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Abstract

Purpose—We evaluated if cortical thickness measures were associated with surgical outcome in
patients with non-lesional neocortical epilepsy.

Methods—Twenty-one young patients (age: 2.4-19.7 years) with epilepsy of neocortical origin
and normal MRI underwent two-stage epilepsy surgery with subdural EEG monitoring. Cortical
thickness was measured on presurgical volumetric MRI using the FreeSurfer software. The
prognostic value of hemispheric and lobar/regional cortical thickness measures for 1-year and 2-
year post-surgical seizure outcome has been analyzed.

Results—At one-year follow-up, 14 patients (67%) were seizure-free. Hemispheric and frontal
lobe cortical thickness showed no/minimal asymmetry in seizure-free patients but thinner cortex
ipsilateral to the seizure focus in those with recurrent seizures (p=0.02). More robust differences
were found in patients =6 years of age (p=0.006 for frontal asymmetries), whose cortical thickness
asymmetries remained prognostic for 2-year post-surgical outcome (p=0.007). By using an
optimal cutoff threshold based on a receiver operating characteristic analysis, mean hemispheric
asymmetry predicted one-year seizure freedom with 93% sensitivity and 71% specificity in the
whole group, and with 100% sensitivity and 92% specificity in patients =6 years of age.
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Conclusion—In patients with neocortical epilepsy and normal MRI, neocortical thinning in the
epileptic hemisphere, particularly in frontal cortex, is associated with poor surgical outcome.
Although these results require validation in a larger cohort prospectively, these data suggest that
presurgical evaluation of cortical thickness may assist in identification of patients at high risk for
surgical failure.
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1. INTRODUCTION

Epilepsy surgery is a well-established treatment modality with a relatively high success rate
for medically intractable epilepsy. Presence of a focal cortical abnormality on MRI is a good
prognostic indicator for epilepsy surgery in such patients: a systematic review and meta-
analysis found that the odds of seizure freedom are almost three times higher in the presence
of a focal lesion [1]. However, patients who have normal findings on conventional imaging
compose a challenging group with a higher rate of surgical failure. In such patients,
advanced image acquisition and processing techniques may provide additional localizing
and prognostic information during presurgical evaluation [2-5]. Recent software
developments, such as FreeSurfer, allow for automated analysis of brain structural features
including the measurement of cortical thickness on clinical MRI sequences [6-8]. This
approach has previously revealed neocortical thinning in both temporal and extratemporal
lobe epilepsy [9-13]. An earlier study of patients with temporal lobe epilepsy demonstrated
that cortical thinning in distinct brain regions, even outside the presumed epileptogenic zone,
is associated with poor surgical outcome [11]. In a recent study of adults with frontal lobe
epilepsy, frontal cortical thinning was associated with poor surgical outcome in those with
type | dysplasia [14]. However, the relationship between cortical thickness and surgical
outcome has not been evaluated in patients with pediatric neocortical epilepsy and non-
localizing conventional MRI. Therefore, in the present study we evaluated the association
between cortical thickness and surgical outcome in young patients with neocortical epilepsy
associated with non-localizing MRI. The overall goal of this study was to assess the
feasibility of cortical thickness as an imaging marker of post-operative seizure risk in this
very challenging patient population with no focal abnormalities on clinical MRI. Accurate
prognostic markers in such patients could have a strong clinical impact during the
presurgical evaluation.

2. MATERIAL AND METHODS

2.1. Subjects

We included 21 young patients (mean age: 9.9 years; range: 2.4-19.7 years) in the study,
who fulfilled the following inclusion criteria: (i) medically refractory neocortical epilepsy
based on electro-clinical studies; (ii) normal (non-localizing) clinical MRI, (iii) two-stage
epilepsy surgery with chronic subdural EEG monitoring at the Children’s Hospital of
Michigan (Detroit); (iv) at least 2-year postsurgical follow-up. Detailed clinical, EEG and
imaging data of all subjects are presented in Table 1. Comorbidities included clinically
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significant cognitive/developmental delay (n=8), ADHD/hyperactivity (n=3) and depression
(n=1). Five patients had a family history of epilepsy, and none of the patients had a history
of febrile seizures or neonatal epilepsy. All patients were on antiepileptic medication in
mono- or polytherapy (see details in Table 1). Before surgery, all patients underwent
standard presurgical evaluation, as described recently [15]. In brief, all patients were
evaluated with scalp ictal/interictal video-EEG, MRI, glucose metabolism positron emission
tomography (PET) scans, and neuropsychological assessment. Subsequently, all cases were
discussed in a weekly multidisciplinary epilepsy surgery conference where all these
modalities were reviewed. Areas showing hypometabolism on PET (present in 18 patients,
see details in Table 1) were inspected and no definite MRI abnormalities were found in those
areas. At the end of the conference, a consensus was reached pertaining to candidacy for
surgery and optimal surgical approach. The actual extent of resection was based on the
results from chronic subdural EEG, with electrode coverage including at least some portions
of all lobes in the affected hemisphere utilizing up to 128 subdural electrodes. Clinical data
and clinically acquired images for these studies were used based on a protocol approved by
the Wayne State University Institutional Review Board, and written informed consent was
obtained from the patients (if >18 years of age) or from the parents or guardians (for
children).

2.2. MRI acquisition

For the clinical epilepsy MR scanning protocol, a 3T GE-Signa scanner (GE Healthcare,
Milwaukee, WI) equipped with an 8-channel head coil was utilized to acquire multiple
sequences, including axial T1- and T2-weighted, as well as coronal fluid attenuation
inversion recovery (FLAIR) images. In addition, a three-dimensional fast-spoiled gradient
recalled-echo sequence (FSPGR) was acquired at TR/TE/TI of 9.12/3.66/400 ms, with slice
thickness of 1.2 mm, and planar resolution of 0.94x0.94 mmZ2. MRI acquired within 6
months before the surgery was utilized for cortical thickness measurements. Young children
(below age 12 years) were sedated and monitored during the MRI scanning using the
pediatric sedation protocol of the Children’s Hospital of Michigan.

2.3. MR image analysis

First, the scans were inspected to exclude significant motion or other artifacts. Cortical
reconstruction and segmentation (area and volume) were performed using Free Surfer
(\Version 5.3, http://surfer.nmr.mgh.harvard.edu), as described previously [6-8, 16-19]. In
brief, the downstream processing after transferring the FSPGR images to a workstation
involved motion correction of volumetric T1-weighted images, removal of non-brain tissue
using a hybrid watershed/surface deformation procedure [20], automated Talairach
transformation of each subject's native brain, and segmentation of the gray matter-white
matter volumetric structures [17]. This was followed by an automated process of inflation of
the cortical surface to an average spherical surface to locate both the pial surface and the
gray matter—white matter boundary, intensity normalization, and automated topology
correction [21]. For each subject, the gray and white matter segmentation (Figure 1) was
then inspected and segmentation errors were fixed semi-manually by assigning white matter
control points to the affected regions followed by reiteration of the FreeSurfer pipeline from
the white matter segmentation checkpoint. After all segmentations passed the quality check,
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the cerebral cortex of each patient was parcellated into hemispheres, as well as into entire
lobes (frontal, parietal, temporal, occipital) and sublobar regions [17], and mean cortical
thickness was computed for each of these regions [8]. Cortical thickness asymmetry indices
(Als) were calculated for each of the above regions using the following formula: [(Affected
side — Unaffected side) / (Affected side + Unaffected side)* 100], where the side of surgical
resection was designated as the affected side.

2.4, Statistical analysis

First, the patients’ age at the onset of epilepsy, age at MRI acquisition and the duration of
epilepsy were correlated with cortical thickness values and Als using Pearson’s correlations.
Unpaired t-tests were used to compare clinical variables (age, age at epilepsy onset, duration
of epilepsy) as well as hemispheric and lobar thickness values and Als between patients who
achieved sustained seizure-freedom for at least 1 year vs. those with recurrent seizure(s)
before the one-year follow-up mark. This was repeated for 2-year outcome data. The group
analysis was also repeated for several subgroups: i. in children 6 years and older, (n=14)
where FreeSurfer has been validated before [22]; ii. in patients with no cortical
malformation found on histopathology (n=14, all showed non-specific gliosis, Table 1), to
exclude the effect of variability of pathology; iii. in patients who had no valproate treatment
at the time of the presurgical evaluation (n=16), because of the known effect of this drug on
parietal cortical thickness [23]; iv. in subgroups of patients who had frontal, temporal, or
parietal lobe involved in the resection. Only eight patients had the occipital lobe included in
the resection, thus, this subgroup was not analyzed separately.

In addition, a receiver operating characteristic (ROC) analysis was performed to evaluate the
performance of cortical thickness asymmetries to separate the binary outcome variable
(seizure-free vs. not seizure-free) at different thickness threshold values. We calculated the
area under the curve (AUC), a summary measure reflecting the efficiency of outcome
prediction of the cortical thickness parameters. The most accurate cutoff threshold was
established, and sensitivity, specificity along with positive predictive values (PPV) were
calculated for predicting one-year seizure recurrence. Finally, chi-square tests were used to
analyze the relation of one-year outcome with electro-clinical and imaging variables
previously found to be significant prognostic factors in neocortical epilepsy surgery in a
large study [24], such as (i) localized ictal seizure onset on scalp EEG (i) focal
hypometabolism on FDG-PET, (iii) side of the resection (right vs. left), (iv) unilobar vs.
multilobar epileptic focus, and (v) absence of cortical dysplasia on histopathology. Since all
of these parameters failed to predict one-year outcome in the present study (p>0.2 in all
comparisons), further multivariate analyses were not performed. Statistical assessment was
carried out using SPSS 22.0. P-values below 0.05 were considered significant.

3. RESULTS

3.1. Correlation of cortical thickness with age and duration of epilepsy

Both age at MRI and epilepsy duration showed a negative correlation with occipital lobe
thickness in both the affected (R=-0.62, p=0.003; R=-0.49, p=0.03, respectively) and
unaffected (R=-0.54, p=0.01; R=-0.47, p=0.03, respectively) hemispheres; similar trends
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were seen in other lobes without reaching statistical significance. In addition, age also
showed a negative correlation with hemispheric cortical thickness (R=-0.46, p=0.04). In
contrast, lobar and hemispheric cortical thickness Al values were age-independent (p>0.1 in
all correlations). Age at epilepsy onset did not correlate with cortical thickness parameters in
any brain region. Age, age at epilepsy onset and duration of epilepsy were not significantly
different between patients with vs. without 1-year or 2-year seizure freedom, although the 2-
year seizure-free group showed a strong trend toward being younger at the time of the MRI
than those who had recurrent seizures (7.4 years vs. 11.9 years, p=0.05).

3.2. Association between cortical thickness and epilepsy surgery outcome

3.2.1. Whole group analysis—At the one-year follow-up, 14 patients (67%) remained
seizure-free. Absolute cortical thickness values of the studied lobes in the affected or
unaffected hemisphere did not differ between outcome groups. In contrast, hemispheric and
frontal lobe cortical thickness Als were significantly different among these groups at one-
year follow-up (p=0.02), with minimal to no asymmetry in the seizure-free, and lower, often
negative, Als (i.e., greater asymmetry, with lower values on the affected side) in those with
seizure recurrence (Table 2, Figure 2). Within the frontal lobe, regions showing a significant
group difference included the rostral middle frontal (p=0.018) and lateral orbital cortex
(p=0.024), as well as the pars triangular is (p=0.016) (Figure 3).

At 2-year follow-up, 11 patients (52%) remained seizure-free. Because of the age difference
described above, age was included as a co-variate in the group comparisons. In this analysis,
frontal cortical thickness Als showed a trend for a difference between the seizure-free and
not seizure-free groups (0.2+2.5% vs. —1.7+2.3%, respectively, p=0.068).

3.2.2. Subgroup analyses—The repeated analysis for 1-year outcome, with only
patients age six years and older (n=14, 8 seizure-free) showed similar group differences with
lower p-values (p<0.01; Table 2). In addition, in patients with only gliosis on histopathology
(n=14, 8 seizure-free) symmetric hemispheric cortical (p=0.025), frontal and parietal
(p=0.029 for both) were significant predictors of seizure freedom (Table 2). In patients with
no sodium valproate treatment (n=16), both whole brain and frontal cortical Al differences
between the 1-year outcome groups were highly significant (p=0.005 and p=0.002,
respectively) (Table 2). Subgroup analysis by resection lobes showed that both the mean
hemispheric and frontal cortical thickness Als differed among one-year outcome groups in
those with frontal (p=0.005 and p=0.006, respectively), and parietal (p=0.03 and p=0.01,
respectively) resections. In those who had temporal lobe resection, only the frontal Al
showed a moderate difference according to seizure freedom (p=0.06).

In the 2-year outcome comparisons, both whole brain and frontal cortical thickness Als
predicted seizure-freedom in the non-valproate group (p=0.013 and p=0.003, respectively)
and also in patients 6 years and above (p=0.019 and p=0.007, respectively), even after
including age as a co-variate.

3.2.3. ROC analysis—On the ROC analysis performed in the whole group, a cut-off value
of —0.6% for the hemispheric thickness Al and —1.7% for the frontal cortical thickness Al
were identified to be the most accurate for prediction of one-year seizure freedom
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(hemispheric: p=0.02, AUC = 0.88; frontal: p=0.014, AUC = 0.90). Using the optimal
threshold, mean hemispheric Als predicted surgical outcome with the respective sensitivity
and PPV of 93%/83% in the whole population (specificity: 71%). In the subgroup of patients
age 6 and older, sensitivity and PPV were 100%, with a specificity of 83% (Table 3).

4. DISCUSSION

Our results provide preliminary evidence that cortical thinning in the affected (epileptic)
hemisphere and, specifically, in the frontal lobe, relative to the unaffected side, is strongly
associated with post-operative seizure recurrence in children with neocortical epilepsy and
non-localizing MRI. The studied patient group was heterogeneous in terms of lobar focus
location and histopathology, but the observed differences were consistently present in all
studied subgroups, regardless of pathology, lobe of resection or valproate treatment. Frontal
and hemispheric cortical thickness asymmetries distinguished outcome groups and predicted
one-year seizure recurrence with a high positive predictive value, especially for children
aged six years and older. The prognostic value of these cortical thickness asymmetries was
still present for the 2-year outcome, especially in older children. While the studied
subgroups were particularly small, these results suggest that future, prospective studies may
include patients with various neocortical foci and underlying etiology and could also address
if cortical thickness asymmetries are prognostic in young children.

4.1. Methodologic considerations

Utilization of asymmetries in our study was an integral part of the study design. It served the
purpose of excluding inter-individual confounding factors associated with the image
processing technique used. Also, the study population included young children; therefore,
we did not have an age-matched healthy controls. Even if such controls were available, there
could be large inter-individual variations of absolute values of the thickness measures that
age matching could not completely counterbalance.

An additional consideration is that acquisition of adequate quality images without a
considerable amount of motion artifacts may be difficult in small children and often requires
sedation, which is not justified for healthy non-epileptic children. Furthermore, although
FreeSurfer cortical thickness measures are close to measures obtained on actual histology
[25], motion artifacts can alter MRI-based thickness values even after thorough visual
inspection and quality control [26]. Head motion can decrease the measured cortical
thickness, which could lead to underestimation of thickness in non-sedated children
compared to sedated patients. The use of asymmetry indices improves signal-to-noise ratio
by normalization for both developmental differences and measurement errors due to
differing amounts of head mation across patients.

The measured cortical asymmetries in our group were small. This is likely explained by the
relatively large regions included in the analysis. Previous studies also demonstrated subtle
cortical thickness asymmetries in healthy subjects, particularly in young children: in a large
cross-sectional study of healthy children and adults (age range: 5-59 years), minimal
cortical thickness asymmetries were found in most brain regions of children below age 15,
while increased laterality emerged in several clusters in older subjects, especially in adults
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[27]. Therefore, while the measured asymmetries in our cohort were relatively small, they
may have exceeded normal asymmetries, especially in those who had post-operative
seizures.

The use of asymmetries also has some inherent limitations. Theoretically, lower values on
the affected side (epileptic hemisphere) may occur not only by ipsilateral cortical thinning
but also due to higher values (cortical thickening) in the contralateral cortex. However, most
previous studies (discussed in detail below) found cortical thinning in various groups with
focal epilepsy; contralateral cortical thickening was recently reported in frontal lobe epilepsy
associated with type Il cortical dysplasia [14], a pathology present only in one of our 21
patients. Therefore, it is unlikely that the observed, prognostic asymmetries were due to
contralateral cortical thickening in our patient cohort.

4.2. Pathophysiologic considerations

Despite the heterogeneity of lobar localization of epileptic foci in our patients, cortical
thinning in the frontal lobe of the affected hemisphere appears to have the strongest impact
on surgery outcome. This finding is rather consistent with the results of a recent study
demonstrating that frontal cortical thinning predicts poor surgical outcome in patients with
frontal lobe epilepsy associated with type | cortical dysplasia [14]. In the present study, one
third of the patients had histologically verified cortical malformation, mostly type |
dysplasia or mild malformation of cortical development (see Table 1). In two-thirds of our
cases, histopathology revealed no etiology; this could be due to sampling error in some
cases, but the lack of MRI abnormalities make the presence of type Il dysplasia or other
macroscopic lesions unlikely. Additional regional analysis suggested that the frontal lobe
findings were mostly driven by three, adjacent prefrontal cortical regions. This frontal
localization was different from the medial frontal areas that predicted seizure outcome in the
previous, frontal lobe epilepsy study [14], which is likely related to our different patient
population.

Cortical thinning in the epileptic brain may be caused by repeated seizures or due to
underlying pathology. The latter is supported by a study in children with new-onset focal
epilepsy that reported reduced cortical thickness, mostly affecting the frontal lobes [28].
Early onset cortical thinning, predominantly in the left hemisphere, was also observed in
children with rolandic epilepsy [29]. Another study, including children with intractable
frontal lobe epilepsy, found bilateral cortical thinning in widespread multilobar regions
regardless of the laterality of the presumed seizure focus [12]. A longitudinal study of adult
patients with pharmacoresistant temporal lobe epilepsy demonstrated progressive cortical
thinning in extratemporal regions, including various ipsi- and contralateral areas [30]. The
presence of such widespread abnormalities suggests network level changes that could
explain the findings of the present study as well.

Beyond the effect of epilepsy, possible mechanisms of cortical thinning include drug effects:
e.g., parietal cortex cortical thinning has been reported in valproate users [23]. In our study,
however, the group differences of cortical thickness asymmetries remained highly significant
when we excluded the valproate users. Another confounding factor could be epilepsy-
associated anxiety: a recent study of 25 children with recent-onset epilepsy and anxiety
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disorder demonstrated thinning in bilateral orbital frontal and prefrontal cortex [31].
Although we did not have detailed neuropsychology data on anxiety, only one patient had
clinically diagnosed depression in our cohort. Nevertheless, the effect of chronic anxiety and
depression in children with intractable epilepsy needs to be addressed in future studies.

4.3. Potential clinical implications

The results of this study corroborate previous evidence associating neocortical epilepsy and
extensive structural cortical changes [9-12]. The present findings also suggest that cortical
thickness asymmetries may be used as an objective MRI biomarker to assist in the prediction
of epilepsy surgery outcomes in young patients with neocortical epilepsy, where
conventional MRI provides no localizing information (which otherwise would be a useful
prognostic imaging variable) [24]. Since measurement of hemispheric and cortical thickness
utilizes standard MR imaging routinely acquired during presurgical work-up, it could
improve cost-efficiency and decrease morbidity secondary to futile invasive efforts while
seamlessly incorporated into the current workflow. However, the current study sample was
limited and heterogeneous in terms of focus localization. Therefore, the findings will need to
be confirmed prospectively in a separate, larger patient population.

In conclusion, these findings indicate that neocortical thinning in the epileptic hemisphere,
particularly in the frontal cortex, is associated with poor surgical outcome in patients with
neocortical epilepsy and non-localizing MRI. If the findings can be confirmed prospectively
in a larger patient group, presurgical evaluation of cortical thickness may assist in
identification of patients at high risk for surgical failure.
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Highlights
. Decreased ipsilateral cortical thickness predicts post-operative seizures
. Cortical thickness asymmetries may predict seizure-free outcome with

around 90% accuracy when using an optimized threshold

. Cortical thickness asymmetries in the frontal lobe have the strongest
prognostic value
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Figure 1.
Examples of gray and white matter segmentation results of a 2.4-year-old (patient 1#; left)

and a 16.2-year old child (patient 194, right).
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PATIENT #9

Minimal hemispheric asymmetry (Al: 0.1%)
Seizure freedom 1-year postop

s
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PATIENT #15

Marked hemispheric asymmetry (Al: -1.7%)
Recurrent seizures within 1-year postop
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Figure 2.
Three-dimensional rendering of MRI-derived brains with cortical thickness values projected

to the surface, from a subject with minimal hemispheric cortical thickness asymmetry and
seizure freedom one year after epilepsy surgery (patient #9) and from a subject with marked
asymmetry and seizure recurrence within 1 year (patient #15). Dark blue represents thinner,
whereas light blue represents thicker cortical regions, as indicated by histograms positioned
adjacent to their corresponding hemispheres. The y-axis of the histograms shows the number
of vortices with the cortical thickness value shown on the x-axis.
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Figure 3.
3D inflated cortical surface showing the three frontal regions, where cortical thickness

asymmetries predicted 1-year seizure-free outcome. Red: rostral middle frontal; magenta:
pars triangular is; yellow: lateral orbital cortex.
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Comparison of cortical thickness asymmetry index (Al, %) in seizure-free and recurrent seizures (at 1-year
follow-up) in the whole group and in three subgroups: children above age 6 years (n=14), children with no
cortical dysplasia (only gliosis) on histopathology (n=14), and children who were not treated by valproate

(n=16).

Whole group Seizure-free (n=14)  Recurrent sz (n=7) P
Hemispheric Al 0.0+0.7% -1.1+1.3% 0.02
Frontal lobe Al 0.1+1.9% -2.3+2.5% 0.02

Age 6 years Seizure-free (n=8)  Recurrent sz (n=6) P
and older
Hemispheric Al 0.1 £0.5% -1.4+1.1% 0.007
Frontal lobe Al 0.6+1.4% —2.8+2.4% 0.006

Gliosisonly™  Selzure-free (n=8)  Recurrent sz (n=6) P
Hemispheric Al 0.440.6% -1.0+1.4% 0.025
Frontal lobe Al 0.4+1.0% 2.7+2.7% 0.029
Parietal lobe Al 0.4+1.0% -2.1x2.7% 0.029

No valproate Seizure-free (n=10)  Recurrent sz (n=6) P

treatment
Hemispheric Al 0.04+0.6 -1.4+1.0% 0.005
Frontal lobe Al 0.6+1.2% -2.842.4% 0.002

sz: seizures; y=years

*
no cortical dysplasia on histopathology

J Neurol Sci. Author manuscript; available in PMC 2017 September 15.



Page 17

Kamson et al.

Author Manuscript

“anfeA aAnoIpaid aasod :Add ‘Ano10ads :0ads (ANARISUSS :'SUSS ‘BAIND B} JBpUN BaJe DNV

%00T  %E8  %00T %06 %L'T-  3qo] [eluoi J8pjo pue

%00T  %E8  %00T %88 %9'0- ouaydsiweH  saeak g by
%T.  %TL %98  %6. %/'T-  8qo| [auoi4  uoirendod
%E8  %TL  %E6  %8L %9°0-  9uaydsiweH 3oy
Add 08ds  suss  ONV IV H40-InD uoifay

uonalpald swooIno JeaA-T pue (S1v) $aoipul AnswwAse ssauxdIy) 821109 10) S Nsal siskfeue DOY

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Neurol Sci. Author manuscript; available in PMC 2017 September 15.



	Abstract
	1. INTRODUCTION
	2. MATERIAL AND METHODS
	2.1. Subjects
	2.2. MRI acquisition
	2.3. MR image analysis
	2.4. Statistical analysis

	3. RESULTS
	3.1. Correlation of cortical thickness with age and duration of epilepsy
	3.2. Association between cortical thickness and epilepsy surgery outcome
	3.2.1. Whole group analysis
	3.2.2. Subgroup analyses
	3.2.3. ROC analysis


	4. DISCUSSION
	4.1. Methodologic considerations
	4.2. Pathophysiologic considerations
	4.3. Potential clinical implications

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3

