 of 6
patients (Fig. 1). In these 5 individuals the detected connectivity abnormalities fell within a
5-mm radius of the iEEG electrodes corresponding to the seizure onset zone. In 2 patients
(Cases 3 and 6 in Table 1, corresponding to the second and fifth rows in Fig. 1), we found
functional connectivity abnormalities in both hemispheres, although stronger in one of them.
Since the iIEEG grids only covered one hemisphere, we could not determine if there were
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any discharges contralateral to the iEEG. However, the stronger functional connectivity
abnormality corresponded to the hemisphere where the iEEG electrodes were placed in both
patients. No significant functional abnormality was found in one patient despite identifying
ictal activity on the iEEG in the frontal lobe. Finally, it is important to note that, although
the local and remote connectivity increases spatially matched one another in several patients
(results shown in rows 1-3 in Fig. 1), local degree estimates appear more accurate for foci
detection, especially when compared with the iEEG overlap. Data on surgical outcomes
were not available in these cases.

Discussion

We demonstrate the feasibility of using fcMR imaging to identify epileptic foci during
interictal periods in patients with medically refractory epilepsy. The fctMR imaging
technique is based on calculating the intrinsic correlations of spontaneous BOLD signal
across the brain to identify regions with an abnormal degree of functional connectivity. We
found distinct differences in connectivity patterns in many of the patients and also found that
this abnormal connectivity overlapped the epileptogenic areas identified by iEEG. This
proof-of-concept suggests that fcMR imaging may be useful for identifying epileptic foci
with the advantage of being noninvasive and having a high spatial resolution.

If we use the lobar localization of ictal discharges on iEEG as a reference, we can estimate
the preliminary diagnostic accuracy of this method. The overall approximate sensitivity is
0.83, the specificity is 0.91, the false positive rate is 0.10, and the false negative rate is 0.15.
These numbers are biased in that all of the patients tested had epileptic discharges, so a
larger number of patients that do not have discharges will be required to obtain true
diagnostic accuracy.

Abnormal functional connectivity has been proposed to be involved in the pathogenesis of
epilepsy for decades.?3 Functional connectivity as measured by fcMR imaging has been
shown to be abnormal in other studies. 1:9-18.19.22.28 For example, Bettus et al.1 found a
decrease in functional connectivity in affected hippocampal structures and an increase in
functional connectivity between hippocampal structures in the healthy hemisphere. The
methods used were different from ours in that statistical differences in the correlation
coefficients for targeted regions were explored, rather than measures of local and remote
coupling. Another study demonstrated disrupted functional connectivity in the language
cortex in patients with temporal lobe epilepsy as compared with healthy controls.22 This
change in functional connectivity might relate to plasticity of the language system due to
damaged cortex, rather than a direct effect of the epileptic discharges. Moreover, Laufs et
al.18.19 noted that the default network was disrupted at the group level in patients with left
temporal lobe epilepsy using connectivity measures and EEG-fMR imaging. Wagner et al.28
found decreased connectivity in the hippocampus of epilepsy patients, which correlated with
decreased memory performance.

Abnormal resting connectivity has also been shown in other brain disorders distinct from
epilepsy, in particular Alzheimer disease, where coupling between the hippocampal
formation and cortical regions is disrupted.810 Further exploration will be required to
determine whether it is possible to separate fcMR imaging differences linked to the seizure
focus from broader network alterations that may emerge from long-standing epilepsy.

Relevant to this possibility, there were bilateral increases in both local and remote coupling
in 2 of our patients. This observation might indicate that the fcMR imaging is detecting
abnormal functional connectivity in the entire epileptic network, as has been reported in
previous fMR imaging studies (see Gotman’ for a review). When bilateral increases in
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connectivity are found on fcMR imaging, especially in the temporal lobe, it might be useful
to compare the results with those of other neuroimaging methods such as interictal PET or
ictal SPECT.

The fcMR imaging technique differs methodologically from fMR imaging with
simultaneous scalp EEG, which has had a major impact recently in the neuroimaging of
epilepsy.1’ Functional MR imaging with simultaneous EEG inside an MR imaging scanner
makes it possible to correlate the EEG with BOLD-fMR imaging.11:17 In patients with
epilepsy, EEG is typically performed continuously during fMR imaging acquisition, and the
images are selectively averaged based on the timing of the epileptic discharges.24 The
results are sometimes ambiguous since a similar-appearing discharge may lead to an
“activation” pattern (positive BOLD response) or a “deactivation” (negative BOLD
response) relative to the ongoing background activityl® Abnormalities in functional
connectivity patterns as measured here offer a complementary approach for identifying
epileptic cortex. In this study, our hypothesis of altered BOLD connectivity reflecting
epileptic discharges is supported by the spatial overlap of the fcMR imaging and iEEG,
particularly for the local coupling. However, it is also interesting that remote connectivity
often matches local connectivity, although not always, perhaps reflecting other network
properties distant from the epileptic onset foci.

We cannot rule out the possibility that some of the connectivity abnormalities relate to
structural changes due to the effects of long-standing epilepsy. Two of the patients had
confirmed MR imaging-diagnosed mesial temporal sclerosis (see Table 1). It is not clear
how this might affect our results. Moreover, it is widely reported that long-standing epilepsy
may result in hippocampal volume loss and cortical thinning. We have no evidence that
these potential confounds exist in our results. Another limitation of the current fcMR
imaging analysis is that the underlying neural activity is unknown. Simultaneous EEG
would be a useful measure to determine the underlying state of the patient’s epileptic
discharges at the time of the scan and would provide a more direct comparison of the two
approaches in analyzing fMR imaging.

Conclusions

In summary, we demonstrate the feasibility of a simple approach to identify and localize
epileptic cortex using fcMR imaging. Although promising, this is a small study without
postsurgical outcomes. Larger studies with seizure frequency after surgery will be required
to validate the method. The method presented here may benefit the overall health care of
patients suffering from epilepsy since it is noninvasive and does not require an additional
imaging modality. Different MR imaging modalities are already part of the standard
evaluation for patients with medically refractory epilepsy, and implementing this method
requires adding a single 5- to 10-minute series to existing MR imaging epilepsy protocols.
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fcMR imaging functional connectivity MR imaging
fMR imaging functional MR imaging
iEEG invasive EEG
MEG magnetoencephalography
MPRAGE magnetization-prepared rapid acquisition gradient echo
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Fig. 1.

Epileptic foci localized based on degree of functional connectivity. Each row shows the
functional abnormality scores of 1 patient (Cases 1, 3, 4, 5, and 6 in Table 1). Remote (blue)
and local (red) functional connectivity differences revealing abnormal cortex are displayed,
both representing Z-scores compared with a normative sample of 300 healthy individuals.
The first 3 columns illustrate the functional abnormality in 3 orthogonal views. In the fourth
column, the functional abnormality scores (remote and local combined) were rendered on
the surface and compared with iEEG findings. The blue circles in the map indicate the iEEG
electrodes corresponding to seizure onset. The green circles indicate the electrodes
corresponding to frequent interictal discharges.
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TABLE 1

Diagnosis, structural MR imaging, MEG localization, invasive recordings, and fcMR imaging results

Case No. MRI Clinical Report MEG iIEEG fcMRI™
1 normal It temporal It temporal It temporal
2 normal rt frontal; rt parietal rt frontal undetermined
3 possible It hippocampal-sclerosis It temporal It temporal  bilateral temporal
4 rt mesial temporal sclerosis rt temporal rt temporal  rt temporal
5 normal rt temporal; rt frontal ~ rt temporal  rt temporal
6 normal rt temporal rt temporal  bilateral temporal

*
Lobar location using criteria of p > 0.01 (uncorrected) and cluster size > 5 contiguous voxels.
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