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Abstract

Objective—Ultra-high-field 7-Tesla (7T) MRI offers increased signal-to-noise and contrast-to-

noise ratios which may improve visualization of cortical malformations. We aim to assess the 

clinical value of in vivo structural 7T MRI and its post-processing for the noninvasive 

identification of epileptic brain lesions in patients with pharmacoresistant epilepsy and nonlesional 

3T MRI undergoing presurgical evaluation.

Methods—Sixty-seven patients were included who had nonlesional 3T MRI by official radiology 

report. Epilepsy protocols were used for the 3T and 7T acquisitions. Post-processing of the 7T T1-

weighted MP2RAGE sequence was performed using the morphometric analysis program (MAP) 

with comparison to a normal database consisting of 50 healthy controls. Review of 7T was 

performed by an experienced board-certified neuroradiologist and at the multimodal patient 

management conference. The clinical significance of 7T findings was assessed based on 

intracranial EEG (ICEEG) ictal onset, surgery, post-operative seizure outcomes and 

histopathology.

Results—Unaided visual review of 7T detected previously unappreciated subtle lesions in 22% 

(15/67). When aided by 7T MAP, the total yield increased to 43% (29/67). The location of the 7T-
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identified lesion was identical to or contained within the ICEEG ictal onset in 13/16 (81%). 

Complete resection of the 7T-identified lesion was associated with seizure freedom (p=0.03). 

Histopathology of the 7T-identified lesions encountered mainly FCD. 7T MAP yielded 25% more 

lesions (6/24) than 3T MAP, and showed improved conspicuity in 46% (11/24).

Significance—Our data suggests a major benefit of 7T with post-processing for detecting subtle 

FCD lesions for patients with pharmacoresistant epilepsy and nonlesional 3T MRI.
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Introduction

Resective surgery is the most effective treatment for pharmacoresistant focal epilepsy, 

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

(MRI).1 The ability to identify focal lesions on MRI has markedly improved over the last 

decade with increased MRI scanner field strengths.2 It was shown that identification of a 

focal epileptogenic lesion with 3T MRI was approximately 2.5 times as likely as with 1.5T 

MRI.3 It is not unreasonable to speculate that a similar trend might be seen when moving 

from 3T to 7T. A few previous studies addressed the usefulness of in vivo structural 7T MRI 

in patients with pharmacoresistant focal epilepsy undergoing presurgical evaluation.4-12 

These studies provided initial evidence that the improved signal-to-noise ratio from 7T MRI 

can lead to better detection/depiction of some epileptic lesions, particularly focal cortical 

dysplasia (FCD), even in those cases with a negative 3T MRI.8,9,11 A major limitation of 

these reports is the lack of histopathological validation or seizure outcome of the identified 

lesions in a large number of patients.

Another strategy to improve the diagnostic yield of MRI for epilepsy presurgical evaluation 

is to employ computer-assisted quantitative assessment of the acquired images. Post-

processing techniques on 1.5T and 3T MRI have shown promising detection yields for 

patients with nonlesional MRI by visual analyses.13-17 However, MRI post-processing using 

7T data has not yet been attempted in 3T-nonlesional epilepsies. In previous studies, the 

diagnostic gain of 7T was mainly obtained visually using T2*-weighted gradient echo 

(GRE), fluid-attenuated inversion recovery (FLAIR) or susceptibility weighted imaging 

(SWI) sequences.7,9-11 By applying post-processing analysis to the 7T images, an increased 

diagnostic yield is likely but has yet to be evaluated.

In this study, we aimed to assess the clinical value of in vivo structural 7T MRI and its post-

processing in 67 pharmacoresistant epilepsy patients undergoing presurgical evaluation who 

had a nonlesional 3T MRI. We hypothesized that the combination of 7T visual and post-

processing analyses will help visualize previously unidentified subtle FCD lesions for 

patients with negative 3T MRI, and we further hypothesize that these lesions are concordant 

with ICEEG ictal onset and need to be included in surgical resection to achieve seizure 

freedom.
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Materials and Methods

Study Design

This is a prospective, single-center study on patients evaluated for epilepsy surgery at 

Cleveland Clinic Epilepsy Center from 2014 to 2019. Although the Siemens Magnetom 

Terra 7T MRI scanner was FDA approved for clinical diagnostic use in October 2017, we 

used the scanner model prior to the FDA approval (Siemens Magnetom) due to the start of 

the study in 2014; therefore, the scans were performed as part of a research study approved 

by the Cleveland Clinic institutional review board (IRB). For each patient enrolled, a 7T 

MRI was performed in addition to the standard presurgical evaluation. The 7T MRI was then 

reviewed by a board-certified neuroradiologist with 12 years of expertise in epilepsy 

imaging (SEJ). Additional information generated by the 7T MRI was re-evaluated on the 3T 

MRI, and positive findings (by visual analysis or MAP) were communicated with the 

patient’s epileptologist. The strategies for intracranial EEG (ICEEG) electrode implantation 

and surgical resection in all the patients were routinely discussed based on scalp-EEG video, 

3T MRI, FDG-PET, subtraction ictal SPECT co-registered to MRI (SISCOM) and magnetic 

source imaging (MSI) during a patient management conference (PMC), where 7T MRI 

results were presented and reviewed again at PMC.

Patient Selection

Patients were included if they had negative 3T MRI by official radiology report and their 

electroclinical profile (history and scalp video-EEG) suggested focal epilepsy. Patients were 

excluded if they: (1) could not lay still in the scanner, which included claustrophobia, 

psychiatric conditions, low body weight (<30 kg) or young age (<10 years); (2) had metal 

objects in their body/head incompatible with 7T MRI; and (3) would/could not provide 

informed consent or assent to study. Occasionally, subtle abnormalities from initially 

negative 3T MRI could be raised when the epileptologist or neurosurgeon reviewed 

multimodal presurgical evaluation data; these patients were still included in order to 

compare these findings to 7T results.

Normal Control Subjects

Fifty normal control subjects (23 females/27 males, mean age=30, median=27, range=15-58 

years) were included for the purpose of evaluating incidental findings and calculating a 

normal database for post-processing. All normal subjects were scanned using the same 7T 

MRI protocol as the one used for patients with epilepsy.

MRI Acquisition Parameters

We used a standard epilepsy protocol on a 7T MRI scanner (Magnetom, Siemens, Erlangen, 

Germany) with a head-only circularly polarized transmit and 32-channel phased array 

receive coil (Nova Medical, Wilmington, MA), consistent with our previous study6. The 

epilepsy-protocol MRI scans obtained as standard care for the epilepsy patients were 

performed on a 3T scanner (Skyra, Siemens, Erlangen, Germany) using a 32-channel phased 

array receive coil (Nova Medical, Wilmington, MA) with similar physical characteristics as 

the one used for 7T. Detailed protocols for both 7T and 3T are included in Appendix 1.
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MRI Post-processing

MAP07 was carried out in SPM12 (Wellcome Department of Cognitive Neurology, London, 

UK) using MATLAB 2015a (MathWorks, Natick, Massachusetts) following previously 

established methods.14,18 MAP was performed on the UNIDEN images from the MP2RAGE 

output, which were 3D T1-weighted images that minimized B1-induced inhomogeneities.19 

We used a scanner-specific normal average database made from the aforementioned 50 

normal controls. Each patient’s data was co-registered to the control group’s data and 

compared on a voxel-by-voxel basis, yielding three volumetric statistical maps, the junction, 

extension and thickness maps. 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. The 

junction file was processed at a resolution of 0.5 mm3.

The entire brain was searched for candidate MAP abnormalities by an experience reviewer 

(ZIW), based on visual inspection alone without using automated detection algorithms. 

Candidate MAP abnormalities were those with significant deviation above a z-score 

threshold of 6 on the junction file, which was shown to be the most useful map by previous 

studies20-23. The reviewer also examined whether there was an accompanying region on the 

extension file (z-score > 6) and the thickness file (z-score > 4). The locations of the 

candidate-MAP abnormalities were then reviewed on the original MRI by an experienced 

board-certified neuroradiologist (SEJ), in order to judge if the candidate-MAP abnormality 

correlated with a native MRI lesion. A consistent 5-point scale to rate the abnormality in 

each patient: 1, nothing; 2, unlikely; 3, ambiguous; 4, possible; 5, most likely. Only 

abnormalities with ratings>=3 were regarded as MAP-positive. This process minimizes false 

positives due to high-z-score areas caused by signal inhomogeneities, artifacts and 

nonspecific white matter lesions. 3T MAP was performed in a similar manner to that of 7T 

MAP, except for using a 3T normal databases (detailed in our previous publication21), 

junction z-score threshold of 4, and with junction file processed at a resolution of 1 mm3. 

This procedure of performing the MAP methodology was consistent with previous studies 

from our group and others.14,18,20-22,24,25 The MAP reviewer and the neuroradiologist were 

blinded to patients’ clinical data and other non-invasive data. Review of 3T and 7T MAP 

were performed in a randomized order at separate times, so that results from one would not 

bias the other.

Concordance between 7T and ICEEG

Three image volumes were coregistered using Curry 7 (Compumedics Neuroscan, Hamburg, 

Germany): the 7T images, the CT obtained immediately after ICEEG implantation and the 

postoperative MRI (1.5T or 3T). The ICEEG ictal onset location was obtained from a review 

of the clinical report finalized based on PMC consensus. Once the three image volumes were 

overlaid, the spatial relationships between the 7T abnormality, clinically defined ICEEG 

ictal onset and the resection cavity can be visualized, and the complete or incomplete 

resection of 7T abnormality can be assessed. Considering post-operative movement of tissue 

around the resection cavity, geometric distortion in MRI and image coregistration error, the 

lesions were considered as inside the resection if the borders were completely within or <5 

mm outside of the resection margin.
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Concordance between the 7T findings and ICCEG ictal onset was assessed using a 

previously published scheme.26 If the location of the 7T-detected lesion matched the ICEEG 

ictal onset zone, they were considered concordant (7T=ICEEG). If the 7T-detected lesion 

included the ICEEG ictal onset zone but occupied a bigger brain area, they were considered 

concordant-plus (7T>ICEEG). Conversely, if the ICEEG ictal onset zone included the 7T-

detected lesion but occupied a bigger brain area, they were considered concordant-minus 
(7T<ICEEG). If there was no overlap between the 7T-detected lesion and ICEEG ictal onset 

zone, they were considered discordant. When the 7T-detected lesion was not sampled by 

ICEEG (commonly due to surgical constraints such as nearby vasculature), the concordance 

was considered indeterminate.

Pathology, Surgery and Seizure Outcomes

Surgical specimens were formalin-fixed and paraffin-embedded, retrieved from the archive 

and microscopically reviewed by 2 experienced neuropathologists (IB, RC). A selected 

panel of immunohistochemical stainings were reviewed, as previously recommended for the 

neuropathology work-up of epilepsy surgery specimens.27,28 FCD lesions were classified 

according to 2011 ILAE classification guidelines, with considerations of the critical update 

in 2018.29,30 Post-operative seizure outcomes were classified using ILAE classifications31 

and dichotomized as seizure-free (without aura) or not seizure-free at 1-year postoperatively.

Statistical Analyses

Statistical analyses were performed using SAS software (version 9.4; Cary, NC). We used 

Fisher’s exact test to assess the relationship between parameters and seizure outcomes, as 

the cell size was less than 5. “N−1” Chi-squared test was used to compare percentages. All 

analyses were two-sided, at a significant level of 0.05.

Results

Cohort Overview

A total of 67 patients were included (43 males/24 females, 57 right-handed/9 left-handed/1 

ambidextrous). The average age was 27.5 years (median=26, range=10 to 55) which is not 

significantly different from the normal controls (average age=30, median age=27, range=15 

to 58). The average epilepsy duration was 14.2 years (median=13, range=0.5 to 45). The 

average onset age was 13.3 years (median=10, range=0 to 50). A total of 13 patients had 

temporal lobe epilepsy (TLE) and 54 patients had extra-temporal lobe epilepsy (ETLE). A 

total of 31 patients underwent ICEEG (28 SEEG and 3 subdural grids with depth 

electrodes). A total of 25 patients underwent subsequent surgery (21 resections, 4 laser 

ablations). Complete seizure freedom (no auras) was achieved in 15 patients at 1-year 

follow-up (15/25, 60%). Detailed demographics and clinical data are in Appendix 2.

Yield of 7T

As detailed in Table 1, unaided visual review of 7T detected previously unappreciated subtle 

lesions in 22% (15/67). When aided by 7T MAP, the total yield increased to 43% (29/67, 

examples shown in Figures 1-3). The new findings included the radiological diagnoses of 23 

with FCD, 2 with FCD and polymicrogyria (PMG), 1 with FCD and encephalocele, 2 with 
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amygdala enlargement and T1 signal increase, and 1 with vascular malformation. Of the 24 

abnormalities detected during MAP-guided review (based on MAP junction file), 42% 

(10/24) of them had associated changes on the extension file and 8% (2/24) on the thickness 

file.

Upon side-by-side 3T-7T comparison of the 15 cases where the 7T lesion was visually 

identified, the lesion was seen with less conspicuity on the 3T in the majority of the cases 

(12 of 15, 80%); less frequently (in 3/15, 20%), the lesion was not appreciated on the 3T 

because of its small size and its location in between imaging slices (and therefore not 

optimally captured).

In the 24 cases where the 7T MAP yielded positive results, 6 (25%, 6/24) showed lesions 

that were not picked up on 3T MAP (due to low z-scores or artifacts); in 11 (46%, 11/24) , 

the 7T-MAP-delineated abnormality showed improved conspicuity such as clearer 

connection to cortex or larger extent of abnormal cortical regions (examples shown in Figure 

4); in the remaining 7 (29%, 7/24), 7T MAP and 3T MAP showed similar results.

Concordance with ICEEG Ictal Onset

In the 31 patients who underwent ICEEG in the 3T-nonlesional group, 16 (52%, 16/31) had 

positive 7T findings (visual or MAP-guided). The 7T findings were identical or contained 

within the ICEEG ictal onset in 81% (13/16, 7 concordant and 6 concordant-minus); 

discordant finding was seen in 2 and indeterminate in 1 (details in Table 1, examples shown 

in Figures 1-3).

Surgery and Postoperative Seizure Outcome

Out of the 29 7T-positive patients, 17 (59%, 17/29) proceeded with surgery and 11 (38%, 

11/29) became seizure-free; out of the 38 7T-negative patients, 8 (21%) underwent surgery 

and 4 (11%, 4/38) became seizure-free; the percentage of patients undergoing surgery and 

the percentage of patients with postoperative seizure-freedom were both significantly higher 

in the 7T-positive group (p=0.002, p=0.01, respectively).

When resection extent is taken into account, a total of 12 patients had complete resection of 

the 7T-detected lesion and 10 (10/12, 83%) became seizure-free at 1 year; 5 patients had 

partial or no resection of the 7T finding (commonly due to overlap with eloquent cortex) and 

only one was seizure-free (1/5, 20%, follow up=3 years), with the rest having recurrence at 

an average of 8 month postoperatively (range=4-12 months). Complete resection of the 7T-

detected lesion was significantly associated with seizure-freedom (p=0.03).

Abnormalities Suspected on 3T

In 19 patients, suspicious findings were identified during re-review of the 3T MRI in 

conjunction with other noninvasive data (EEG, PET, SPECT, MEG). 7T provided additional 

anatomical details to confirm/re-demonstrate the 3T-suspected lesion in 6 patients (32%, 

6/19). In another 13 patients (68%, 13/19), the 3T-suspected lesion was not re-demonstrated 

by the 7T scan. The majority (77%, 10/13) of these lesions were originally suspected as 

FCD with gray-white junction blurring on 3T, which was judged to be due to partial volume 
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effects after reviewing the higher-resolution 7T images with more slices. Notably, 5 of these 

“refuted” lesions were indeed proven to be not epileptogenic by ICEEG and/or surgery.

Temporal Lobe Epilepsy (TLE) vs. Extra-temporal Lobe Epilepsy (ETLE)

A total of 54 patients had ETLE, and 21 of them had 7T-postive findings; 13 patients had 

TLE and 8 had 7T-postive findings. There is no significant difference in the percentage of 

7T-poisitive findings in the TLE vs. ETLE subgroups.

Histopathological Correlates

In the 16 patients who underwent either a complete or a partial resection of the 7T-detected 

lesions, 12 had tissue available for detailed histopathological examination. All samples 

showed various types of cortical malformations, including 4 FCD type IIb (Figure 2), 2 FCD 

IIa (Figure 3), 3 MOGHE (Figure 5), 2 mMCD II and 1 encephalocele.

Incidental Findings

In the 50 normal controls, review of 7T showed 3 developmental venous anomalies, 1 pineal 

cyst, 3 arachnoid cysts, 1 choroidal fissure cyst, and 1 upper spinal cord lesion suggestive of 

demyelinating disease.

Adverse Events

No adverse events occurred. Approximately half the subjects reported transient 

disorientation which did not affect the scan.

Discussion

Our study on the largest-to-date cohort of 67 pharmacoresistant epilepsy patients undergoing 

presurgical evaluation demonstrates a major benefit of 7T for the detection of subtle FCD 

lesions, in almost half the patients with negative 3T MRI. Our data also showed that 

guidance from MRI post-processing on 7T significantly increases the yield for FCD 

detection. An important detail to point out is that, patients with a positive 7T MRI were 

significantly more likely to undergo surgery and become seizure-free after surgery. These 

results suggest that the presence of lesion on 7T could perhaps be a positive predictor of the 

presurgical evaluation success, which is of particular importance when 3T MRI is negative. 

Our current study significantly contributes to the literature4-12,32 because: (1) it included a 

larger number of patients to address the relationship between 7T MRI findings and ICEEG 

ictal onset, histopathology as well as post-operative seizure outcomes; (2) the usage of 7T 

MRI post-processing to guide 7T visual review was investigated for the first time.

7T in the Setting of Nonlesional 3T

Our data suggest the major added value of 7T is in the subgroup of patients with 

extratemporal epilepsies due to FCD. The identification of these subtle lesions may 

significantly improve postoperative seizure outcome, as supported by our data showing the 

complete resection of the 7T-detected lesion was significantly associated with seizure-free 

outcome. Our findings were consistent with a few previous reports. Veersema et al. reported 

a 7T visual analysis yield of 23% in a 3T-nonlesional cohort (9/40); 6 of the 9 patients 
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underwent surgery and FCD was histopathologically confirmed.8 De Ciantis et al. reported 

that in a cohort of 21 patients with negative 1.5T or 3T MRI, 7T visual analysis detected 

additional lesions in 6 patients (29%); 4 of the 6 patients underwent surgery and FCD was 

histopathologically confirmed.9 Feldman et al studied 37 patients with negative 1.5T or 3T 

MRI, showing that up to 67% had 7T-detected abnormalities with epileptogenic potential; 

however, only 5 were confirmed by post-operative seizure freedom.11 Due to the small 

numbers of surgical cases included in these prior studies,8,9,11 no statistical inference could 

be made. Because of 7T’s higher sensitivity to blood products (particularly with T2*-

weighted GRE and SWI sequences), vascular malformations were shown to be better 

imaged.7,11 In our study, this advantage of 7T led to a previously unseen vascular 

malformation (P6, details in Appendix 2).

The definition of “nonlesional” or “negative” 3T MRI has long been the debate in the 

literature, which largely depends on the experience of the MRI reviewer and the information 

provided for the review. In order to apply a practical standard of patient inclusion, we 

included all patients with an initially negative official radiology report (issued by a board-

certified neuroradiologist), consistent with previous studies20,21. Interestingly, our data 

showed that in the group of patients whose 3T MRI was thought to be subtly lesional after 

taking into account of other noninvasive test results, 7T was helpful in not only confirming, 

but also ruling out some of the “FCD-appearing” normal cortex due to partial volume effects 

at 3T. It is worth pointing out that refuting suspicious findings does carry clinical 

significance, as a false-positive MRI may misguide the next steps of clinical management, 

such as surgical candidacy, need for ICEEG and extent of the surgical resection.

Importance of Post-processing

Our results suggest that using higher magnetic field strength does not diminish the role of 

MRI post-processing, but rather, a combination of the two methods optimizes the overall 

gain. In fact, with the smaller voxel size and inter-slice gap, 7T imaging generates more data 

than 3T, making the importance of computer-assisted review even more pertinent. This was 

supported by our data showing that unaided visual review alone could generate 22% of 

yield, while adding MAP to guide the visual analysis led to a markedly higher yield of 43%. 

This finding is consistent with previous studies on MRI post-processing using 3T/1.5T MRI.
14,20,22,24,33,34 Based on recent studies showing more detailed morphological features of 

FCD being revealed on 7T,9,12,35 using post-processing techniques to target these new 

features may bring additional yield.

Five patients (P11-P15, Appendix 2) had positive 7T findings by visual review, but had 

negative MAP. This can be explained by the fact that MAP is not designed to detect mesial 

temporal structural changes (2/5 patients had amygdala enlargement and signal abnormality) 

or encephaloceles. In three patients, the FCD detected by visual review of 7T were mainly 

noted on the T2-weighted, T2*-weighted or FLAIR sequences; since the MAP processing 

applied here was based on T1-weighted sequence, it generated negative results. This finding 

calls for incorporating a multi-contrast scheme into MRI post-processing to further increase 

its yield36,37.
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TLE vs. ETLE

A disadvantage of 7T in our current setup, consistent with previous reports,8,32 lies within 

the artifact induced by B1 field inhomogeneity in the basal temporal area due to head coil 

geometry, despite the use of dielectric pads. Our data showed no significant differences in 

the percentage of 7T-positive lesions in the TLE vs. ETLE group; although this should be 

taken into account with the fact that our cohort has way more ETLE than TLE patients, i.e. 

there was a selection bias with the 3T-nonlesional nature of the cohort. Nevertheless, the B1 

field inhomogeneity artifacts can hamper the recognition of structural changes associated 

with temporal lobe epilepsy, such as the collateral sulcus and blurring of the temporal pole. 

One future direction would be to use parallel transmit system with dedicated coil to address 

the technical issues of the B1 field inhomogeneity.38

Imaging-pathology Correlations

Detailed histological examination revealed FCD IIb and IIa (typically with small size and 

depth-of-sulcus location), as well as oligodendroglial hyperplasia, which has been recently 

described as a new histopathologic entity of MCD, i.e. MOGHE39,40 and is typically 

difficult to see on 1.5T or 3T MRI. Our data suggests the efficacy of 7T MRI with post-

processing in elucidating these types of lesions. Particularly, the increased cellular density at 

the gray-white boundary seen in MOGHE (as exemplified in Figure 5) could explain the 

efficacy of 7T-MAP gray-white junction file in detecting these lesions.

mMCD II is defined as a mild malformation of cortical development which cannot be put 

into the category of type I or type II FCD, but neurons exhibited excessive accumulation in 

the white matter when viewed under the microscope.29 Our data, particularly the more 

frequent occurrence of mMCD II in the surgical pathology of 7T-negative cases, showed that 

even with increased signal-to-noise ratio at 7T, neither the existence nor the boundary of this 

MCD variant can be well recognized.

3T Re-review and 3T MAP

It is interesting to note that after the lesions were pointed out on the 7T, correlates on 3T 

could be found in the majority of the cases, suggesting that 7T makes it easier for the human 

eye to detect the subtle lesions by increasing their conspicuity and contrast comparing to the 

adjacent normal cortex. Similarly, post-processing based on 7T as input makes the features 

of the subtle lesions stand out more when comparing to those of the adjacent normal cortex, 

thereby improving conspicuity and delineation of lesion extent (46% of cases), as well as 

increasing detection (25% of cases). Taken together, our data suggests that conspicuity is the 

key for subtle lesion detection. When 7T is not accessible, conspicuity of subtle 

abnormalities may be strengthened by focused re-review together with other noninvasive 

modalities such as MEG41 and PET42, or by MRI post-processing that enhances the features 

of FCD on the 3T MRI13,20,23-25,33. In fact, our data show that in the 24 cases where the 7T 

MAP yielded positive results, 18 were already picked up on 3T MAP, suggesting that even 

only adding the MAP post-processing on the 3T could already have substantial yield.
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Implications for ICEEG and Surgery

The excellent concordance between the 7T-identified lesions and ICEEG-identified ictal 

onset zone is worth noting. We have previously shown that for those FCD lesions that are of 

small size and situated at the depth of sulcus, a priori detection of the lesion may lead to a 

successful surgical resection without the need for ICEEG.43 Given results revealed by the 

current study, we hypothesize that ICEEG could perhaps be omitted in select patients with 

7T-identified, small depth-of-sulcus lesions in the future.

Of note, in some patients, ICEEG ictal onset may be broad, diffuse or simultaneously 

involving multiple brain regions even with a MRI-positive lesion, reflecting the complexity 

of managing these cases. This was seen in the 6 cases with a concordant-minus relationship 

(lesion extent < ICEEG ictal onset). Discrepancy between 7T and ICEEG was encountered 

in 2 patients (P26, P29, Appendix 2). In both patients, the ICEEG ictal onset showed diffuse 

pattern, but the 7T-identified abnormality seemed to be uninvolved, or silent. The 

discrepancy could be consistent with previous studies showing in situ epileptogenicity 

outside the MRI identified lesion44, or the existence of structurally abnormal but electrically 

silent lesions21,33,46.

Limitations

1. Our study, although including the largest-to-date cohort of 67 patients with 

nonlesional 3T MRI, is still limited by only a portion of the patients having 

surgery and pathological confirmation.

2. There was only one neuroradiologist who performed the prospective review, 

although the 7T findings were re-reviewed and discussed at the PMC which 

included another neuroradiologist. We are in the process of performing another 

study with multiple neuroradiologists’ agreement statistics on assessing 7T 

imaging of epileptic lesions.

3. The choice of z-score threshold of 6 on 7T MAP was based on empirical 

experience to reduce false positive results. The choice of threshold could depend 

on the normal control database used for each institution. The optimal z-score 

threshold requires further studies.

4. Our control scans were reviewed for incidental findings and constructing a 

normal database for MAP. When reviewed, they were known to be controls. We 

are in the process of performing another study with multiple neuroradiologists 

assessing 7T imaging of epileptic lesions where control scans are mixed and 

reviewed in a blinded fashion.

5. Subtotal sampling of some specimens could result in an underestimation of the 

epileptic pathologies. Additionally, laser ablation precluded further pathological 

examination in some cases.
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Conclusions

We present the largest-to-date cohort of 67 patients with pharmacoresistant focal epilepsy 

evaluated with 7T MRI who had a nonlesional 3T MRI. 7T may detect previously unseen 

subtle lesions, particularly FCD, in almost 50% of patients with negative 3T. MRI post-

processing based on 7T significantly increases the yield for FCD detection. When 

concordant with the patient’s electro-clinical profile, the additional 7T findings should be 

targeted in the devising of ICEEG implantation and resective/ablative surgical plans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points:

1. We assessed the clinical value of structural 7T MRI and post-processing in 67 

patients with pharmacoresistant epilepsy and nonlesional 3T MRI.

2. Unaided visual review of 7T detected previously unappreciated subtle lesions 

in 22%; when aided by MRI-postprocessing, the yield increased to 43%.

3. The location of the 7T-identified lesion was identical to or contained within 

the ICEEG ictal onset in 81%.

4. Complete resection of the 7T-identified lesion was associated with seizure 

freedom.

5. 7T MRI-postprocessing yielded 25% more lesions than 3T MRI-

postprocessing, and showed improved conspicuity in 46%.
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Figure 1. 
Illustration of concordant ICEEG ictal onset and 7T finding (detected by MAP-guided 

review) in a patient with a subtle FCD IIb lesion in the right central sulcus/subcentral gyrus 

characterized by gray-white blurring (highlighted by red arrows and crosshairs). A: 3T T1-

weighted MPRAGE (sagittal); B: 7T T1-weighted MP2RAGE (sagittal); C: 7T MAP 

junction file (sagittal); D: 7T T2*-weighted GRE (sagittal, zoomed in); E: ictal onset in 

relation to the subtle lesion detected on 7T (onset contact marked with red; other contacts 

marked with green); F: postoperative MRI showing complete removal of lesion. Bottom 

EEG panel: a typical seizure captured during SEEG monitoring; seizure onset at R5-8 is 
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marked by the red arrow; dashed arrows denote the quick spread to Q7-10. The location of 

ictal onset was exactly in the location of the subtle abnormality detected by 7T MAP. The 

patient has been seizure-free for 3.75 years following complete removal of the abnormality.
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Figure 2. 
Illustration of concordant ICEEG onset and 7T finding (detected by MAP-guided review) in 

a patient with a subtle FCD in the right parietal operculum (highlighted by red arrows or 

crosshairs), characterized by gray-white blurring and T1-weighted signal abnormality. A: 3T 

FLAIR (axial) on which the lesion was difficult to appreciate; B: 7T T1-weighted 

MP2RAGE (axial); C: 7T MAP junction file (axial); D: 7T MP2RAGE (sagittal, zoomed 

in); E: all implanted SEEG electrodes (green spheres: all implanted electrodes; red spheres: 

ictal onset); F: sagittal view with 7T finding and SEEG electrode location; the 7T-MAP-

detected FCD lesion was concordant with ictal onset shown by the SEEG. The patient was 

seizure-free at 1 year follow up, following complete resection of the lesion. Histopathology 

was not available due to fragmented tissue.
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Figure 3. 
Illustration of concordant ICEEG onset and 7T finding (detected by MAP-guided review) in 

a patient with a subtle FCD IIa lesion in the left frontal operculum (highlighted by red 

arrows and crosshairs). A: 3T T1-weighted MPRAGE (axial); B: 7T T1-weighted 

MP2RAGE (axial); C: 7T MAP junction file (axial); D: 7T T2*-weighted GRE (axial, 

zoomed in); E: ictal onset in relation to the subtle lesion detected by 7T MAP (onset contact 

marked with red; other contacts marked with green); F: postoperative MRI showing 

complete removal of lesion. The patient has been seizure-free for 5 years postoperatively. 

Pathology panel G: whole slide imaging of immunohistochemical staining using antibodies 

directed against non-phosphorylated neurofilaments (SMI32). Black arrow indicates the area 

of highest density of dysmorphic neurons as recognized by intraneuronal neurofilament 

accumulation. Black arrowhead indicates approximate border of FCD IIa on this plane of 

section. Note that the section border (asterisks) on the left was not free of dysmorphic 

neurons. Scale bar = 1 mm. H: zoom-in view of G highlighting dysmorphic neurons; scale 

bar = 50 μm. There was no evidence of balloon cells.
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Figure 4: 
Comparison of 3T-MAP and 7T-MAP in an example patient who had a subtle FCD IIb 

lesion at the crown of gyrus in the left superior parietal lobule. 7T-MAP gray-white junction 

file showed improved conspicuity and delineation of lesion extent. A: 7T T1-weighted 

MP2RAGE (axial, zoomed); B: 7T MAP junction file (axial, zoomed); C: 3T T1-weighted 

MPRAGE (axial, zoomed); D: 3T MAP junction file (axial, zoomed).
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Figure 5. 
Illustration of 7T findings in a patient with mild malformation of cortical development with 

oligodendroglial hyperplasia (MOGHE) in the right basal tempo-occipital region. A: 3T T1-

weighted MPRAGE (coronal); B: 7T T1-weighted MP2RAGE (coronal); C: 7T MAP 

junction file (coronal); D: 7T T2*-weighted GRE (coronal). In this patient, the lesion was 

detected by MAP-guided 7T review. The patient had seizure recurrence (although at a 

reduced seizure frequency) at 1 year following partial resection of the abnormality. 

Pathology panel E: increased cell densities at the gray-white-matter junction, with patchy 

increased cellularity (H&E staining). F: Olig2 immunohistochemistry of the same area as A 

proving the oligodendroglial origin of cells. In addition to the oligodendroglial hyperplasia, 

NeuN (G) and Map2 (H) immunohistochemical stainings demonstrated blurred gray-white-

matter boundaries with increased density of heterotopic neurons in the subjacent white 

matter. Dotted lines in E-H: gray-white-matter junction. Scale bar in E = 200μm, which also 

applies to F-H.
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Table 1.

Yields of unaided visual review and MAP-guided review on the 7T images, relationship between 7T findings 

and ICEEG ictal onset, and relationship between 7T findings and resection, 1-year postoperative seizure 

outcome and pathology.

7T Yield (N=67)

MAP-guided review + MAP-guided review −

Visual review + 10 5

Visual review − 14 38

7T Findings and ICEEG Ictal Onset (N=31)

7T+ 16

7 concordant

6 concordant-minus

2 discordant

1 indeterminate

7T− 15 NA

7T Findings, Resection, Seizure Outcome and Pathology (N=25)

7T+ 17

12 complete resection 10 SF (pathology: 3 IIb, 2 IIa, 1 MOGHE, 2 mMCD II, 2 NA)
2 NSF (pathology: 1 IIb, 1 NA)

4 partial resection 1 SF (pathology: MOGHE)
3 NSF (pathology: 1 MOGHE, 1 NA, 1 encephalocele)

1 no resection 1 NSF (pathology: NA)

7T− 8 NA
4 SF (pathology: 1 IIb, 1 encephalocele, 1 mMCD II, 1 NA)

4 NSF (pathology: 3 mMCD II, 1 NA)

1-year postoperative seizure outcome and pathology.

SF=seizure-free; NSF=not seizure-free; NA=not available due to no tissue sent or not applicable
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