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Abstract

Management of MRI-negative patients with intractable focal epilepsy after failed surgery is 

particularly challenging. In this study, we aim to investigate whether MRI post-processing could 

identify relevant targets for the re-evaluation of MRI-negative patients who failed the initial 

resective surgery. We examined a consecutive series of 56 MRI-negative patients who underwent 

resective surgery and had recurring seizures at 1-year follow-up. T1-weighted volumetric sequence 

from the pre-surgical MRI was used for voxel-based MRI post-processing which was implemented 

in a morphometric analysis program (MAP). MAP was positive in 15 of the 56 patients included in 

this study. In 5 patients, the MAP+ regions were fully resected. In 10 patients, the MAP+ regions 

were not or partially resected: two out of the 10 patients had a second surgery including the 

unresected MAP+ region, and both became seizure-free; the remaining 8 patients did not undergo 

further surgery, but the unresected MAP+ regions were concordant with more than one 

noninvasive modality in 7. In the 8 patients who had unresected MAP+ regions and intracranial-

EEG before the previous surgery, the unresected MAP+ regions were concordant with ictal onset 

in 6. Our data suggest that scrutiny of the presurgical MRI guided by MRI post-processing may 

reveal relevant targets for reoperation in nonlesional epilepsies. MAP findings, when concordant 

with the patient's other noninvasive data, should be considered when planning invasive evaluation/

reoperation for this most challenging group of patients.
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Introduction

Focal resective surgery is the most effective treatment for medically intractable epilepsy, 

especially in patients with a visible focal lesion identified on magnetic resonance imaging 

(MRI). The lack of a lesion on MRI has been shown as a predictor for surgical failure [1–3]. 

Evaluation and management of patients with nonlesional epilepsy after failed surgery is even 

more challenging, and can be strongly influenced by the collective expertise and experience 

in clinical, neurophysiological and imaging data interpretation [4]. Failure of the first 

surgery may have many complicated reasons: a wrong initial hypothesis, discordant MRI 

and electroclinical findings, spatial sampling bias during intracranial evaluation, limited 

resection due to overlap with functional cortex, multiple seizure foci, and finally, 

reorganization of the epileptic network [5, 6]. Moreover, new challenges present such as 

breach effect from the postoperative skull defects, which can severely distort scalp-EEG 

localization of epileptic events. At this moment, studies reported seizure-free rates for 

reoperation vary quite considerably from 9.5 to 57 % with considerable room for 

improvement [5, 7]. In devising the reoperation plan for the failed patients, any novel 

noninvasive technique which can add to the evaluation test battery is highly valued.

Focal cortical dysplasia (FCD) is the most common underlying pathology in epilepsies with 

apparently normal MRI [8]. MRI post-processing has been demonstrated to be effective in 

identifying subtle focal cortical dysplasia lesions in patients whose MRI scans were read as 

normal by visual analysis [9–12]. In this study, we aim to investigate whether MRI post-

processing (performed on the pre-operative scans) could also help identify relevant targets 

for the presurgical evaluation of patients with previously failed surgery. We utilized a voxel-

based MRI morphometric analysis program (MAP) to model gray–white matter junction 

blurring, a characteristic MRI feature of FCD [13]. The program provides a gray–white 

junction z score feature map, which guides the MRI reader's attention to suspicious brain 

regions. We then evaluated the epileptogenic relevance of the MAP-detected abnormalities, 

based on surgery (if available), electrophysiological and/or functional neuroimaging data.

Patients and methods

Study design and patient selection

This retrospective study was approved by the Cleveland Clinic institutional review board. 

We reviewed our surgical database over a 10-year period (2002–2011) and identified all 

MRI-negative patients who failed the first surgery. Inclusion criteria were: (1) patient had 

recurring seizures within 12 months of follow-up; (2) MRI was considered negative by 

radiology report, i.e., after being reviewed prospectively by dedicated epilepsy 

neuroradiologists; and (3) 1.5- or 3-Tesla MRI before the first surgery was available and 

included a T1-weighted Magnetization Prepared Rapid Acquisition with Gradient Echo 
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(MPRAGE) sequence. Patients were excluded if they were less than 5 years old or had poor 

MRI quality.

MRI Post-processing

MAP was not previously available and therefore did not influence the preoperative 

hypothesis/surgical decision-making. MAP was carried out in SPM12 (Wellcome 

Department of Cognitive Neurology, London, UK) in MATLAB 2015a (MathWorks, Natick, 

Massachusetts) [9, 10]. MAP was performed on T1-weighted MPRAGE images acquired 

before the initial failed surgery. We used a 1.5T and 3T average normal database of 150 

subjects (70 females, 80 males; mean age at MRI = 30.9 years, range = 15–77 years), with 

MRIs acquired on 5 different MRI scanners, which was kindly provided along with the MAP 

program [10]. Within MAP, segmentation was based on the former SPM5 algorithms for 

unified segmentation (3-class).

The computed output consists of three volumetric statistical maps, the junction, extension, 

and thickness files. All three files highlight brain structures in each individual patient which 

deviate from the average normal brain based on high z scores, and may therefore correlate 

with the presence of subtle features of FCD on the corresponding MRI. The junction file is 

sensitive to blurring of the gray-white matter junction. The extension file is sensitive to 

abnormal gyration and extension of gray matter into white matter. The thickness file is 

sensitive to abnormal cortical thickness.

MAP was performed by ZIW who was blinded to the patient's clinical and imaging 

information. Candidate MAP+ abnormalities were those with significant deviation from the 

standard brain on the junction file (z score > 4). High z score areas caused by signal 

inhomogeneities due to technical reasons and nonspecific white matter lesions were 

excluded from review. With guidance from MAP findings, a neuroradiologist (SEJ) 

conducted a focused re-review of the pre-surgical clinical MRI (with T1-weighted 

MPRAGE, T2-weighted FLAIR and TSE sequences, imaging parameters as detailed 

elsewhere [14]), blinded to the patient's clinical and surgical information, in order to confirm 

or dismiss each candidate MAP high-z score area. If the neuroradiologist agreed that the 

conventional MRI showed subtle changes at these sites, the patient was regarded as MAP+. 

After the MAP+ positive regions were finalized, clinical and surgical information was 

unblinded. This methodology is consistent with our previous studies [12, 14] and literature 

[11, 15].

Comparing MAP+ regions and resection

In all the MAP+ patients, we used SPM12 to coregister the preoperative T1 and the MAP 

junction file with the post-operative MRI, which was obtained 6 months after the initial 

resective surgery. We then determined whether the location of the MAP+ regions were 

included in the resection cavity. MAP+ regions were categorized as: fully resected, partially 

resected or not resected.
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Concordance with functional imaging, electrophysiology and pathology

We evaluated the concordance between the MAP+ regions and all the available functional 

imaging/electrophysiology data acquired at the previous or later investigations, including 

scalp-EEG, FDG-PET, ictal SPECT, Magnetoencephalography (MEG), and intracranial 

EEG (ICEEG).

Scalp-EEG monitoring was performed using the international 10–20 system of electrode 

placement, including anterior temporal electrodes and sphenoidal electrodes if appropriate. 

FDG-PET scans were performed on Siemens Biograph PET CT. Scans were coregistered to 

the volumetric MRI and visual analysis was performed by a nuclear medicine physician. 

SPECT images were acquired on a Siemens Symbia dual-head camera. The interictal image 

was subtracted from the ictal image and analyzed following methodology of subtraction ictal 

SPECT coregistered to MRI (SISCOM) [16]. MEG data was recorded from a 306-channel 

whole-head MEG system (Elekta, Helsinki, Finland), and individual spike source 

localization was performed on data segments containing visually identified epileptiform 

discharges using single equivalent current dipole model. For each patient, the strategy for 

ICEEG implantation and surgical resection was discussed at a multi-disciplinary patient 

management conference based on MRI, video-EEG, PET, and MEG. ICEEG studies were 

performed using a combination of subdural grid arrays and strip electrodes, or stereotactic-

EEG (SEEG) depth electrodes.

Localization data of scalp-EEG, SPECT, PET, MEG and ICEEG were obtained from a 

comprehensive review of medical records. Tests were considered to be concordant with 

MAP if localization from both modalities had overlap in the same sublobar (lobar) region. 

Sublobar/lobar regions of the neocortex were defined using a common classification scheme 

[17]. Due to the retrospective nature of the study, none of the unresected MAP+ regions 

were directly targeted by ICEEG; we consider a unresected MAP+ region to be concordant 

with ICEEG, when the ICEEG interictal and/or ictal discharges were in the same lobe as the 

location of the MAP+ region. All available microscopic slides from surgical resections were 

reviewed in all cases (RAP) and FCD was classified following the Palmini classification 

[18].

Results

From 2002 to 2011, a total of 173 consecutive MRI-negative patients had resective epilepsy 

surgery; 69 patients had recurring seizures at 1-year follow-up. Excluding the 13 patients 

whose MRI were not available or had severe artifacts, a total of 56 patients fulfilled the 

inclusion criteria and underwent MAP processing. Mean age at time of surgery was 29.4 

years (median 28.5, SD ± 14.5, range 9–65), and mean duration of epilepsy 14.3 years 

(median 13, SD ± 11.1, range 0.5–53). Twenty-one patients (38 %) were female. Forty-eight 

(86 %) were right-handed.
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MAP+ Regions and resection

MAP was positive in 15 (27 %) of the 56 patients. The MAP+ regions were resected only 

partially or had not been included in the resection in 10 patients (Supplementary Table 1). In 

the other 5 patients, the MAP+ regions had been fully resected (Supplementary Table 2).

Patients with MAP+ regions not or partially resected

Of the 10 patients whose MAP+ regions were not or partially resected, 8 had invasive 

monitoring as part of their evaluation for the initial surgery, including 6 subdural grids/depth 

and 2 SEEG implantations. Seizures recurred at an average of 1.8 months (range 1 day–5 

months) after resective surgery. Eight patients (80 %) had relatively early seizure recurrence 

before 3 months after surgery. The remaining 2 patients (20 %) had seizure recurrence 

between 3 and 6 months after surgery. Surgical pathology included FCD type IA in 5, type 

IIA in one and gliosis in 4.

Three of the 10 patients had a single MAP+ region that was not/partially resected. The 

remaining 7 had multiple MAP+ regions; in 2 patients none of the multiple MAP+ regions 

were resected and in 5 patients only one of the multiple MAP+ regions was resected. 

Locations of the unresected MAP+ region in relation to the initial resection were: 5 in the 

same lobe, 1 in a different lobe on the ipsilateral side, 1 on the contralateral side, 2 

multilobar on the ipsilateral side and 1 multilobar bi-hemispheric. In the 8 patients who had 

ICEEG, the unresected MAP+ regions were concordant with ICEEG ictal onset in 6 (P1, P4, 

P5, P6, P8, P9).

Significance of unresected MAP+ regions supported by reoperation

Patients 4 and 5—As shown in Fig. 1, P4 and P5 both had two MAP+ regions on their 

preoperative MRI. They underwent a first surgery which included one of the two regions, 

and had recurring seizures immediately after surgery. Both of them underwent a second 

surgery which included the other MAP+ region, and both patients became seizure free.

Significance of unresected MAP+ region supported by noninvasive and invasive findings

The majority of the included patients (8/10) did not undergo reoperation; therefore, we 

assessed the epileptogenic relevance of the MAP+ regions by their correlation with all the 

available preoperative modalities, noninvasive and invasive (detailed in Supplementary Table 

3). In 7 of the 8 patients, the unresected MAP+ regions were concordant with more than one 

noninvasive modality; in 4 patients, the unresected MAP+ regions had lobar concordance 

with invasive findings.

Patient 6—As shown in Fig. 2, P6 had two MAP+ regions: region 1 was in the orbital 

frontal area which was resected, and region 2 was in the inferior lateral frontal area which 

was not resected. SISCOM was concordant with the second region. PET showed broad 

hypometabolism concordant with both regions. During the ICEEG evaluation, the majority 

of the seizures were recorded from the orbital frontal area, concordant with region 1. 

However, there was one seizure recorded from the lateral frontal area, concordant with 

region 2. Similar to the preoperative scalp EEG, postoperative scalp EEG also showed 

frontotemporal interictal spikes which was concordant with the unresected MAP+ region.
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Patient 1—P1 (Fig. 2) had a single MAP+ region in the left posterior basal temporal area 

which was concordant with the interictal and ictal scalp-EEG. The location of the MAP+ 

region fits with the seizure onset zone on ICEEG on a lobar level. Surgical resection was 

restricted to the anterior temporal area and did not include the MAP+ region. Postoperative 

scalp EEG also showed interictal spikes in the left temporal region, indicating remnant of 

epileptic pathology.

Patient 2—P2 (Fig. 2) had a MAP+ region in the left inferior mesial frontal area. This 

patient has complicated interictal activities in bilateral frontal and vertex regions, and ictal 

EEG was nonlocalizable (compatible with a mesial frontal focus). MEG showed lobar 

concordance with the MAP+ finding. PET showed bilateral frontal hypometabolism, which 

was also compatible with the MAP+ finding. Although the SEEG evaluation showed 

widespread ictal onset, it was felt that the left parietal lobe was atrophic after re-review of 

the MRI and a left post-central resection was performed with the understanding that the 

seizure-free likelihood would be low. Since the patient had immediate seizure recurrence, a 

postoperative SPECT was performed and showed hyperperfusion in the left insula and left 

anterior dorsal lateral frontal region, which was concordant with the MAP+ finding. Overall, 

the unresected MAP+ finding was concordant with MEG, SISCOM and PET, and could 

explain the widespread ictal SEEG finding.

Patient 8—P8 (Fig. 3) had two MAP+ regions and neither was included in the resection. 

The parietal MAP+ region could fit with the interictal and ictal scalp-EEG localization in the 

right parieto-occipital region. The right parietal hyperperfusion shown by SISCOM was 

included in the surgical resection, and the localization had lobar concordance with the 

parietal MAP+ region. ICEEG showed widespread onset over the right mesial and lateral 

parieto-occipital cortex, which was also concordant with the parietal MAP+ region.

Patient 9—P9 (Fig. 3) had two MAP+ regions in the right superior temporal and right 

inferior parietal areas; neither was included in the resection. Scalp EEG, both interictal and 

ictal, localized to the right centro-parietal area, which was concordant with the right parietal 

MAP+ region. PET showed anterior and middle temporal lobe hypometabolism which fit 

with the right temporal MAP+ region. The ICEEG ictal onset showed repetitive spiking at 

the anterior temporal lobe with lower amplitude discharges simultaneously at the temporal 

parietal area both laterally and mesially, which would be compatible with both MAP+ 

regions.

Significance of unresected MAP+ region supported by noninvasive findings only

In 2 patients, the unresected MAP+ region was supported by noninvasive findings only. In 

P3, invasive implantation was on the hemisphere contralateral to the MAP+ region; in P7, no 

invasive evaluation was performed.

Patient 3—P3 (Fig. 4) had one MAP+ region in the left middle temporal gyrus, but the 

other preoperative data favored a right temporal localization leading to an unsuccessful right 

temporal lobectomy. The patient had two different seizure types from different hemispheres 

as indicated by ictal scalp EEG. Pre-operative interictal and ictal MEG showed the majority 
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of the epileptic activities were from the right temporal area, but there was also a MEG 

cluster from the left temporal area. Post-operative ictal scalp EEG was lateralized to the left 

side, and post-operative SISCOM showed activation in the left temporal area. Overall, in P3, 

the MAP+ region could be relevant based on the preoperative MEG, postoperative SISCOM 

and postoperative scalp EEG findings, supporting the hypothesis of bi-temporal lobe 

epilepsy.

Patient 7—P7 (Fig. 4) had two MAP+ regions, both in the right occipital lobe, with the 

more inferior MAP+ region fully resected and the more superior one left alone. Interictal 

scalp EEG was localized to the right occipito parietal area. Both regions had concordant 

hypometabolism on PET. SISCOM showed multilobar hyperperfusion in the right temporo-

occipital areas (z = 2). With a lowered z score of 1.5 [8], the hyperperfused areas overlapped 

with both MAP+ regions, with a complex hour-glass pattern, suggesting that ictal activities 

could have come from these regions. Overall, the preoperative scalp EEG, PET and 

SISCOM were concordant with both MAP+ regions.

Unresected MAP+ region with unclear significance

Patient 10—P10 (Fig. 4) had three MAP+ regions in the right temporal, left temporal area 

and right frontal areas. Only the right temporal MAP+ region was included in the surgical 

resection. Scalp EEG interictal and ictal activities were either generalized or multiregional 

left and right. PET showed right superior frontal and right temporal hypometabolism; the 

latter was concordant with the right temporal MAP+ region. No ICEEG was performed. The 

epileptogenic relevance of the unresected MAP+ regions is unclear.

Patients with MAP+ regions fully resected

Five patients had MAP+ regions fully resected but seizures still recurred, although in 4 

patients seizure frequency was reduced. In this subgroup, seizures recurred at an average of 

3.3 months (range 10 days–8 months) after resective surgery. Three patients (60 %) had 

relatively early seizure recurrence before 3 months after surgery. The remaining 2 patients 

(40 %) had seizure recurrence between 6 and 12 months and postoperatively. Surgical 

pathology included FCD type IA in 2, FCD type IA with HS in 1 and gliosis in 2. In this 

group, four patients underwent temporal lobectomy (3 on nondominant side and 1 on 

dominant side) and the remaining patient underwent frontal lobe resection with 

electrocorticography. All 5 patients had a single MAP+ region which was included in the 

resection cavity. In all patients, the MAP+ regions showed concordance with at least one 

noninvasive modality. In P15 who had SEEG evaluation, the MAP+ region showed lobar 

concordance with the SEEG ictal finding. The relationship between MAP+ regions and all 

the available preoperative noninvasive and invasive data are detailed in Supplementary Table 

4.

Discussion

The first step of re-evaluating patients with previously “failed” surgery usually starts with a 

revisit of clinical, MRI, and EEG findings obtained before the first surgery. Our findings 

highlight that scrutinizing the pre-surgical MRI in such patients, preferably with guidance 
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from MRI post-processing, may shed light on the unresected epileptogenic lesions causing 

insufficient seizure control. Our study describes this process in a consecutive series of 56 

nonlesional patients from our center who failed the initial resective surgery. Because of the 

difficulty to manage and perform second surgery in these patients, only 2 patients in the 

cohort had histological confirmation. Nevertheless, our approach could still give an 

opportunity to guide the reevaluation of these patients, given the high concordance of the 

MAP+ regions with noninvasive and invasive data.

Among the many reasons for the failure of previous surgery, a missed epileptogenic zone is 

the most intriguing, as it is tempting to hypothesize that the site of reoperation can be re-

discovered after utilizing newer techniques for lesion detection and demarcation. The 

development of high-resolution MRI and postprocessing techniques in the past decade can 

be a major player in detecting subtle epileptic pathologies. The majority of the patients in 

our study had relatively early seizure recurrence, suggesting that the predominant seizure 

focus has not been removed (i.e., a missed epileptogenic zone) [6, 19]. It is likely that subtle 

epileptogenic lesions were indeed there on the pre-operative MRI, but escaped detection by 

visual inspection. These missed lesions are likely FCD, which has been demonstrated as the 

most common pathology underlying MR-negative epilepsies [20]. MAP is especially 

sensitive to subtle gray-white matter junction blurring associated with FCD [13] and 

therefore can be especially suited to pick out these missed lesions. Another advantage of 

MAP (and other post-processing techniques) is that it operates in 3D and allows the 

simultaneous consideration of information from consecutive slices, whereas conventional 

visual analysis examines the brain volume one slice at a time. Studies have reported 

additional diagnostic yield of MAP in epilepsy patients who are MRI-negative by visual 

analysis [9, 11, 14]. In the 10 patients included in this study who had unresected MAP+ 

regions, two patients had a second surgery including the unresected MAP+ region, and both 

became seizure-free, providing strong evidence of the epileptogenicity of the unresected 

MAP+ regions. In 7 of the remaining 8 patients who did not get surgery, the unresected 

MAP+ region was concordant with at more than one noninvasive modality. Although the 

epileptogenicity of the MAP+ regions in these 7 patients remains to be confirmed, their 

concordance with noninvasive modalities can serve as evidence for further exploration.

It is plausible that had the MAP findings be used pre-operatively they would have resulted in 

more electrodes implanted. Therefore, in retrospect, the MAP results could have made a 

difference in seizure outcomes. It will be intriguing to use the unresected MAP+ foci as new 

targets for exploration if the patients decide to come back for re-evaluation.

Another potential benefit of our study is the contribution of MRI postprocessing in the re-

evaluation of pediatric patients who failed the initial surgery. Although this study was not 

designed to be a pediatric study and that our normal control database mainly consists of 

adults, out of the 10 patients in whom we discussed in detail the relevance of the unresected 

MAP+ regions, 7 were children, ranging from 9 to 15 years of age. As indicated by previous 

studies, current approaches in pediatric epilepsy surgery reflected a preference for 

noninvasive modalities, especially improved neuroimaging techniques, to invasive evaluation 

in the planning of resections [7, 21, 22]. Overall, our findings suggest MAP can be 

particularly helpful in pediatric patients with FCD-associated epilepsies. We are in the 
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process of acquiring MRI from younger normal controls to improve the performance of 

MAP in this patient population.

Seven of the 15 MAP+ patients had multiple MAP+ regions. The locations of the MAP+ 

regions can be in the same lobe, in a different lobe on the ipsilateral side, or on the 

contralateral side. Previous studies have similarly documented the multifocal presence of 

MAP+ areas [23]. Theses findings perhaps challenge the assumption of uni-focality of FCD 

at least in a subset of patients. Although beyond the scope of the current study, such patients 

need to be carefully identified, systematically characterized and followed up over a long 

period of time.

In the 5 patients whose MAP+ regions were fully resected but still had recurring seizures, 

surgical specimens in the majority of patients contained type I FCD, which is known to be 

associated with less favorable surgical outcomes [13, 24, 25]. Our findings suggest that in 

these patients, MAP may not be able to accurately delineate the full extent and boundaries of 

the underlying pathology, therefore, resection containing merely the visible lesion may not 

have included the entire area of cortical disruption. In these cases, invasive evaluation is 

essential to map the extent of the cortical abnormalities. The capability of MAP may be 

improved by incorporating other sequences into the processing such as T2w images [26] and 

FLAIR images [27], modeling other features of FCD including signal intensity and cortical 

thickness [28], and using automated statistical thresholding.

The main limitations that should be noted about our study include the following:

1. Lack of histological validation. Out of the 10 patients who had unresected 

MAP+ regions, only 2 underwent a second surgery with the validity of 

MAP+ finding confirmed. For those patients who did not have a second 

surgery, the epileptogenic relevance of the MAP+ regions can only be 

inferred at this stage, based on noninvasive and invasive findings. Whether 

the MAP+ regions are true positives can only be known when the patients 

have further surgery. Future prospective study using the MAP 

methodology will add validity to our current study.

2. Currently examination of MAP and MRI was based on visual inspection 

alone without using automated detection algorithms, and expert 

radiologist's review still constitutes an important part of the methodology. 

Overall, there is a need for an automated statistical thresholding method to 

improve the sensitivity, specificity, and consistency of MAP.

3. Last but not least, the patients presented in this study are a selected cohort 

(all MRI-negative surgical failures) and do not represent the entire 

population of patients who are epilepsy surgical candidates. One should 

use caution when generalizing the results from our study.

Conclusions

Our findings suggest that MAP can serve as a valuable noninvasive tool to provide 

additional complementary information for the re-evaluation of patients who failed the initial 
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surgery. MAP findings, when concordant with the patient's other noninvasive data, should be 

considered when planning invasive evaluation/reoperation for this most challenging group of 

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FLAIR Fluid-attenuated inversion recovery

FCD Focal cortical dysplasia

MAP Morphometric analysis program

MRI Magnetic resonance imaging

PFE Pharmacoresistant focal epilepsy

ICEEG Intracranial EEG
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Fig. 1. 
Unresected MAP+ regions supported by reoperation, exemplified in P4 (upper two rows) 

and P5 (lower two rows). Both patients had two MAP+ regions. For both patients, the first 

surgery included one of the two MAP+ regions, and seizures recurred immediately after 

surgery. Both patients underwent a second surgery which included the other MAP+ region, 

and became seizure-free. The left column shows the T1-MPRAGE images that the MAP 

processing was based on; the middle column shows the MAP finding; the right column 
shows the post-operative MRI which confirms resection of the MAP+ areas. In this and the 

following Figures, MAP+ regions were pinpointed by the crosshairs
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Fig. 2. 
Unresected MAP+ region supported by noninvasive and invasive findings, exemplified in P6, 

P1 and P2. P6 had two MAP+ regions with only one of them resected; P1 and P2 had one 

MAP+ region (both were not resected). In this and the following Figures, the first column 
shows the T1-MPRAGE images that the MAP processing was based on; the second column 
shows the MAP+ regions; columns 3 and 4 show ICEEG/PET/SPECT/MEG findings 

(whenever available and relevant); the last column shows the post-operative MRI which 

confirms that the MAP+ areas were not resected. ICEEG localization was shown by 

overlaying the electrodes (reconstructed from CT and MRI coregistration) on top of a 

cortical surface generated by the pre-surgical MRI. P6 had subdural grid implantation; ictal 

onset was shown by red contacts. P1 had subdural grid and additional depth electrodes 

(marked with LTO, LHG, LAM, LAH). Ictal onset was shown by red contacts on the grid, 

and ictal onset on the depth electrodes was shown by yellow. For P1, three seizures were 

recorded during the invasive evaluation, each with slightly different evolution. Seizure 1 

started from anterior temporal area (denoted by red outlined contacts). Seizure 2 started 

from the lateral contacts of two depth electrodes LHG and LTO (denoted by the yellow 
contacts). Seizure 3 started from anterior and lateral temporal areas (denoted by all the red 
contacts) as well as lateral contacts of LAM and LAH (denoted by yellow contacts). P2 had 

stereotactic EEG (SEEG) implantation (for best projection effects, only entry points are 

shown) and the seizure onset involved the most lateral contacts of the SEEG electrodes. 
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Seizure onset was seen in left post-central and precentral (red contacts), sometimes left 

SMA regions (red outlined contacts). These contacts also showed interictal discharges. 

SISCOM was performed using z = 2. For P2, the yellow dipoles showed magnetic source 

imaging localization based on individual interictal spikes; each dipole represents a single 

interictal spike captured at different time points of the MEG recording
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Fig. 3. 
Unresected MAP+ region supported by noninvasive and invasive findings, exemplified in P8 

and P9. Both patients had two MAP+ regions, neither of which was resected. Ictal onset was 

shown by red contacts on the grid. In P8, SISCOM showed multi-lobar localization, 

involving most prominently left temporal cortex, followed by right anterior frontal and right 

parietal; only the parietal hyperperfusion is shown. In this Figure and Fig. 4, arrows on the 

PET images show hypometabolism corresponding to the location of unresected MAP+ 

regions
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Fig. 4. 
Unresected MAP+ region supported by noninvasive findings only (P3 and P7), or with 

unclear relevance (P10). P3 had one MAP+ region which was not resected. P7 had two MAP

+ regions, one of which was resected. P10 had three MAP+ regions; only the right temporal 

one was included in the resection. P3 had both interictal and ictal MEG the yellow dipoles 
were modeled at the peak of interictal/ictal spikes. For P7, SISCOM was performed using z 
= 1.5
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