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Introduction: Surgery remains an essential option for the treatment of medically intractable temporal lobe epi-
lepsy (TLE). However, only 66% of patients achieve postoperative seizure freedom, perhaps attributable to an in-
complete understanding of brain network alterations in surgical candidates. Here, we applied a novel network
modeling algorithm and measured key characteristics of epileptic networks correlated with surgical outcomes
and objective measures of cognition.

Methods: Twenty-two patients were prospectively included, and relevant demographic information was
attained. Resting state functional magnetic resonance imaging (rsfMRI) and electroencephalography (EEG)
data were recorded and preprocessed. Using our novel algorithm, patient-specific epileptic networks were
mapped preoperatively, and geographic spread was quantified. Global functional connectivity was also deter-
mined using a volumetric functional atlas. Neuropsychological pre- and postsurgical raw and standardized scores
obtained blinded to epileptic network status. Key demographic data and features of epileptic networks were then
correlated with surgical outcome using Pearson's product-moment correlation.

Results: At an average follow-up of 18.4 months, 15/22 (68%) patients were seizure-free. Connectivity was
measured globally using a functional 3D atlas. Higher mean global connectivity correlated with worse
scores in preoperative neuropsychological testing of executive functioning (Ruff Figural Fluency Test
[RFFT]-ER; R = 0.943, p = 0.005). A higher ratio of highly correlated connections between regions of inter-
est (ROIs) in the hemisphere contralateral to the seizure onset correlated with impairment in executive
functioning (RFFT-ER; R = 0.943, p = 0.005). Higher numbers of highly correlated connections between
ROIs in the contralateral hemisphere correlated with impairment in both short- and long-term measures
of verbal memory (Rey Auditory Verbal Learning Test Trials 6, 7 [RAVLT6, RAVLT7]; R = —0.650, p =
0.020, R = —0.676, p = 0.030). Epilepsy networks were modeled in each patient, and localization of the
epilepsy network in the bitemporal lobes correlated with lower scores in neuropsychological tests measur-
ing verbal learning and short-term memory (RAVLT6; R = —0.671, p = 0.024). Higher rates of seizure re-
currence correlated with localization of the epilepsy network bitemporally (R = —0.542, p = 0.014), with
the stronger correlation found with localization to the contralateral temporal lobe from side of surgery (R =
— 0.530, p = 0.016).

Conclusion: Increased connectivity contralateral to seizure onset and epilepsy network spread in the
bitemporal lobes correlated with lower measures of executive functioning and verbal memory. Epilepsy
network localization to the bitemporal lobes, in particular, the contralateral temporal lobe, is associated
with higher rates of seizure recurrence. These findings may reflect network-level disruption that has infil-
trated the contralateral hemisphere and the bitemporal lobes contributing to impaired cognition and
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relatively worse surgical outcomes. Further identification of network parameters that predict patient out-
comes may aid in patient selection, resection planning, and ultimately the efficacy of epilepsy surgery.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
1.1. Functional outcomes of long-term epilepsy

Epilepsy is a major neurological health concern, with a global prev-
alence of 0.5-1% [1]. Approximately 20-30% of patients with epilepsy
are refractory to pharmaceutical intervention [2]. In cases of medically
refractory epilepsy, surgery may be warranted in accordance with im-
aging work up using magnetic resonance imaging (MRI) and electroen-
cephalography (EEG). However, even then, only two-thirds of surgical
candidates achieve postoperative seizure freedom. Taken together,
this means one-sixth or 17% of patients with epilepsy never achieve sei-
zure freedom by surgical or medical means. Intractable epilepsy has
been shown to be associated with a decline in executive skills, memory,
and cognitive function [3,4]. Changes in cortical connectivity and atro-
phy of neural substrates, particularly the hippocampus, are also seen
in the ipsilateral epileptic cortex in patients with medically refractory
temporal lobe epilepsy (TLE) [3]. These alterations in cortical connectiv-
ity can potentially give rise to comorbid disorders such as mesial tem-
poral sclerosis (MTS) in an estimated 30.5 to 45% of all cases [5,6].

1.2. Network connectivity changes in TLE

Network mapping involves measuring cortical and subcortical activ-
ity over time and interpreting the data using a combination of analytical
and graph-theory mapping techniques to evaluate causality and
correlativity between disease pathology and target brain areas. Alter-
ations in extratemporal brain network connectivity are evident in pa-
tients with intractable TLE, which may contribute to cognitive decline
[7]. While the primary pathology of TLE is MTS, the effect of TLE may
progress to structural changes of extratemporal brain regions, which
may be linked to changes in functional connectivity [8-10]. Maccotta
et al. showed a decrease in interhemispheric connectivity in patients
with epilepsy and an increase in intrahemispheric connectivity ipsilat-
eral to the seizure onset using functional MRI (fMRI). There was also a
decreased connectivity of specific extratemporal structures including
the parahippocampal gyrus, hippocampal head, and medial frontal cor-
tex ipsilateral to the epileptogenic focus with their contralateral homo-
logs [11]. Atrophy of a given region may result in increased internal
coherence of remaining cell populations resulting in improved correla-
tion of other brain regions. Similar studies by Bonihla et al. show a func-
tional reorganization of the limbic system that is associated with TLE
[12]. Indeed, recently, several studies employing resting state functional
MRI (rsfMRI) have also shown diffuse extratemporal alterations in de-
fault-mode network (DMN) connectivity in the cingulate cortex corre-
lating with episodic memory impairments [13-15]. Finally, Doucet et
al. has shown that when extratemporal functional connectivity changes
are coupled with reductions in gray matter volume deficits in episode
memory recall result [16]. Thus, there is substantial evidence to suggest
that diffuse alterations in functional connectivity in TLE may contribute
to progressive cognitive decline. However, few studies have been per-
formed that employ a multimodal network mapping approach to corre-
late preoperative network characteristics with surgical outcome.

1.3. Approaches to network mapping in epilepsy

In the aforementioned studies, either scalp EEG or, more recently,
rsfMRI was the imaging modality of choice. Noninvasive scalp EEG is

unrivaled in temporal resolution for the detection of epileptiform dis-
charges but suffers from a lack of spatial resolution due to interference
from the skin, bone, brain, and cerebrospinal fluid. On the contrary,
while rsfMRI has been used to great effect in the measurement of spatial
alterations in epileptic networks, it suffers from poor temporal resolu-
tion needed to localize ictal and interictal activity. Integrating data
from both modalities effectively allows for optimal mapping of epileptic
networks while minimizing the drawbacks of each modality. Recently,
we developed an algorithm that combines data from both scalp EEG
and rsfMRI to create a 3D network map of each patient. This modeling
algorithm allowed for a better definition of global brain network con-
nectivity and evaluation of network level changes between an epileptic
and nonepileptic brain [17].

1.4. Objective

Using our novel network modeling algorithm, we conducted a pro-
spective observational study to identify correlations between network
connectivity, surgical outcomes, and cognitive function in twenty-two
patients with medically intractable TLE.

2. Materials and methods
2.1. Patient demographics

All reported data followed the Strengthening the Reporting of Obser-
vational studies in Epidemiology (STROBE) guidelines for observational
trials. Epileptic networks were modeled in twenty-two patients with
TLE. The patients included in this study represent a consecutive series
of twenty-two patients with TLE who signed consent and agreed to par-
ticipate in this study (Table 1). Each patient underwent a Phase |
presurgical workup for epilepsy surgery including the following: MRI,
long-term EEG monitoring (LTM), Wada testing, '®Fluoro-2-
deoxyglucose positron emission tomography (('8F-FDG) PET), and

Table 1
Demographics.

Patient number Gender Age at surgery Surgery side Seizure-free
1 Male 26 Right No
2 Male 56 Right No
3 Female 26 Right No
4 Female 32 Left No
5 Male 26 Left No
6 Female 36 Left No
7 Female 40 Right No
8 Female 35 Left No
9 Female 34 Left Yes
10 Female 40 Right Yes
11 Female 25 Left Yes
12 Male 53 Left Yes
13 Female 50 Right Yes
14 Female 32 Left Yes
15 Male 33 Left Yes
16 Female 30 Right Yes
17 Female 24 Left Yes
18 Female 26 Left Yes
19 Male 28 Left Yes
20 Female 19 Right Yes
21 Female 47 Left Yes
22 Female 17 Left Yes
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quantitative neuropsychological evaluation. Electroencephalography
and imaging interpretation was performed by a multidisciplinary
team blinded to the network modeling parameters. This study was ap-
proved by the local institutional review board and all participants
signed informed consent.

2.2. Data acquisition

Electroencephalography and rsfMRI were obtained on two separate
visits and were therefore not concurrently acquired. Electroencephalog-
raphy was acquired with 24 scalp electrodes in a standard International
10-20 configuration during the preoperative LTM session. rsfMRI was
conducted in a 3-Tesla MRI with a blood oxygenation level-dependent
(BOLD) MRI sequence. Resting state functional MRI was acquired with
the patient lying supine with eyes closed. Volumetric T1-weighted
thin slice MRI was acquired during the same session.

2.3. Network modeling

The epilepsy network for each patient was modeled as previously
described [17]. Briefly, all MR image sets were motion corrected,
smoothed, and transformed into Montreal Neurological Institute
(MNI) space using the six-parameter rigid body spatial transformation
algorithm and coregistered using SPM12 (Wellcome Department of Im-
aging Neuroscience, University College London, UK). The scalp EEG data
were filtered to remove nonphysiologic frequencies and cropped to in-
clude only the interictal or ictal signals identified by a blinded neuro-
physiologist (MATLAB 2016b, Natick, MA). Ictal and interictal source
discharges were localized by first generating a transformed mesh from
the thin-slice T1-weighted MRI sequence. Then, cortical dipoles were
modeled using a forward computation that was followed by empirical
Bayesian approach to inverse reconstruction, localizing the theoretical
evoked response (SPM12). This process was used to generate a hypoth-
esized irritative zone source volume, which was coregistered to the
rsfMRI in MNI space. The irritative zone may also be referred to as the
hypothesized epileptogenic zone and is localized based on the first elec-
tronic signature of seizure activity measured on EEG. The rsfMRI time-
series signature was extracted from the irritative zone volume, and
intraaxial image voxels with an above-threshold Pearson correlation co-
efficient were compiled to create a set of volumes representing the pu-
tative epileptic resting network. The rsfMRI threshold was defined as
the average Pearson correlation coefficient for each patient. We chose
the average as a threshold to correct for potential variations in scan con-
ditions and intrinsic connectivity differences between patients. These
volumes were comprised of voxels with high degree of correlation
with the irritative zone and were not based on any functional atlas or
prior knowledge or presumption of existing networks. In this way, the
network models were developed a priori, which is different from most
studies in this area. Our network modeling algorithm has been detailed
and validated in a prior study [17]. Additionally, patient #9 of this pro-
ject was included in the prior study to demonstrate the novel network
modeling algorithm. Network models were also acquired for six age-
matched healthy control patients who had no history of seizures. The
control group consisted of two females and four males, ranging in age
from 23 to 42 years with a mean age of 29 years. Determination of sei-
zure surgery and seizure lateralization and localization were made inde-
pendent of the network models data.

2.4. Global connectivity

While the epilepsy network described above was a voxel-level anal-
ysis, a region of interest (ROI) level connectivity analysis was also con-
ducted to add another perspective to the results. An atlas of ROIs
generated in a prior study of rsfMRI datasets was applied to these pa-
tients to generate a more global analysis of connectivity in these pa-
tients [18]. The average time series for each ROI was used to generate

a connectivity matrix of Pearson correlation values. The ROIs were
split into groups based on the hemisphere. When there was a concor-
dance of evidence that the seizure onset was in either the left or right
temporal lobe based on video-EEG and semiology, it was deemed to
be the ipsilateral hemisphere. In this cohort, 14 of 22 patients (64%)
had a hypothesized left-sided seizure onset with the remainder pre-
sumed to be in the right temporal lobe, with cases of bitemporal onset
excluded from the analysis. A matrix of edges was generated mathemat-
ically that represented each connection between two ROIs, and the cor-
responding Pearson correlation coefficient representing the relative
connectivity between those two ROIs. The matrix of edge connections
was used to generate an average connectivity for the whole brain by av-
eraging the Pearson correlation coefficient for every single connection
within the patient being analyzed. Connections were generated be-
tween 81 ROIs defined in a previous study from healthy patients' rsfMRI
data to estimate the degree to which normal connectivity was affected
in patients with epilepsy [18]. These 81 ROIs were predefined volumes
that were overlaid on the patient images from this study to study the
connectivity, and effectively acted as a resting-state functional atlas.
Edges, aka connections, that had a Pearson connectivity coefficient
greater than the average of the whole brain connectivity were deter-
mined to be “above average connections.” Above average connections
were counted in each hemisphere as a metric for interconnectivity.

2.5. Healthy control network modeling

The images from the healthy control patients were preprocessed and
transformed into MNI space in the same way as the images from the TLE
cohort. The epileptic network maps created from the patients with TLE
were then superimposed on the rsfMRI from each healthy control, and
the connectivity matrix was calculated. Mean Pearson correlation coef-
ficients were calculated to determine the functional connectivity of the
epileptic network maps superimposed in healthy patients who were
not supposed to have increased connectivity in the regions of the
modeled epilepsy networks. This step was performed to confirm that
the modeled epilepsy networks in the TLE cohort were more function-
ally connected than the control.

2.6. Neuropsychological testing

Both pre- and postoperatively, twelve patients completed compre-
hensive neuropsychological assessment following National Institutes
of Health (NIH) Epilepsy common data elements recommendations
that quantify aspects of cognition including declarative memory, atten-
tion/executive, language, and visuoconstructional functions as well as
general intellectual ability. Subtests of the Wechsler Memory Scale-
4th Ed. (WMS-1IV) and Rey Auditory Verbal Learning Test (RAVLT)
were used to measure verbal immediate memory (Logical Memory Im-
mediate recall subtest [LM-I], RAVLT Trial 6) and verbal delayed mem-
ory (Logical Memory Delayed recall subtest [LM-II], RAVLT Trial 7)
[19]. Visual immediate memory measure included the WMS-IV Visual
Reproduction Immediate Recall (VR-I) subtest and visual delayed mem-
ory measures including WMS-IV Visual Reproduction Delayed Recall
(VR-II) subtest and the Rey-Osterrieth complex figure test (ROCFT)-
delay task. Visual immediate memory (VR-I) and visual delayed mem-
ory (VR-II, ROCFT-D) measures were measured. Letter and semantic
verbal fluency tasks including the Controlled Oral Word Association
Test (COWAT-FAS) and animal semantic fluency task was measured.
Confrontation naming was measured using the Boston Naming Test
(BNT). Executive measures including the Wisconsin Card Sorting Test
and the Ruff Figural Fluency Test (RFFT) were measured. The RFFT pro-
vides a measure of nonverbal mental flexibility including unique de-
signs (higher scores are better performance) and perseverative errors
error ratio (higher scores are worse performance). Finally, each patient
completed the Wechsler Adult Intelligence Scale-4th Ed (WAIS-1V) pro-
rated full-scale intelligence index. Raw scores for all neuropsychological
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tests except for WAIS-IV 1Q scores were used in analyses. Descriptive
statistics for this cohort are given in Table 2.

2.7. Statistical analysis

Neuropsychological data and the network metrics were compared
using a Spearman Rho correlation coefficient analysis. All statistical
tests were conducted using IBM SPSS Statistics Version 25 (IBM Corp.,
Armonk, New York, United States). No patients were excluded at any
stage during the analysis. p-Values less than oo = 0.05 were considered
significant.

3. Results
3.1. Demographics

For the cohort of 22 patients with TLE, the average age at the time of
surgery was 33.6 4 10.3 years with age ranging from 17 to 56 years old.
Left-sided temporal lobe surgery was conducted on 14 of 22 (64%), with
the remainder on the right side. Females comprised 16 of 22 (73%) pa-
tients. Duration of epilepsy was calculated as the time from first seizure
to the time of surgery, which averaged 14.3 4 10.3 (standard deviation
[S.D.]) years and ranged from 1.4 to 22 years. Patients were followed for
an average of 18.4 4+ 4.9 months for seizure recurrence, with a mini-
mum follow-up time of 8.4 months. As of the last follow-up, 15/22
(68%) patients were seizure-free (Engel Class I).

Table 2
Neuropsychological testing values.
Difference score = Post-op score — pre-op score.

Test name Minimum  Maximum Mean Standard
deviation
FSIQ Pre-op score 64.0 112.0 89.0 144
Post-op score 61.0 118.0 89.5 15.2
Difference score —18.0 16.0 1.5 85
LM-1 Pre-op score 8.0 39.0 224 9.6
Post-op score 10.0 31.0 19.7 8.4
Difference score —19.0 6.0 —3.7 8.1
LM-II Pre-op score 5.0 39.0 19.1 10.6
Post-op score 8.0 29.0 18.5 7.9
Difference score —14.0 8.0 —1.8 6.6
VR-1 Pre-op score 21.0 43.0 33.6 7.1
Post-op score 24.0 42.0 329 5.8
Difference score —14.0 7.0 —-1.1 6.1
VR-II Pre-op score 4.0 35.0 20.6 9.3
Post-op score 5.0 41.0 21.0 13.0
Difference score —13.0 17.0 0.8 8.9
FAS Pre-op score 5.0 43.0 273 10.1
Post-op score 25.0 40.0 325 5.6
Difference score —4.0 22.0 5.6 8.3
Animal Pre-op score 5.0 27.0 16.5 6.5
Naming Post-op score 10.0 220 15.5 4.0
Difference score —13.0 7.0 —1.2 6.6
RAVLT-6  Pre-op score 0.0 15.0 8.2 5.1
Post-op score 1.0 13.0 8.5 44
Difference score —5.0 7.0 0.2 3.7
RAVLT-7 Pre-op score 0.0 15.0 7.2 54
Post-op score 0.0 14.0 8.4 4.5
Difference score —4.0 8.0 0.5 3.9
BNT Pre-op score 31.0 57.0 47.8 8.7
Post-op score 22.0 55.0 46.2 11.2
Difference score —22.0 8.0 —35 8.5
RFFT-UD  Pre-op score 35.0 55.7 42.8 74
Post-op score 32.0 52.0 40.5 5.9
Difference score —15.0 240 —09 124
RFFT-ER Pre-op score 37.0 73.0 58.4 12.6
Post-op score 38.0 67.0 53.4 10.2
Difference score —-0.8 0.1 —-0.1 0.3

Abbreviation: RFFT-UD, Ruff figural fluency test - unique designs.

3.2. Preoperative global connectivity

Global network connectivity was measured using a functional 3D
atlas determined from a collection of rsfMRI datasets from twenty-
seven healthy patients [18]. Connectivity between atlas-based ROIs
was computed using Pearson Product moment correlation, and average
correlation values were calculated for the whole brain. Higher mean
global connectivity correlated with worse scores in a preoperative neu-
ropsychological measure of nonverbal executive functioning (RFFT-ER;
R = 0.943, p = 0.005) and with worse Wada memory scores contralat-
eral to seizure onset (R = —0.0577, p = 0.015). A higher proportion of
above-average connections in the hemisphere contralateral to the
hypothesized seizure onset correlated with impairment in executive
functioning (RFFT-ER; R = 0.943, p = 0.005). Increased global con-
nectivity within the contralateral hemisphere correlated with im-
pairment in both short- and long-term measures of visual memory
and learning (RAVLT6, RAVLT7 raw; R = —0.650, p = 0.020, R =
—0.676, p = 0.030). Two examples are shown in Fig. 1 comparing
a patient's global network that is more symmetric with above-aver-
age edges more evenly distributed between the two hemispheres
with a patient whose global network is more asymmetric, with a
larger number of above-average edges contralateral to the modeled
irritative zone.

3.3. Epilepsy network connectivity

Epilepsy networks were modeled in each patient and represented
connectivity related specifically to the hypothesized irritative zone
based on video-EEG. Localization of the epilepsy network was deter-
mined by determining how many voxels of the epilepsy network that
overlapped with the area of interest (i.e., ipsi- or contralateral hemi-
sphere, bitemporal lobes) from a predefined atlas. Two example epi-
lepsy networks are shown in Fig. 2, showing that the network spread
can either be widespread or local with an irritative zone ROI in the
same location. Localization of the epilepsy network in the bitemporal
lobes was computed as a fraction of the total epilepsy network, and
higher bitemporal lobe localization correlated with lower scores in ver-
bal learning and short-term memory (RAVLT6; R = —0.671, p =
0.024). Relationship with verbal delayed memory measures was non-
significant but similarly exhibited a large effect size (RAVLT7; R =
—0.566, p = 0.070).

3.4. Correlation with outcomes

Patients were grouped into either “seizure-free” (n = 15) or “not
seizure-free” (n = 7) based on their Engel Class outcome score. Seizure
recurrence occurred in 35% of patients, consistent with previously pub-
lished rates [20,21]. Based on the total sample (n = 22), higher rates of
seizure recurrence correlated with localization of the epilepsy network
to the bitemporal lobes (R = —0.542, p = 0.014), with a unique signif-
icant correlation found with localization to the contralateral temporal
lobe (R = —0.530, p = 0.016).

4. Discussion
4.1. Main findings and impact

In the present study, we prospectively analyzed a cohort of 22 pa-
tients with TLE and found that certain patterns of resting state connec-
tivity were correlated with neurocognitive dysfunction and outcomes.
Both global and epilepsy-specific connectivity was found to be strongly
associated with measures of neurocognitive functions. Increased con-
nectivity contralateral to seizure onset was correlated with impaired
objective measurements of executive functioning and verbal memory.
In addition, epilepsy-related network spread located in the bitemporal
lobes and, in particular, to the contralateral temporal lobe was
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a)Symmetric Global Network (Patient #10) b)Asymmetric Global Network (Patient #3)
Axial Sagittal Axial Sagittal
L&e——R Pe——>A L&——R P&e—>A

Oblique Coronal Oblique
L 3

Fig. 1. Example 3D models are shown to compare two patients with different global network distributions. Axial, sagittal, coronal, and oblique projections of the 3D model are shown with
blue dots representing the centroid of the functional ROIs used to measure the global connectivity. Lines connecting the blue dots represent edges, and the color of the line represents the
Pearson correlation coefficient, with blue lines having relatively lower connectivity and dark red lines having the highest connectivity. The solid red or blue volume represents the
hypothesized irritative zone generated from surface EEG as described in the Materials and methods section.

a) Patient #10 is shown as an example of a global network that is symmetrical. Edges are more evenly distributed between the two hemispheres. This patient was seizure-free after
surgery.

b) The global network from Patient #3 is clearly more asymmetric by comparison, with more edges in the hemisphere contralateral to the irritative zone. This patient was not seizure-
free after surgery.

associated with impaired verbal learning and short-term memory. Neurocognitive changes in TLE are classically associated with mem-

Bitemporal lobe localization was also associated with higher rates of sei- ory function impairment, including deficits in verbal memory as a result

zure recurrence. of hippocampal/mesial temporal damage from seizures [22,23]. Large
a) Widespread Network (Patient #1) b)Narrow Network (Patient #19)

Fig. 2. Example coronal image sets are shown here to demonstrate the variability in epilepsy networks between patients. In these figures, the epilepsy network is shown, which is modeled
separately from the global network. The irritative zone is shown in red, and the voxels in green are the brain regions that are highly correlated with the irritative zone. These green volumes
represent the epilepsy network, which is further described in the Materials and methods section.

a) Patient #1 is shown as an example of an epilepsy network that is widespread; it is distributed through both hemispheres and bitemporal lobes. This patient was not seizure-free after
surgery.

b) The global network from Patient #19 is much more localized in comparison, with no involvement of the contralateral hemisphere. The connected cortex in this narrow network is
localized very near to the irritative zone. This patient was seizure-free after surgery.
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correlations were shown between network connectivity outside the ir-
ritative temporal lobe and measures of executive functions and verbal
learning/short-term memory that suggests extensive network alter-
ations in TLE visualized with rsfMRI. Functional outcomes related to
extratemporal involvement of seizures or seizure networks has been
observed, but few functional MRI studies have demonstrated a correla-
tion between degree of dysfunction in specific neuropsychological do-
mains and rsfMRI connectivity patterns [24,25]. In particular, to our
knowledge, no one has mapped extratemporal networks and related
them to objective neuropsychological measures of frontal lobe function.

These data support observation by Hermann et al. that reported that
MRI structural abnormalities were observed to extend well beyond the
ipsilateral temporal lobe among patient's exhibiting more cognitive def-
icits [26]. These findings extend Chang, Marshall et al.'s findings of in-
creasing neurocognitive deficits with structural white matter
abnormalities involving the entire frontal and temporolimbic regions
ipsilateral to the seizure region, which were strong predictors of verbal
memory [27]. Chang et al. found that rsfMRI abnormalities in the left
mesial temporal lobe were particularly predictive of verbal memory
deficits in patients with left MTS, but also observed among patients
with left TLE. Similar to Chang et al., we observed a particularly strong
relationship between rsfMRI of the left mesial temporal/posterior cin-
gulate cortex for a score of verbal list learning (California Verbal Learn-
ing Test (CVLT) list learning). However, Chang et al. did not evaluate the
epilepsy network itself, and the results were limited to the global con-
nectivity network.

A better understanding of how functional imaging relates to cogni-
tion is important in TLE because it could guide the decision on whether
the patient will elect for surgery or medical management. Before sur-
gery, an rsfMRI could be obtained to determine if a patient has contralat-
eral connectivity disturbances, which would suggest more widespread
involvement of the seizure networks. Widespread involvement may
be more difficult to treat because there is no focus of impaired activity
that can be modulated or resected, and there has been a significant
amount of work demonstrating the utility of rsfMRI in predicting sei-
zure outcomes after surgery [28]. Prior studies have identified that cer-
tain network disturbances correlated with refractoriness to surgery, so
there is a growing body of knowledge that supports the use of rsfiVIRI
in the preoperative workup for TLE [29].

4.2. Future studies

Widespread networks were shown to impair cognitive function, but
amore granular understanding of how network spread affects cognition
and seizure outcomes is not well understood. In future studies, we hope
to expand the existing literature on network hubs by identifying partic-
ular regions of the epilepsy network that may be most involved with
functional impairment, or which areas are most likely to impede
epileptogenesis if resected or modulated. Further identification of net-
work parameters that predict patient outcomes and functional impair-
ment may aid in patient selection, resection planning, and ultimately
the efficacy of epilepsy surgery.

4.3. Limitations

While not detracting from the results of this study, there are some
limitations with our methods that should be addressed. Our sample
size of 22 patients is still relatively small, but this is a pilot study of a rel-
atively homogenous patient population. With these results, we hope to
stimulate further research in the field of network neuroscience in TLE
and expand upon these results as we add more patients. Furthermore,
this study was conducted using surface EEG, which is notoriously defi-
cient at detecting seizure foci in the frontal lobe. Although the semiol-
ogy and EEG signature of these patients was consistent with temporal
lobe onset, we cannot rule out the possibility that some of these patients
had focal onset in the frontal lobe that might have contributed to the

measured frontal lobe dysfunction. We hope to supplement these data
with invasive monitoring in future patients, which may address this
shortcoming.

5. Conclusion

Using a noninvasive automated network modeling software algo-
rithm, we obtained preoperative rsfMRI for 22 patients with TLE. Aber-
rant connectivity patterns related to epileptogenesis and atlas-based
ROIs in the hemisphere contralateral to epileptogenesis was correlated
with impairment in executive functioning and learning. Spread of the
epilepsy network to the bitemporal lobes was associated with seizure
recurrence. Widespread extratemporal involvement of seizure net-
works may be related to the executive functioning deficiencies that
have long been associated with TLE syndromes.
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