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Abstract

Objective: Patients with tuberous sclerosis complex (TSC)-related epilepsy often
have drug-refractory epilepsy and numerous potential epileptogenic tubers.
Current clinical methods target tubers for resection, but prediction of resulting
seizure relief is difficult. This study describes implementation of lesion network
mapping in TSC patients undergoing epilepsy surgery to associate resection zone
with seizure outcomes.

Methods: Thirty-nine consecutive patients with TSC who underwent invasive
electroencephalography (EEG) and resection or ablation of the seizure onset
zone were included. After preprocessing, each resection zone was delineated
as the region of interest. Lesion network mapping was performed to determine
the association between cortical networks connected to the resection zone and
postoperative outcome using a multiple regression, iterative model that included
demographic and other variables obtained from analysis of invasive EEG.
Results: Of 39 patients, 20 (51%) had a good International League Against
Epilepsy outcome (1-3). Resection regions connected to the default mode net-
work and motor network were associated with better seizure outcome. Regions
connected to the bilateral insula, visual associative regions, and putamen were
associated with poor seizure outcome.

Significance: This study provides methodology for lesion network mapping in
TSC-related epilepsy. The results suggest a tendency for better outcomes when
the resection zone is connected to certain networks, including the default mode
and motor networks, that may support sustainment of seizures.
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1 | INTRODUCTION

Tuberous sclerosis complex (TSC) is a genetic disorder in
which primarily benign tumors develop in various organ
systems across the body."” In the brain, cortical tubers
and related histopathological changes result in recurrent
seizures in up to 90% of TSC patients,® with approximately
50% of patients developing drug-refractory epilepsy.*
Epilepsy that fails to improve with antiepileptic drugs can
be addressed with surgical treatment, which aims to re-
move or disconnect seizure-generating areas of the brain,
referred to as the seizure onset zones (SOZs). Seizure free-
dom has been demonstrated at 1-year follow up in 50%-
60% of TSC patients following epilepsy surgery,”® with an
additional 18%-34% having significant reduction in sei-
zure frequency.”®

Neuronal activation in a region of the brain is followed
by a hemodynamic response in which cerebral blood flow
and oxygen supply to the area are increased.” Functional
magnetic resonance imaging (fMRI) uses the difference
in magnetic susceptibility between oxygenated and de-
oxygenated blood to measure a blood oxygenation level-
dependent (BOLD) signal corresponding to neuronal
activity stimulated by a task. At rest and during sustained
periods of a task, the BOLD signal fluctuates sponta-
neously at low frequencies (<.1Hz) in different regions
of the brain.'’ Synchronous fluctuations in BOLD signal
between spatially distinct areas of the brain represent a
functional connectivity between these regions; canoni-
cal networks of functional connectivity have been estab-
lished at rest that correspond with neuronal activation
patterns elicited by cognitive, language, and motor tasks.
Prominent among the resting-state functional networks is
the default mode network (DMN),"! comprised partly of
medial frontal and posterior regions and lateral parietal
regions, that is tonically active during rest and deactivated
during active tasks. Resting-state fMRI (rs-fMRI) has been
used to assess the brain's functional architecture in both
healthy individuals and patients with a wide variety of
neurologic and psychiatric disorders.'?

The technique of lesion-symptom mapping attempts
to associate lesion location with outcomes by determining
the spatial overlap of lesions from patients who experi-
ence similar outcomes. In cohorts of patients with TSC or
other focal cortical dysplasia (FCD), this approach can be
challenging, as lesions may rarely overlap. Lesion network
mapping (LNM) is a recently developed alternative ap-
proach that accounts for involvement of a lesioned region
in brain networks. LNM maps how a lesioned region would
be functionally connected in healthy brains and compares
those maps among patients with different outcomes to de-
termine whether certain patterns of connectivity predict
outcome. In a study of patients with FCD who underwent
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Key points

« Lesion network mapping was used to deter-
mine association between network connectivity
and outcomes following pediatric TSC epilepsy
surgery.

« Good outcomes were observed in 51% of cases.

« Connectivity of resected seizure onset zone and
surrounding tissue to certain networks such as
the default mode and motor networks was as-
sociated with better outcome.

« This study provides methodology for lesion net-
work mapping in TSC-related epilepsy.

surgery for refractory epilepsy, Bdaiwi et al. found that le-
sions more strongly anticorrelated to the DMN were less
likely to result in seizure freedom following resection, im-
plying that the lesion's disruption of network connectivity,
rather than simply the functionality of the region in which
it lies, may affect surgical outcomes.'® Similarly, a study of
patients with various seizure etiologies using LNM found
that lesion ablations that did not result in seizure freedom
were preferentially located in regions connected to several
canonical resting-state networks'*: these were more than
twice as likely to be functionally connected to the DMN,
language network, and visuospatial network."” Notably,
there was no significant correlation between anatomical
location of ablation and seizure outcome.

Although some studies have used connectivity analy-
ses to plan for eloquent tissue conservation in neurosur-
gery and correlate functional network connectivity with
other factors such as neurodevelopmental state and tuber
burden in TSC patients, to our knowledge none has used
functional connectivity to predict surgical outcomes. The
present study aimed to correlate functional connectivity
and surgical outcomes in TSC patients undergoing epi-
lepsy surgery using rs-fMRI data from matched healthy
controls. Based on our prior work, we hypothesized that
lesions occupying regions negatively correlated to the
DMN in healthy brains would be associated with poorer
outcomes in TSC patients undergoing epilepsy sulrgery.16

2 | MATERIALS AND METHODS

2.1 | Patient cohort

This retrospective study included 39 TSC patients (23 male,
16 female) who underwent resective epilepsy surgery with
1-year follow-up. Median age was 48 months (range =12-
394 months, interquartile range = 30-135months). Patient
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data were collected over the 14-year period of 2007 to
2021. Preoperative electroencephalographic (EEG) data
were acquired with either subdural grid or depth elec-
trodes to determine the SOZ region for each patient.
Retrospectively, the intracranial EEG (iEEG) data were
reviewed by a single epileptologist (H.M.G.) blinded to the
clinical report, ultimate surgery recommended, and sei-
zure outcome. At our institution, over the period of data
collection, there was a shift from subdural electrode moni-
toring (2007-2015) to predominantly stereo-EEG (SEEG)
monitoring (2016-current). A variety of electrode manu-
facturers and techniques were used. However, all iEEG
tracings were recorded at 2-kHz digitation rate using ei-
ther silastic subdural grids with platinum contacts spaced
10mm from center to center, or SEEG electrodes with
contacts spaced 2.5-10mm. Each patient chart was re-
viewed to determine number of clinical seizure types. The
iEEG tracings for a minimum of two examples for each
seizure type were reviewed in both standard band pass fil-
ter (1-100 Hz) and "open” high-pass filter (>1 Hz) settings,
in both average reference and bipolar montages. SOZ was
defined as the group of contacts that demonstrated the
earliest sustained ictal change and similar ictal frequency
and morphology. If there were significant differences
between seizures reviewed, both contact groups were
included in the SOZ. This process was repeated for each
seizure type. If the group of contacts comprising the SOZ
was different between seizure types, these were defined
as separate SOZs. Extent of SOZ was defined by number
of unique SOZ contacts present, considering all SOZs
equally. Ictal patterns were categorized as either rhyth-
mic spiking, defined as low-frequency rhythmic spikes as
the predominant ictal pattern, or high-frequency oscilla-
tions, defined as low-amplitude, high-frequency (>80 Hz)
activity identified at seizure onset. Surgical outcome at
minimum 1-year follow-up was recorded as a standard-
ized International League Against Epilepsy (ILAE) score,
ranging from 1 (seizure-free) to 6 (>100% increase in base-
line seizure days)."”

2.2 | Delineation of SOZ resection
regions

Pre- and postoperative clinical neuroimaging, supple-
mented by examination of intraoperative photographs
and three-dimensional reconstruction of electrodes coreg-
istered to the patient's postoperative computed tomogra-
phy using Analyze software package 14.0 (AnalyzeDirect),
allowed delineation of the extent of SOZ resection for
each patient. Preoperative and postoperative brain MRI
was performed utilizing variable techniques, with all ex-
aminations including volumetric pre- and postcontrast T1

volumetric images (1 mm isotropic), T2-weighted, and T2
fluid-attenuated inversion recovery sequences. The post-
operative study with the best imaging quality and best
definition of the resection region was utilized to assess re-
section volume. Pre- and postoperative images were fused
utilizing BrainLab iPlan 3.0. Resection regions were traced
on each image and modified as necessary for resection cav-
ity retraction and shift using gyral-sulcal landmarks refer-
encing postoperative images of the operative field during
resection. Burnt-in-pixel images of the resection volume
overlayed on preoperative volumetric T1-weighted im-
ages were then imported into MRIcron (version 1, 2015,
https://www.nitrc.org/projects/mricron). This procedure
resulted in a three-dimensional region of interest (ROI)
mask corresponding to the resected tissue for each patient.

2.3 | Lesion network mapping
This study represented the functional connectivity pro-
file of each resection ROI by calculating the mean seed-
to-voxel connectivity map, using the ROI as seed, among
rs-fMRI data from healthy individuals. Cincinnati MR
Imaging of Neuro-Development (C-MIND; https://
research.cchmc.org/c-mind/manual-project-overview),
an imaging database of healthy children collected at our
institution under National Institutes of Health contract
HHSN275200900018C,"® provided 200 datasets from
129 individuals evenly distributed in age at acquisition
from 2.9 to 18.9 years (86 male, 43 female). Each dataset
included a T1-weighted high-resolution structural vol-
ume (1 mm isotropic) and an rs-fMRI series of 150 vol-
umes acquired without sedation and while the subject
was awake (echo-planar sequence covering the whole
brain with repetition time = 2000 ms, echo time =35 ms,
3x3x4mm voxel size). Our prior publication'® pro-
vides more details about the C-MIND data.

Preprocessing of the C-MIND data followed stan-
dard protocol in Statistical Parametric Mapping soft-
ware (SPM12; http://www.fil.ion.ucl.ac.uk/spm/softw
are/spm12/) in the MATLAB computing environment
(MathWorks). This included realignment of the rs-fMRI
series, coregistration of the T1-weighted volume to the
mean realigned rs-fMRI volume, unified tissue segmenta-
tion and normalization' of the T1-weighted volume sub-
sequently applied to the rs-fMRI series, and smoothing
using an 8-mm Gaussian kernel. This same preprocessing
protocol, starting with T1-weighted volumes and resec-
tion ROI delineated for each TSC patient, resulted in cor-
responding spatially normalized representations of each
resection mask.

The CONN Toolbox v22a (https://www.nitrc.org/proje
cts/conn),”’ with normalized preprocessed C-MIND data
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TABLE 1 Tuberous sclerosis complex

atient characteristics (N=39).
p ( ) Characteristic

Age at resection,
months

SOZ electrode contacts,

n

Resection volume, cm?

Sex, n
Ictal pattern, n

ILAE class at 1-year

Epilepsia

Interquartile
Median range Minimum Maximum
48 30-135 12 394
7 4-12 2 25
45.6 17.1-78.1 1.5 164.7

25 male / 14 female
12 rhythmic spiking/11 HFO/16 both
14, 3, 3,9, 10,0

follow-up, classes 1-6, n

Abbreviations: HFO, high-frequency oscillations; ILAE, International League Against Epilepsy; SOZ,

seizure onset zone.

as input, was used to calculate for each TSC patient the
mean seed-to-voxel connectivity map, using the patient's
resection ROI as seed, among the 15 C-MIND rs-fMRI
datasets closest in age and with the same gender as the
TSC patient. Connectivity maps were generated at res-
olution of 2mm isotropic. The large size of many of the
resection ROIs (interquartile size range=17.1-78.1cm%
see Table 1), however, prompted concern of losing spatial
specificity when averaging the rs-fMRI signal for seed-to-
voxel connectivity calculations. Our processing pipeline
mitigated this concern by using instead the first principal
component of the resection ROI signal.

2.4 | Statistical analysis

We applied multiple regression in SPM12 voxelwise to
the mean C-MIND connectivity maps corresponding to
the resection ROI for the patients. The model explained
the connectivity to each voxel among the patients (as de-
pendent variable) as a function of the ILAE score at 1-year
follow-up, with age, sex, ictal pattern, and number of SOZ
electrode contacts used as covariates. Assessment of the
dependence of connectivity on ILAE score at 1-year fol-
low-up after resection began by application of a nominal
voxel threshold of p <.001 to the ILAE score model coef-
ficient. Clusters of voxels above this threshold reaching a
clusterwise threshold of p <.05 after familywise error cor-
rection for multiple comparisons were considered statisti-
cally significant.

Consideration of our limited sample size and acknowl-
edgement of subsequent type IT errors led us to also express
our model results in terms of effect size. In the context of
multiple regression, an appropriate effect size metric is
Cohen f* that quantifies the additional variance explained
by each term of the regression model.*! According to
guidance by Cohen,* an f*>.15 is considered a moderate
effect size, whereas f*>.35 is considered to be large. The

model outcome of interest for this investigation is the ef-
fect size of the term for ILAE score: the dependence of sei-
zure outcome on regional connectivity in healthy brains to
the resection zone. Our analysis sought clusters of voxels
with median f2 of at least .15, a moderate effect size, for
the ILAE term. These clusters represent target regions for
continued study due to the pertinence of their connectiv-
ity to TSC resection zones to seizure outcome.

A systematic, iterative thresholding process derived
clusters of effect size from the voxelwise f* map for the
ILAE term of the regression model. Starting at zero, the
base j‘2 threshold was increased by .001 for each iteration,
after which resulting clusters of contiguous voxels (with
adjacency of 18) were evaluated. Resulting clusters at
each iteration were reported with median f* at or above
the threshold of .15, with a minimum size of 10 voxels and
a maximum size of 500 voxels. Clusters exceeding the f*
threshold but smaller than 10 voxels were discarded and
removed from further processing. If any clusters exceeded
the median effect size threshold, but with size larger than
500 voxels, the iterative process continued within those
clusters with the median effect size threshold increased
by .01. Iterations of the process continued until no clus-
ters were formed above the base f* threshold. We report
the following for each resulting cluster: the median effect
size threshold used, the peak effect size, the Montreal
Neurological Institute coordinates of the peak voxel, and
the anatomic localization.

3 | RESULTS

3.1 | Patients and resection ROIs

TSC patient characteristics are shown in Table 1, with de-
tails about each patient's resection region including size
and lobular location. Resection ROIs for all patients are
overlaid on an anatomic brain volume in Figure 1, with
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FIGURE 1 Resection region of interests (ROIs) for n=39 tuberous sclerosis complex patients overlaid on a structural volume. Colors

indicate the number of ROIs overlapping in each voxel according to the color bar. Montreal Neurological Institute z-coordinates are

provided. Neurological orientation convention has been used (right side of brain is on right of figure). L, left; R, right.

color indicating the degree of spatial overlap. A maximum
of 10 resection ROIs overlapped in the left inferior tempo-
ral region of the brain.

3.2 | Association of resection
connectivity with seizure outcome

The multiple regression model term for ILAE class at
follow-up had no statistically significant clusters with
corrected cluster p < .05. Among the covariates, only age
resulted in a significant cluster in the left precentral gyrus
with 647 voxels and corrected p=.04. Effect size mapping
for the ILAE class model term resulted in 17 clusters with

median Cohen f*>.15, shown in Figure 2 and detailed
in Table 2. The direction of dependence of cluster con-
nectivity on seizure outcome represented by ILAE class
was determined by the median coefficient value among
the voxels of each cluster. Nine clusters had a positive
dependence of connectivity on ILAE class, where greater
connectivity to the resection zone corresponded to worse
seizure outcomes at 1-year follow-up. Notably, these
clusters included the bilateral insula, associative visual
areas (inferior temporal and fusiform gyri), and puta-
men. Eight clusters represented regions with negative
ILAE class coefficients, where connectivity to the resec-
tion zones was associated with better seizure outcomes.
These clusters anatomically corresponded to elements of
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FIGURE 2 Clusters of 10-500

voxels with median Cohen f* of at least
.15 for the International League Against
Epilepsy (ILAE) class coefficient. Hot
colors indicate clusters with positive ILAE
coefficient. Cool colors indicate clusters
with negative ILAE coefficient. Color bars
represent the Cohen f* values. Montreal
Neurological Institute z-coordinates

are provided. Neurological orientation
convention has been used (right side of
brain is on right of figure). L, left; R, right.

0

positive ILAE coefficient

the DMN (medial prefrontal cortex anteriorly and precu-
neus posteriorly). Areas supporting motor function were
also included among the clusters with negative ILAE class
dependence.

4 | DISCUSSION

4.1 | Role for further complementary
tools in TSC

This study provides preliminary evidence of a relationship
between brain connectivity defined by LNM in resection
regions and seizure outcome. Higher connectivity to the
DMN, specifically medial prefrontal and precuneus re-
gions, or motor functional regions, was associated with
better seizure outcome. This suggests that the epileptic

B

=

e\
/
/4
/

73l 0.3 0 0.3

negative ILAE coefficient

network's response to resection of cortical tuber(s) may be
predictable based on the functional networks connected
to the tuber(s). Identification of the epileptic network is
in itself a difficult task, because multiple cortical tubers
of similar size typically exist in multiple lobes. Currently,
the evaluation for epilepsy surgery relies heavily on visual
analysis of iEEG recordings of habitual seizures. A ma-
jority of TSC patients who have destructive epilepsy sur-
gery (ablation or resection) undergo invasive intracranial
monitoring, with either SEEG or subdural grids and strips
to plan this surgery.”

Seizure outcomes after surgery in TSC are highly vari-
able, as presurgical evaluation, candidate selection factors,
and surgical approach are individualized and differ greatly
between centers. However, a number of pediatric retrospec-
tive studies have recently reported postoperative seizure
freedom at latest follow-up of approximately 50%,>** and
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TABLE 2 Effect size (Cohen f*) clusters® for the ILAE class coefficient.

Peak MNI coordinates
Cluster size® Median f* threshold  Peak f* X y z Anatomic regions
Clusters with positive median ILAE class coefficient
77 .15 .23 —-34 -36 —28 Left fusiform, inf. temporal,
cerebellum
488 .16 .25 41 —40 —19 Right fusiform, inf. temporal,
lingual
153 15 .36 —40 —18 —6 Left sup. temporal, insula
86 15 .25 28 2 2 Right putamen
32 15 .20 46 6 -2 Right insula
26 15 17 —38 6 6 Left insula
29 15 18 20 —64 18 Right calcarine, cuneus
119 15 .20 40 -76 30 Right mid. occipital
392 15 .32 6 —38 78 Right paracentral lobule,
postcentral
Clusters with negative median ILAE class coefficient
85 15 .20 —10 =12 6 Left thalamus
346 15 .25 —10 44 20 Left sup. medial frontal, ACC
103 15 23 -8 —62 22 Left precuneus, cuneus, calcarine
68 15 21 —36 16 28 Left inf. frontal
95 15 22 -10 —96 8 Left sup. occipital, mid. occipital
152 .15 22 —38 —6 44 Left precentral
61 15 .19 —4 22 50 Left SMA, sup. medial frontal
72 15 .20 2 20 52 Bilateral SMA

Abbreviations: ACC, anterior cingulate cortex; ILAE, International League Against Epilepsy; inf., inferior; mid., middle; MNI, Montreal Neurological Institute;

SMA, supplementary motor area; sup., superior.
“Cluster median Cohen f*>.15.

PCluster size restricted to the range of 10-500 voxels.

a large review of 34 studies including 1026 patients found
48%-57% were seizure-free.”> Children with TSC and a high
seizure burden are far more likely to have autism or severe
developmental delay, prompting a prospective study of neu-
rodevelopmental outcome in early epilepsy surgery.”®

Adoption of this multimodal approach to epilepsy sur-
gery for this patient population appears justifiable, but
candidate selection remains challenging; for example,
Stomberg et al. reported that only 34 of the 85 (40%) chil-
dren with TSC evaluated for epilepsy surgery underwent
surgery.” Most of the retrospective surgical series avail-
able do not report the number of children evaluated for
surgery, making it unclear how many were evaluated and
how selection criteria were applied. Treiber et al. argue
for a redefinition of treatment goals that incorporates sei-
zure reduction and quality of life, rather than a seizure-
free absolutism approach.'® Therefore, the problem may
be twofold: (1) lack of consensus regarding optimal surgi-
cal candidates and (2) incomplete prediction of outcomes
using current tools.

Preoperative predictors of poor outcome in epilepsy
surgery for patients with TSC are not well established but
include high number of cortical tubers (>5) and seizure
onset before 1 year of age,” with mixed results relating to
whether complete removal of the SOZ is necessary for sei-
zure freedom.””*® Previously, we found that more limited
extent and number of SOZs, as identified by iEEG, were
predictive of seizure freedom following epilepsy surgery
in pediatric TSC patients.” This suggests that invasive
EEG can be used as a surrogate to determine whether the
epileptogenic zone is narrowly focused, favoring improved
postoperative outcome.

4.2 | Resting state and structural
connectivity in epilepsy surgery and TSC

Even a single FCD lesion has measurable effects on con-
nectivity networks. Using an assessment of fMRI based on
independent component analysis, Liu et al. found higher
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connectivity in the DMN, dorsal attention network, and
sensorimotor mode network compared to controls.*® The
effects of heterogeneous or multiple lesions on networks
are now being studied and applied to surgical planning.
rs-fMRI has been used to conserve eloquent tissue for pa-
tients undergoing resective or ablative surgery for TSC,
brain tumors,*** and epilepsy.**** Lobanov et al. found
that a majority of TSC patients had similar connectivity
network architecture when compared to healthy controls,
but aberrant differences in connectivity within the TSC
cohort, particularly in the cingulo-opercular and visual
resting-state networks, correlated with higher tuber bur-
den and poorer neurodevelopmental state.*> Akhondi-Asl
et al. detected a significant difference in global functional
connectivity between TSC patients and healthy controls
using rs-fMRI analysis.*® Im et al., using diffusion tensor
imaging to assess structural connectivity between brain
regions by axonal fibers in white matter, found that both
short- and long-association fibers were reduced in TSC
patients, with interhemispheric connectivity being par-
ticularly diminished; findings also reflected a correlation
between altered structural connectivity in TSC patients
and tuber burden.®’ Similarly, rs-fMRI has been used to
correlate network connectivity with neurodevelopmen-
tal outcomes, autism, and seizure history in infants with
TSC.*®

4.3 | Use of LNM in epilepsy and TSC
LNM is a tool that may supplement evaluation of a given
brain region and epilepsy risk, even if a functional con-
nectome cannot be obtained for a given patient due to dif-
ficulty with development or participation. For this reason,
in our estimation, LNM has a wider potential for clinical
application in TSC compared to rs-fMRI. By employing le-
sions as seeds and mapping these seeds to corresponding
brain connectomes from healthy participants, it is possi-
ble to determine which networks “ought” to be connected
to these brain regions. Schaper et al.* reported the use of
LNM to stratify epilepsy risk after stroke and found that
functional connectivity to the basal ganglia and cerebel-
lum increased in this LNM. Because there are multiple le-
sions that are often confluent in certain regions, there may
be a cumulative effect on brain networks. Furthermore,
TSC is a developmental epilepsy, meaning that the epi-
leptic network develops alongside functional networks as
the child grows. This can result in altered white matter
(measurable using diffusion tensor imaging) that results
in neurobehavioral abnormalities, autism, and intellec-
tual disability.40 Therefore, the underlying brain networks
in TSC may be distorted or shifted compared to healthy
controls.

Epilepsia

Despite the challenges of applying LNM to TSC, this
approach has been applied successfully to another com-
monly seen brain phenotype in this population. TSC
patients with infantile spasms were more likely to have
tubers “negatively connected” to the globi pallidi and cer-
ebellar vermis.*! In this study, the authors corrected for
overall tuber burden and location as well as TSC genotype
(TSC1 vs. TSC2), because both higher tuber burden and
TSC2 genotype are associated with infantile spasm devel-
opment. The pathophysiological implications of this find-
ing are speculative, but the authors concluded that “lesion
network mapping of individual tuber lesions rather than
lesion patterns...” may identify tuber candidates for de-
structive surgery.

44 |
in FCD

Comparison to our previous work

The potential value of LNM for predicting efficacy of de-
structive surgery was explored in our previous publica-
tion.”* In this work, we identified 21 pediatric patients
who underwent resective surgery for epilepsy secondary
to FCD (without TSC genotype/phenotype). The voxel-
based seeds were defined by the MRI-visible lesions, and
connectivity was compared between seizure-free and per-
sistent seizure groups. The majority (19/21) had complete
resection of these lesions. The resulting LNM identified
weaker connectivity to the DMN in those with persistent
seizures after surgery compared to the seizure-free group,
a finding that aligns with the current study.

4.5 | Potential role of DMN

The role of the DMN, specifically, in epilepsy is complex.
Patients with temporal lobe seizures have reduced blood
flow in the DMN during seizures that involves alteration of
consciousness.** Additionally, epilepsy patients may have
decreased functional connectivity within the DMN inter-
ictally compared to controls, and the degree of decreased
connectivity may predict seizure freedom after temporal
lobe surgery.** However, the status of the DMN in pediat-
ric extratemporal epilepsies is unclear; a study of patients
with benign epilepsy with centrotemporal spikes dem-
onstrated increased variability of functional connectivity
in the precuneus compared to controls.** In the current
study, resection of regions connected to motor networks
and DMNs was associated with improved outcome. We
can postulate that disabling seizure networks that par-
ticipate in core functions that include consciousness or
movement would be desirable. This does not explain why
tubers connected to these regions are more intervenable
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with surgery, although these seizures may be the most ob-
vious to caregivers.

4.6 | Limitations

There are several major differences in study population
between isolated FCD, analyzed in our previous work, and
the TSC population, resulting in a more nuanced analysis
pipeline. Foremost, the volume of brain resected was larger
in the current study and frequently multilobar. Factors af-
fecting resection volume included surgical-anatomical
boundaries and presence of multiple tubers in the SOZ(s).
Patients with TSC are more likely to have multiple SOZs
and seizure types. Considering this large resection volume
as a “lesion” leads to the increased possibility of making
a type II error. Consequently, the analysis in the current
work used the first principal component of the ROI (over-
all resection volume), anticipating that this would narrow
the connectomes being compared. Clusters with negative
coefficients were predominantly located in the left hemi-
sphere. It is possible that this laterality is a consequence of
the considerable overlap of resection ROI in left temporal
regions among patients in our cohort. Future LNM studies
would benefit from larger cohorts with wider variation in
ROI distribution. Other limitations include a moderate ef-
fect size and variable antiepileptic drug regimens includ-
ing presence/absence of mTOR inhibitor use.

4.7 | Conclusions

We provide methods for application of an LNM technique
to assess the relationship between functional connectiv-
ity and epilepsy surgery outcomes in pediatric TSC. Our
findings corroborate a previous study, identifying the po-
tential role of the DMN. Patients with resected lesions in
brain regions connected to the DMN had better postop-
erative seizure outcomes. Further development of LNM
methods for TSC patients may provide ancillary support
for treatment decision-making.
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