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Abstract

Background and Objectives

Task fMRI is a clinical tool for language lateralization, but has limitations, and cannot provide
information about network-level plasticity. Additional methods are needed to improve the
precision of presurgical language mapping. We investigate language resting-state functional
connectivity (RS fMRI; FC) in typically developing children (TD) and children with epilepsy.
Our objectives were to (1) understand how FC components differ between TD children and
those with epilepsy; (2) elucidate how the location of disease (frontal/temporal epilepsy foci)
affects FC; and (3) investigate the relationship between age and FC.

Methods

Our sample included 5 TD children (mean age 12 years, range 7-18) and 31 patients with focal
epilepsy (mean age 13 years, range 7-18). All participants underwent RS fMRI. Using a bilateral
canonical language map as target, vertex-wise intrahemispheric FC map and interhemispheric FC
map for each participant were computed and thresholded at top 10% to compute an FC laterality
index (FCLL [(L - R)/(L + R)]) of the frontal and temporal regions for both integration
(intrahemispheric FC; FCLIL) and segregation (interhemispheric FC; FCLL) maps.

Results

We found FC differences in the developing language network based on disease, seizure foci
location, and age. Frontal and temporal FCLI; was different between groups (t[84] = 2.82,
p <0.01; t[84] = 4.68, p < 0.01, respectively). Frontal epilepsy foci had the largest differences from
TD (Cohen d frontal FCLI; = 0.84, FCLI = 0.51; temporal FCLI; = 1.29). Development and
disease have opposing influences on the laterality of FC based on groups. In the frontal foci group,
FCLI decreased with age (r = —0.42), whereas in the temporal foci group, FCLI, increased with
age (r = 0.40). Within the epilepsy group, increases in right frontal integration FCLI relates to
increased right frontal task activation in our mostly left language dominant group (r = 0.52,
p < 0.01). Language network connectivity is associated with higher verbal intelligence in children
with epilepsy (r = 045, p < 0.05).

Discussion

These findings lend preliminary evidence that FC reflects network plasticity in the form of
adaptation and compensation, or the ability to recruit support and reallocate resources within and
outside of the traditional network to compensate for disease. FC expands on task-based fMRI and
provides complementary and potentially useful information about the language network that is
not captured using task-based fMRI alone.
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Glossary

EPI = patients with focal epilepsy; FC = functional connectivity; FCi = functional connectivity integration; FCLI = functional
connectivity laterality index; FCs = functional connectivity segregation; HC = hemispheric contrast; IFG = inferior frontal
gyrus; MFG = middle frontal gyrus; MNI = Montreal Neurological Institute; RS = resting-state; TD = typically developing;

VIQ = verbal intelligence.

Presurgical localization of the language network is necessary to
avoid postoperative deficits from epilepsy surgery, and fMRI
language mapping is commonly used to determine the laterality
of eloquent language cortex and is increasingly used for local-
ization." However, fMRI language activation does not fully
predict postsurgical language decline," and provides limited
information about network plasticity. Additional methods are
needed to improve the precision and predictive power of
presurgical language mapping. Resting-state functional con-
nectivity (FC) may be an alternative to task IMRL®® Following
early work,” FC quantifies within-hemisphere connections
to reflect network synchronicity (“integration”), and across
hemisphere connections to reflect network suppression from
contralateral homologs (“segregation”). Prior research on lan-
guage lateralization in healthy adults suggests integration is a
proxy for left-hemisphere language dominance, and segregation
approximates suppression of the right hemisphere.” In typically
developing (TD) adults, FC correlates with vocabulary per-
formance.” FC identifies the lateralized language network,” !
adds to predictive models of postsurgical language decline,® and
shows promise as a presurgical tool.

Our prior work established that FC hemispheric contrast (FC-
HC) identifies the lateralized language network similar to
language task-based fMRL'" However, FC-HC mapping for
the epilepsy group, which is left language dominant (based on
task-fMRI), was bilateral, which we posit reflects language
plasticity due to greater atypical language representation in
epilepsy.'’ We define “typical” language representation as the
anatomically distinct left-dominant frontal (Broca area) and
temporal (Wernicke area) areas.'> Plasticity is a network’s
malleability to adapt to change,13 and refers to physiologic
brain changes to support learning.'* Plasticity includes network
compensation, adaptation, and reorganization. Compensation
is the ability to recruit support and reallocate resources located
within the traditionally defined anatomical network (e.g, right
homologs supporting a left dominant network).'>'* Adapta-
tion is the ability to recruit support and reallocate resources
located beyond the traditionally defined anatomical network
(e.g,, supplementary motor area activation implicating the at-
tention network to support a language network).'>*® While
compensation or adaptation may be temporary responses to a
demand, reorganization is a more permanent change of the
dominant network resources to homologs (i.e., right dominant
language) or nontraditionally defined network brain areas (e.g,,
brain regions outside traditional network). In young children,
brain regions have more neural equipotential for functional
network plasticity than in adults."”*® Examining the language
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network in children with epilepsy provides a natural study of
factors that influence the maturation and expression of neural
networks.

Our prior work combined integration and segregation into
a single hemispheric value contrast (FC-HC) to maximize
the lateralization effect. We have yet to investigate the de-
velopmental trajectory of language FC in TD children. It is
unclear if brain regions (frontal vs temporal) or if distinct FC
metrics (integration vs segregation) are differentially sensitive to
development. This article expands on our prior work by delving
into the components of the FC metrics and their relationship to
age. We employ a cross-sectional design to expand on the un-
derstanding of FC as it relates to the presence of epilepsy,
overlap with seizure foci, and age. For all analyses, we conduct
comparisons of language FC within frontal and temporal re-
gions to examine differences across age and brain regions. We
expect regional differences due to the developmental trajectory
of brain maturation. First, we expect the results from children
with epilepsy to be different from those of TD children. We
hypothesize that FC metrics will capture disease-related differ-
ences in frontal and temporal language regions, evidenced by
lower integration and segregation. Similarly, we expect hemi-
spheric FC integration and segregation to be different based on
the epilepsy foci. We hypothesize that frontal disease foci would
show greater differences because these regions have protracted
neural maturation and a greater propensity for plasticity."
Lastly, we hypothesize that left-hemispheric integration will
strengthen over childhood with increased network specializa-
tion for language processes. Thus, left language integration and
segregation will be greater with age.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

All parents/guardians gave written informed consent, and
where appropriate assent, with procedures approved by in-
stitutional review boards (Georgetown University Medical
Center; PI Vaidya; IRB 2008-343 and Children’s National
Hospital Office for the Protection of Human Subjects; PI Berl
and Gaillard; IRB Pro00000106).

A brief summary of our methods is provided, as we describe
detailed recruitment procedures, imaging protocol, sample
characteristics, preprocessing, and postprocessing methods in
our prior work'' (see Table 1 for participant demographic
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Table 1 Participant Demographic Information and
Imaging Acquisition

Typically developing Pediatric epilepsy

children patients
N 55 31
Female sex 30 (55) 14 (33.3)
Age,y 11.9 (7-18) 12.8 (7-18)
Handedness 3 left, 52 right 6 left, 19 right, 6 mixed
Scanner Siemens 3T, 12-channel GE 3T, 8-channel

Values are n (%) or mean (range).

information). Participants included 5S TD children as control
participants (TD; 30 female, mean age 12 years, range 7-18, 52
right-handed) and 31 patients with focal epilepsy (EPI; 14
female, mean age 13, range 7-18, 19 right-handed) undergoing
phase 1 surgery evaluation. All participants underwent resting-
state (RS) fMRI scan (S minutes, eyes open, with a fixation
cross and the instruction to “not to think of anything in par-
ticular”). No patient had a generalized tonic-clonic seizure the
day of the fMRI. All patients were given an age-appropriate
Wechsler intelligence measure. RS-fMRI were collected using a
gradient echo pulse sequence with an 8-channel head coil on a
scanner with repetition time 2 seconds, flip angle 90°, in-plane
field of view 192 x 192 mm, 3.0 mm isotropic voxels. TD
children were scanned at Georgetown University using a 12-
channel head coil on a Siemens Trio 3T scanner. All patients
underwent fMRI as part of their presurgical evaluation for
epilepsy at Children’s National Hospital using an 8-channel
head coil on a GE 3T scanner. TD children resting-state f{MRI
data collection details can be found in previous studies.”***
Prior work established FC patterns are similar in healthy adults
and TD children (see prior study, Figure $4),'' therefore we
only included TD children in the current study.

Patients with focal unaware epilepsy underwent ictal video
EEG and a high-resolution MRI epilepsy protocol. All pa-
tients included in this study had poor seizure control as they
were identified for phase 1 surgery evaluation. All patients
underwent task fMRI language mapping. Language laterality
is reported based on the Auditory Description Decision Task
top 10% activation, which has been previously and extensively
described."! In brief, auditory word definitions are provided in
a S-minute block design contrasted by backwards speech.
Images were motion corrected, smoothed, and normalized for
single subject first level activation analyses using GLM in
SPM12. The key contrast of interest is task > reverse speech
for language function.

The imaging data underwent a standard preprocessing pipeline
in SPM12 (Statistical Parametric Mapping; Wellcome Trust
Centre for Neuroimaging) with motion correction, unwarping,
and indirect normalization to Montreal Neurological Institute
(MNI) space using a deformation field generated through T1
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segmentation. It then underwent denoising steps using the
CONN toolbox (version 19.c) with the aCompCor strategy,
but with “scrubbing” criteria for high motion volumes
FD >0.5 mm as suggested for nonmultiband fMRI data to
remove spurious variance.”* We checked FC metrics in CONN
(i.e., scrubbing, number of scans). We set denoising filtering to
0.01-0.1 Hz and no despiking. We checked the distribution of
FC across all voxels in the brain for quality assurance. The final
samples included in the current study had less than 20% high
movement volumes. We mapped denoised volumetric time
series within the cortical ribbon onto standard 32 K fs LR
mid-thickness surfaces and combined left and right hemi-
spheres into CIFTI format for FC calculation. We used the
workbench toolbox “wb_command - volume-to-surface-
mapping” from the Human Connectome Project. This pro-
vides a vertex-wise time series of bold signals for FC calculation.
A vertex refers to the intersection of 3 triangles on brain surface
mesh. Specifically, this mapping process from 3D volume to 2D
surface space involves sampling old signal of each voxel be-
tween the pial and white matter surface for each vertex. The
algorithm then estimates the amount of the polyhedron’s vol-
ume that falls inside any nearby voxels. The volume that
overlaps with each nearby voxel is used to weight the voxel
values when they are mapped to the surface space.

CONN processed data were exported to run our in-house FC
pipeline.'’ In brief, we computed a whole-brain connectivity
matrix (vertex to vertex) using a Pearson correlation (r). Then
we set a correlation threshold to determine whether vertices
were “connected.” Next, we computed the degree of within-
hemisphere connectivity for each vertex within the gray matter
by calculating the number of ipsilateral connections to a target
language mask (described below; intrahemispheric FC; here-
after referred to as within-hemisphere connections, which
represents integration). We then established the ipsilateral
connection values for every gray matter vertex in the brain.
Similarly, we computed the degree of across-hemisphere con-
nectivity by calculating the number of contralateral connections
to the same language mask (interhemispheric FC; hereafter
referred to as across-hemisphere connections, which represents
segregation). Then, the within and across FC values consisted
of raw counts of connections, which are dependent on image
resolution. Therefore, to make raw counts comparable across
different scanners, we standardized these raw counts by di-
viding them by the total number of vertices in the language
mask in 1 hemisphere. This rendered a standardized value that
ranged from O to 1 for within- and across-hemisphere FC
values. From these procedures, we obtained vertex-wise intra-
hemispheric (integration) and interhemispheric (segregation)
FC maps. To assure the final FC measures are not biased by
arbitrary threshold selected for defining “connected” or not, the
weighted mean across different edge density thresholds (top
10% to top S0%) was used (see prior study for detailed ratio-
nale and comparison of different thresholding methods).""

Resulting vertexwise intrahemispheric FC map and interhemi-
spheric FC map for each participant were thresholded at top 10%
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and used to compute an FC laterality index (FCLI; [(L - R)/
(L + R)]) of the frontal and temporal regions separately
within the language mask for both integration (FCLIL) and
segregation (FCLI,), respectively. For instance, frontal in-
tegration FCLI; >0 suggests greater frontal ipsilateral FC
in the left hemisphere than the right (left favored). Frontal
integration FCLI; <0 indicates greater frontal ipsilateral FC in the
right hemisphere than the left (right favored). Similarly, frontal
segregation FCLI >0 suggests greater contralateral FC from the
left frontal region than the right (left favored), and FCLIL <0
indicates greater contralateral FC from the right frontal region
than the left (right favored). Importantly, segregation is an
inverted metric (ie., greater contralateral FC = lower network
segregation). For each participant, we generated a total of 8 raw
FC metrics, that is, the raw FC value for each hemisphere for
both integration and segregation (raw L FC;; raw R FC;; raw L
FC,; raw R FC,) for each brain region (frontal and temporal).
Then, we compute 4 laterality indexes, that is, integration and
segregation (FCLI; FCLL) for each brain regions (frontal and
temporal). In our prior work, we combined FC; and FC; to
generate FC-HC,"" but here we investigate the components that
make up the FC-HC, which is previously described.

To ensure that FC is language-specific, we used a compre-
hensive language mask obtained from Neurosynth.org for the
FC calculation. Specifically, the search term of “language”
produced a false discovery rate-corrected (p = 0.01) mask
through the meta-analysis of 1,101 “language”-related studies.
To ensure our mask was symmetrical and did not bias either
hemisphere, we flipped this overall left-lateralized language
mask to create a mirrored version and combined them to
create a mask, so all areas on both the left and right hemi-
sphere are encompassed in this mask. Note this mask contains
>99% of voxels present in the masks of other language-related
search terms in Neurosynth. Thus, this comprehensive and
representative mask included all the possible language regions
in both hemispheres and was large enough to include lan-
guage areas reported in epilepsy populations with intra-
hemispheric reorganization.”>>” We then mapped the union
language mask to the surface for vertex-wise FC calculation.

Data Availability

Data for the patient groups may be made available (anonymized)
if requested through a formal data sharing agreement with the
author’s institutions. The code developed for the analysis of the
data in this study is available through the following resource: osf.
io/w8g4n/?view_only=3386e755c8614e369b7bbcacaSb29370.
Healthy control resting state data are publicly available at
ABIDE: The Autism Consortium (fcon 1000.projects.nitrc.
org/indi/abide/ abide ILhtml).

Statistical Analysis Plan

We completed the following analyses in SPSS version 26.
Analyses were grouped by objective. We computed ¢ tests be-
tween groups for the first objective (epilepsy vs TD children).
For the second objective, we computed ¢ test between epilepsy
subgroups (frontal vs temporal foci). For the third objective, we
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computed correlations between FCLIs, age, and age2 for each
group. First, we compared group differences between TD
children and children with epilepsy by independent samples
t test for the FCLI of frontal and temporal integration and
segregation. Given the novelty of the metric, Cohen d values
were computed to provide a measure of effect size. We also
investigated the 8 raw FC values of hemispheric integration and
segregation at each hemisphere to understand what is driving
the laterality index and assist with interpretation. Second, we
performed similar analysis but comparing epilepsy groups
(frontal vs temporal foci). Third, we computed Pearson (r)
correlations between age and frontal and temporal FCLI for
each group (TD children, epilepsy, frontal foci, temporal foci).
Structural neuroimaging literature suggests nonlinear rela-
tionships between age and brain developrnent,28 therefore we
investigated nonlinear relationships as well. We favored the
interpretation of the nonlinear relationship when the Pearson
R value was a significant improvement upon the linear metric.
Thus, we mean-centered age, and computed quadratic func-
tions of age, and its Pearson r correlations with FCLL We used
Fisher Z statistic to compute whether correlation coefhicients
were different between groups. Similarly, for significant find-
ings we investigated raw hemispheric values of integration and
segregation to understand what is driving the laterality index
association with age and assist with interpretation. We used the
Benjamini-Hochberg statistical correction for false discovery
rate with the recommended 5% false-positive rate to correct for
multiple comparisons.””*° The statistical correction was de-
termined by rank ordering the p values for all analyses and
computing the Benjamini-Hochberg critical value. All signifi-
cant results survived statistical correction for multiple com-
parisons at p < 0.05. We also conducted post hoc analyses to
verify findings without right-sided language dominance pa-
tients, and investigate how our FC results correspond with task
activation.

Results

Descriptive Information

The mean age at epilepsy onset was 7 years (range 0-17),
mean age at the time of study 11.9. Twenty-three patients had
aleft hemisphere seizure focus and 8 patients had a right-sided
focus. Ten had focal cortical dysplasia, 8 had a tumor, S had
normal MRIs, 2 had other malformations of cortical de-
velopment, 2 had encephalomalacia. Four had vascular etiol-
ogy. Epilepsy foci were primarily localized to frontal and
temporal regions (14 frontal, 14 temporal, and 3 parietal).
Nineteen out of 31 patients were right-handed, based on the
Edinburgh Handedness Inventory (see eTable 1, links.lww.
com/WNL/B662 for complete patient information). Patients
primarily exhibited left-lateralized language in frontal (n = 26)
and temporal (n = 25) language areas on task fMRI. Clinical
characterization is provided in Table 1, including EEG
interictal epileptiform discharges findings and whether or not
patients proceeded to surgery (n = 14). The average verbal IQ
for the sample was 94 (SD 19; n = 24). We computed
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Table 2 Group Comparisons of Frontal and Temporal Functional Connectivity

Frontal Frontal Temporal Temporal

integration FCLI; segregation FCLI integration FCLI; segregation FCLI
Typically developing children (n = 55) 0.22 (0.38) -0.04 (0.28) 0.27 (0.39) -0.04 (0.25)
Epilepsy (n =31) -0.02 (0.40) 0.07 (0.30) -0.14 (0.39) 0.00 (0.23)
Typically developing vs epilepsy Cohen d® = 0.62° Cohen d® =0.38 Cohen ¢? = 1.05° Cohen d®=0.16

Abbreviation: FCLI = Functional Connectivity Laterality Index.
Values are mean (SD).
2 Cohen d effect size interpretation®': small = 0.2, medium = 0.5, large = 0.8.

®p <0.5; t test for group comparisons: frontal FCLIi t(84) = 2.82, p <0.01; frontal FCLI t(84) = -1.65, p > 0.05; temporal FCLI; t(84) = 4.68, p < 0.01; temporal FCLIs

t(84) =-0.79, p > 0.05.

correlations of FCLI with age at epilepsy onset, duration
of epilepsy, and monotherapy x polytherapy. None of these
relationships reached significance.

TD vs Pediatric Epilepsy
Laterality of frontal and temporal integration is different
across groups, and large effect sizes are observed (Table 2).

Figure 1 Raw Hemispheric Values for Each Group
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Table 3 Average Functional Connectivity Values for Frontal vs Temporal Epilepsy Foci

Frontal
integration FCLI;

Frontal
segregation FCLI

Temporal
integration FCLI;

Temporal
segregation FCLI

Epilepsy (n = 31) -0.02 (0.40) 0.07 (0.30) -0.14 (0.39) 0.00 (0.23)
Frontal foci (n = 14) -0.12 (0.45) 0.11(0.33) -0.24(0.41) 0.05 (0.23)
Temporal foci (n = 14) -0.02 (0.32) 0.09 (0.20) -0.11 (0.37) -0.01 (0.24)
Typically developing children (n = 55) 0.22 (0.38) -0.04 (0.28) 0.27 (0.39) —-0.04 (0.25)

Frontal vs temporal

Cohen d®=0.26

Cohen d” = 0.07

Cohen d®=0.33

Cohen d®=0.26

Cohen d® = 0.84

Cohen @ =0.51

Cohen d®=1.29

Cohen @ =0.37

Typically developing vs frontal

Typically developing vs temporal Cohen d® =0.66

Cohen d® =0.50 Cohen d®=0.99 Cohen d®=0.12

Abbreviation: FCLI = Functional Connectivity Laterality Index.
Small = 0.2, medium = 0.5, large = 0.8. Values are mean (SD).
2 Cohen d effect size interpretation.*'

Frontal (FCLI; mean 0.22) and temporal integration (FCLI;
mean 0.27) is greater in the left hemisphere than the right
hemisphere in TD, as indicated by a positive laterality index
value. This is driven by greater left language within-
hemisphere FC in TD (see Figure 1 for raw FC value).
EPI has frontal integration FCLI; values close to 0 (FCLL
mean -0.02), indicating both hemispheres have equal
within-hemisphere FC (Figure 1). In contrast, EPI has
negative temporal integration FCLI (FCLI; mean —0.14),
indicating temporal integration (within hemisphere FC) was
greater in the right hemisphere than the left. Segregation
FCLI; values do not differ between groups regardless of
brain region (see Table 2). Both TD and EPI segregation
FCLI, were close to zero, indicating both hemispheres have
equal across-hemisphere FC.

Frontal vs Temporal Epilepsy Focus

We examined the effect of the location of seizure foci given
that 14 patients had frontal foci and 14 patients had temporal
foci. We did not include parietal onset seizures due to the
small sample size (n = 3). We found no differences and Cohen
d effect sizes were small for frontal integration, temporal in-
tegration, frontal segregation, and temporal segregation

(Table 3).

Developmental Differences
Due to small sample size and multiple comparisons, results
are only discussed if Pearson r values were medium to large

(see Table 4).°

For the TD children, no significant relationship is observed
between age and FC metrics across regions.

For the epilepsy group, no significant relationship is observed
between age and FC metrics across regions. However, there
were relationships when groups were separated by location of
seizure focus (frontal vs temporal; see Figure 2 and supple-
mentary eFigure 2, links.lww.com/WNL/ B662).
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For the frontal epilepsy foci group, as age increases, the frontal
integration FCLI; becomes increasingly negative, indicating
an increasingly right-favored laterality index with age. Further
analysis of the subcomponents of FCLI (i.e., raw L FCi; raw R
FCi) reveals that this is driven by decreased left frontal in-
tegration (raw L FCi) as children aged (see Figure 3). There is
a relationship between age and raw left frontal integration
(raw LFCir=-0.60, p < 0.05). Frontal segregation FCLI; has
a quadratic association with age (age ¥ =0.52, p <0.05). In
young children, left hemisphere frontal across-hemisphere
connectivity (raw L FCs) decreases until around age 12.5, and
then increases with older age. Right frontal across-hemisphere
connectivity (raw R FCs) shows the opposite pattern, and
increases until age 12.5, and then decreases (see eFigure 1,
links.Iww.com/WNL/B662). Temporal integration FCLI
follows a similar pattern of more right-favored FCLI; with age
(age r = —0.35). Left temporal integration decreases with age
(raw L FCi), whereas right temporal integration increases
with age (raw R FCi; see supplementary eFigure 1). Temporal
segregation FCLI has a quadratic relationship with age (age
r* = 0.32), such that the left and right hemispheres (raw L and
R FCs) have increasing across-hemisphere connectivity in the
temporal regions until about age 12.5, and then contralateral
connectivity peaks and subsequently declines, indicating
higher temporal lobe segregation.

For the temporal epilepsy foci group, as age increases, there is
greater left frontal integration FCLI,. Investigation of raw data
reveals left frontal integration (raw L FCi) increased, while
right frontal integration (raw R FCi) decreases over age.
Additional FCLI metrics (frontal FCLI temporal FCLI; and
FCLI) are not associated with age.

Group Differences

We report Fisher Z tests to indicate if the relationship be-
tween FCLIs and age is different between groups. For frontal
integration, differences between the frontal and temporal
epilepsy foci groups are present (see Table 3).
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Table 4 Pearson r Correlation Coefficients Between Age
and Frontal and Temporal FCLI Values

Connectivity

Region metric Group Age Age
Frontal Integration Typically developing -0.03 -0.22
FCLIg children
Epilepsy -0.22 -0.08
Frontal foci -0.42 -0.26
Temporal foci 040 -0.26
Fisher Z frontal vs temporal -2.04° —
Segregation Typically developing -0.11  0.09
FCLIg children
Epilepsy 0.04 0.18
Frontal foci -0.08 0.52%
Temporal foci -0.12 0.14
Fisher Z frontal — 1.02
vs temporal
Temporal Integration Typically developing 0.16  -0.19
FCLI; children
Epilepsy -0.22 -0.04
Frontal foci -0.35 -0.27
Temporal foci 0.06  0.15
Fisher Z frontal -1.00 —
vs temporal
Segregation Typically developing 0.05 0.20
FCLIg children
Epilepsy 0.05 0.19
Frontal foci 0.06  0.32
Temporal foci -0.15 0.22
Fisher Z frontal — 0.30

vs temporal

Abbreviation: FCLI = Functional Connectivity Laterality Index.

Medium to large correlation coefficients are bolded due to small sample size
in epilepsy subgroups (n = 14). Fisher Z comparisons are presented for
medium to large correlation coefficients, and are included in the table
above.

ap <0.05.

Post Hoc Analyses

Removal of Right Dominant Participants

To determine whether language dominance affected our findings,
we removed 8 patients with epilepsy who had right-sided lan-
guage lateralization in frontal or temporal regions on task-based
fMRI. When we removed them, the primary analyses and find-
ings described above remained significant. Thus, the significant
findings of FC are not merely a reflection of language dominance.

Association With Activation in Patients
To test whether FC metrics are associated with a greater
propensity for right hemisphere activation, we computed a

Neurology.org/N

correlation between the raw right hemisphere FC integration
and segregation values (raw FCi and FCs) and the raw vertex
count for right hemisphere activation based on language task
fMRI in 3 regions: inferior frontal gyrus (IFG), Wernicke
area, and the middle frontal gyrus (MFG). Within the whole
epilepsy group, the right frontal raw FCi is positively corre-
lated with right MFG activation (r = 0.52, p < 0.01). The same
relationship was not found for activations in IFG or Wernicke
areas (r = 0.21 p > 0.0S and r = 0.33, p > 0.0, respectively).
The positive correlation between right frontal raw FCi and
right MFG activation was mainly driven by the frontal foci
group (p = 0.53, p = 0.05). Moreover, in the frontal epilepsy
foci group, right IFG activation also negatively correlated with
left temporal raw ECi (p = —0.63, p = 0.02).

Association With Verbal 1Q

To test whether FC metrics are associated with language, we
computed correlations between the FCLI and raw FC values
and verbal intelligence (VIQ) for the patients who had
available IQ data (n = 24). In the epilepsy group, frontal
segregation FCLI was significantly positively correlated with
higher VIQ score (r = 0.4, p < 0.05). Upon investigating raw
values, left frontal integration was significantly associated with
higher VIQ (r = 045, p < 0.05), and left frontal across-
hemisphere connectivity was also highly correlated with
higher VIQ (r = 0.65, p < 0.01). Greater left temporal across-
hemisphere connectivity was associated with lower VIQ
(r=-0.46, p < 0.05) in the whole epilepsy sample; however,
this relationship is driven by children with a temporal epilepsy
focus (r = -0.72, p < 0.05; n = 11).

Discussion

FC metrics provide additional insights into typical language
network maturation and the influence of disease, which may
reflect network plasticity and an effect of epilepsy. Our 3 main
findings are as follows. (1) There are group differences in
language FC between TD children and those with epilepsy
during development. Supporting the plasticity principle of
compensation, children with epilepsy who have a left-dominant
language network distribute their network resources differently
than TD children. (2) Development (i.e., correlation with age)
and frontal FC differs by location of seizure foci. Supporting the
plasticity principle of neural commitment, frontal areas of the
developing brain have greater equipotential in younger chil-
dren. (3) Increases in right frontal FC integration are related to
increased right hemisphere task activation in our left language
dominant group. Furthermore, increased left temporal FC is
related to decreased right IFG activation. These findings pro-
vide preliminary evidence that FC may reflect the mechanism
of change following functional disruption due to disease.
(4) There was a relationship between language network con-
nectivity and verbal intelligence in children with epilepsy.
These findings lend support for the plasticity principle of ad-
aptation or the network’s ability to recruit support outside the
traditionally defined network to support language function. We
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Figure 2 Typically Developing Children and Children With Epilepsy

Frontal foci Temporal foci

Typically developing children

c ; 1.00 .
S .80 0.80 | = ¥ ° °,
.% X 4 8.28_ 3 2 o L] L] ..
— B 1 ° B 1 % 0 00 ° ®
20 20 | ° ° o ® e 0.20 Fet-——r— —
= .00 e 0.00 { e
= . /;/,————' 020 +® e " 4
s 40 . -0.40{ ©° e
= . -0.60{ ° = .
2 . -0.80
B -1.00 . -1.00 -1.00 .
750 9.50 11.50 13.50 1550 17.50 750 9.50 11.50 13.50 1550 17.50 750 9.50 11.50 13.50 1550 17.50
c 1.00 1.00 1.00
5 080 0.80 0.80
S 0.60 - 0.60 060{ .
oo 0.40 & o 0.40 o 0.40 | . & .
2 020 \/. 0.20 S e o ° 0204 «,° o O ° g
8 0.00 5 0 [® & —e——" 0.00 | v—5e 2% e " . .
v -0.20 ® ® & -0.20 ° o o °® -0.20{e%e°8 % S o e e
= T -040 o ® -0.40 -040{ , . ° s
= £ -0.60 -0.60 -0.60 . = .
%5 9 -0.80 -0.80 -0.80
< T -1.00 ; , ; ; — -1.00 ; ; ; ; —  -1.00 : : . g .
£ 750 9.50 11.50 13.50 1550 17.50 7.50 9.50 11.50 13.50 1550 17.50 750 9.50 11.50 13.50 1550 17.50
P
Z
T c . 1.00
5 2 : 0.80 | Ye®me ., s
5 © ' 060] o o o ,°°° o o
— & ) 040] e o2 8
9 , 0.20 | 2 .
IS ; 000] e . *ie
= . -020] &°%ec .¢ .
S R -0.40 | N < ® %
Q X -0.60] ¢
£ ! -0.80
@ -1.00 : : : : — -1.00 : : : : —  -1.00 : : : : :
750 9.50 11.50 13.50 15.50 17.50 750 950 11.50 13.50 15.50 17.50 750 9.50 11.50 13.50 1550 17.50
S 100 1.00 1.00
S 080 0.80 0.80 1
0.60 0.60 0.60 1
& 040 . o 040/ . 040{ ,* : o
% 020 . g 0.201° o ” 0201 2% g oo
& 000{ - . 000 ———° , © o — 0001 __se ot s o oy
= -020 -0.20 1 . o s -020{ oo 2° : .
5 -0.40 = -0.40 N -0407 ° _ e . .
a -0.60 -0.60 -0.60 1 e o
£ -0.80 -0.80 1 -0.80 1
@ -1.00 -1.00 -1.00

750 950 11.50 1350 15.50 17.50 7.50 9.50 11.50 13.50 15.50 17.50
Age (years) Age (years)

Relationships between age and language network integration and segregation.

7.50 9.50 11.50 13.50 15.50 17.50
Age (years)

found a greater language burden on the right MFG, tradi-  frontal regions. An increased propensity for both hemispheres
tionally defined as executive control network, in our epilepsy  to remain language ready (i.e., bilateral FCLI) may reflect an
group. FC expands on task-based fMRI and provides comple-  adaptation to epilepsy.

mentary and potentially useful information about the language

network not captured using task-based fMRI alone. In TD children, language lateralization increases over child-

hood based on observations from language task fMRI. Bi-
FC is related to, but distinct from, task fMRI activation. Task  lateral activation in children under age 6 occurs commonly
activation identifies language regions within a network bur-  and is proposed as one mechanism for recovery following
dened during the task (i, activation patterns differ if lis-  early injury to the left hemisphere.'”*> With epilepsy, the
tening to a story vs generating words). In contrast, FC  brain may retain this bilateral developmental pattern at least
approximates the constant underlying coordinated activity of ~ for FC. Children may need to recruit greater network re-
neurons that support activation yet expands beyond activa-  sources to subserve language function, similar to how adults,
tion, and measures the larger “language-ready” network. The =~ when given increased language demands, show greater bi-
language-ready brain refers to the neurobiological topography  lateral activation.*** If EC is a proxy for language readiness,
that allows brain regions to support language function.>® FC  then FC may be able to supplement language mapping in-
may reflect the network’s capacity to compensate by recruit-  formation by providing an index of the network’s ability to
ing other neural resources. Unlike TD children, children with ~ compensate as needed due to demands or in the context of
epilepsy exhibit FC that did not favor either hemisphere inthe =~ neural disruption/injury. These results require replication and
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Figure 3 Typically Developing Children and Frontal vs Temporal Epilepsy Foci
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further investigation with larger samples to validate that net-
work differences reflect compensatory processes and further
investigate how results may be affected by epilepsy treatment.

The differences in maturational timing of brain structure may
underlie the different results found in the frontal vs temporal
lobe. In typical development, frontal regions have protracted
maturation, myelination, and cortical pruning.zg’36 The ma-
jority of FC differences in our study of older children were
found in the frontal lobe, supporting the notion that matu-
ration of FC mirrors structural development with temporal
regions reaching maturity before frontal regions. Even though
we did not find a correlation with age, we did find differences
primarily in the frontal lobe. In prior research, resting-state
FC and task fMRI demonstrate left hemisphere language
dominance.'"?” In our presumed left language dominant
group, most TD children exhibited left favored frontal and
temporal integration; however, we did not find a relationship
between age and FC metrics. The lack of findings in TD
children may indicate a mature language network, particularly
as the average age of our TD sample is 12 years, and prior
research suggests that frontal and temporal regions resemble
adult left dominance by age 10.'*®

Our results suggest FC provides insight into plasticity.
However, additional studies are needed to test more sophis-
ticated models of interactions with age and development, and
the ability to control for more epilepsy treatment and
development-related factors, as well as determine how these
factors influence FC metrics. Due to small sample size, we did
not have sufficient power to detect relationships using more
sophisticated models, such as spline regressions or generalized

Neurology.org/N

additive models. Our correlational results provide exploratory
hints that FC may be helpful to identify differences that re-
quire further investigation with larger samples and more so-
phisticated statistical modeling. Due to the complexity of
network development aside from disease, further research
across a larger age range is needed to detect reliable nonlinear
associations. Additional research is also needed on TD chil-
dren and those with epilepsy who have non-left language
dominance. Epilepsy is heterogeneous; our sample is in-
herently limited by different causes of epilepsy and medica-
tions. Future studies will also need to examine outcomes and
whether FC can predict postsurgical language performance.

Our measure and approach towards integration and segrega-
tion has been validated empirically and theoretically supported
in other studies.” However, our measures of integration and
segregation are inferred based on a correlation matrix. There
are other ways to operationalize integration and segregation
using graph theory metrics of clustering coefficient and char-
acteristic path length. Our temporal resolution was not suffi-
cient to warrant interpretation of the data at individual
frequencies, such as temporal lag. Future research should in-
vestigate additional aspects of signal relationships such as
imaginary part of coherency, phase-based metrics, and
frequency-resolved directed interactions.”® Future research
could further validate and support the correlational results
presented here using alternative approaches of signal syn-
chrony and casualty.*’

We observed that FCLI identifies variance in the language
network based on disease group, brain region, epilepsy foci,
and age in TD children and children with epilepsy. We posit
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that these differences align with notions of functional neu-
roplasticity at the intersection of brain networks, de-
velopment, and disease. If FC metrics reflect mechanism, then
these tools may be able to predict surgery outcomes and
language recovery. FC may provide insights into periods of
language plasticity or vulnerability to help predict re-
organization capacity for pediatric epilepsy. Ultimately, FC
may expand presurgical evaluation to language network
mapping rather than language task dominance.
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