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Functional changes in the pediatric brain following neural injuries attest to remarka-
ble feats of plasticity. Investigations of the neurobiological mechanisms that underlie
this plasticity have largely focused on activation in the penumbra of the lesion or in
contralesional, homotopic regions. Here, we adopt a whole-brain approach to evaluate
the plasticity of the cortex in patients with large unilateral cortical resections due to
drug-resistant childhood epilepsy. We compared the functional connectivity (FC) in
patients’ preserved hemisphere with the corresponding hemisphere of matched controls
as they viewed and listened to a movie excerpt in a functional magnetic resonance imag-
ing (fMRI) scanner. The preserved hemisphere was segmented into 180 and 200 parcels
using two different anatomical atlases. We calculated all pairwise multivariate statistical
dependencies between parcels, or parcel edges, and between 22 and 7 larger-scale func-
tional networks, or network edges, aggregated from the smaller parcel edges. Both the
left and right hemisphere—preserved patient groups had widespread reductions in FC
relative to matched controls, particularly for within-network edges. A case series analy-
sis further uncovered subclusters of patients with distinctive edgewise changes relative
to controls, illustrating individual postoperative connectivity profiles. The large-scale
differences in networks of the preserved hemisphere potentially reflect plasticity in the
service of maintained and/or retained cognitive function.

epilepsy | plasticity | children | hemispheres | functional connectivity

Neuroplasticity refers to the brain’s ability to change and adapt over the course of normal
learning and development or as an adaptive (or maladaptive) response to brain damage.
The study of plasticity is challenging as neural changes span the gamut of temporal and
spatial scales, from microseconds to the lifespan, and from microns to the entire nervous
system. Plasticity, which is a ubiquitous property of the nervous system (1, 2), can also
take different forms, including the formation and elimination of synaptic connections,
the modification of synaptic weights, as well as the changes in coordinated activity that
emerge at the level of brain networks (3). This complexity notwithstanding, progress has
been made in characterizing the neurobiological basis of plasticity by identifying the
cellular and molecular properties of synapses that undergo change, with increasingly precise
specification of the underlying mechanisms (4). Given the limited methodological
approaches for examining cellular and molecular mechanisms of such changes in humans,
characterizing neuroplasticity in the human cortex has proven difficult. Despite this chal-
lenge, the appeal and interest in understanding the malleability of the human cortex is
great (5), both in healthy and clinical populations (6).

One approach to studying plasticity in human adults has been to examine the nature
and extent of recovery following damage to, for example, motor (7), language (8, 9), and
visuospatial (10) cortical regions. Neuroplasticity in childhood is known to be more
prominent than in adulthood (11, 12), during which even small, circumscribed lesions
typically cause severe and long-lasting deficits (13—15). Dramatically, many, if not most,
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After large cortical resections,
children, more than adults, can
exhibit remarkable maintenance
or recovery of cognitive
functions. We found significant
postsurgical differences in the
functional connectivity of the
preserved hemisphere in
individuals with childhood
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brain resilience and may guide
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following early brain injury.

children who undergo surgery for the treatment of drug-resistant epilepsy (DRE), evince
a remarkable ability to recover function, even in cases of larger lesions or surgical resections
(16-18), with some exceptions (19).

Recent evidence demonstrates the potential for recovery following unilateral childhood
cortical resection. For example, although in typical individuals, the left hemisphere (LH)
has a bias for word recognition and the right hemisphere (RH) has a bias for face recog-
nition, children with only a single cerebral hemisphere (following hemispherectomy) are
able to score, on average, 85% for both word and face recognition (20, 21). Performance
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in these patients was statistically inferior to that of controls, but
it is nevertheless striking that either single hemisphere is able to
support both behaviors. This same hemispheric promiscuity was
replicated for the recognition of faces and bicycles in a larger group
of individuals following childhood cortical resection (22).
Postsurgical improvements in language (23), motor function, and
in cognition more generally (16, 24, 25) have also been widely
reported (26).

If behavioral performance is maintained or regained after one
hemisphere is damaged, by what mechanism is this accomplished?
One possibility is that new functions are interleaved with similar,
preexisting functions in the penumbra of the affected region and
are integrated without gross organizational changes, as has been
shown after unilateral cortical damage in children (27). Another
possibility is that interhemispheric communication facilitates com-
pensation for functions by the intact hemisphere (28, 29). However,
most studies have investigated a narrowly defined extent of the
cortex or used tasks that elicit activation in highly specific cognitive
domains. Thus, approaches that aim to uncover more distal regions
both within and across hemispheres impacted by surgery, or subtle,
larger-scale differences observable only when the entire preserved
hemisphere is evaluated remain underutilized.

Functional connectivity (FC), the statistical relationship
between the activation patterns of two brain regions, is a powerful
tool for evaluating the integrity of cognitive networks. Resting-state
FC (rs-FC), calculated from neuroimaging data collected while
participants are at rest, has been used extensively to investigate
differences in functional organization in nonsurgical or presurgical
cases of focal epilepsy. Despite some variability in the specific FC
changes observed, many studies suggest that etiology, age of onset
(and duration of epilepsy), and seizure burden are important pre-
dictors of neural changes and behavioral outcomes (30). A number
of studies have shown increased local connectivity with the epi-
leptogenic zone (EZ) and widespread reductions in connectivity
distal to the EZ in patients with focal neocortical and medial
temporal lobe epilepsy (31). It remains unclear whether these
changes result from damage incurred from recurrent seizures or
from adaptive changes to prevent the proliferation of seizures and
whether these changes persist after seizure freedom is achieved.
are questions under active investigation

Two recent fMRI studies of the preserved hemisphere of post-
surgical patients have demonstrated widespread differences after
large-scale cortical resections. In a rs-FC study, Kliemann et al.
(32) found increased network connectivity between, but not
within, networks in the preserved hemisphere of six adults with
childhood hemispherectomy when compared to controls. This
suggests that the intrinsically coactivated networks in the preserved
hemisphere stabilized into a functional configuration with greater
intermodular connectivity or less segregation. By contrast, in a
sequential visual matching task, Maallo et al. (33) revealed an
increase in anticorrelations between networks, a hallmark of net-
work segregation, in nine unilateral pediatric resection patients
relative to controls, while positive and average correlations were
largely comparable.

Here, we adopted a wide lens on cortical plasticity with a larger
cohort of focal and gross unilateral resection cases using a more
naturalistic paradigm, movie watching, which drives complex,
multisensory processing (34). This broad-brush approach (35,
36) permitted the discovery of network configuration changes
potentially missed in studies that did not sufficiently engage mul-
timodal, whole-brain networks. Our data-driven approach used
a whole brain atlas parcellation with “distinct levels of organiza-
tion,” as previously defined by grouping relatively fine-grained
clusters of voxels into circumscribed parcels using data-driven
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algorithms. Clusters of these parcels were aggregated based on
hierarchically higher levels of association into networks. To ensure
that our results were not specific to a particular parcellation, we
segmented the cortex using two atlases: one with 180 parcels
grouped into 22 networks (37) and one with 200 parcels grouped
into 7 networks (38).

Our approach avoided assumptions about which specific areas
and which specific cognitive domains might evince plasticity
and, instead, evaluated multiple overlapping but distinct levels
of functional organization of the preserved hemisphere of
patients and the corresponding hemisphere of the controls.
While differences at each level undoubtedly affect each other,
it is also possible that differences in organization are visible only
in analyses of connectivity defined at specific levels. For exam-
ple, patients may differ from controls based on the intersubject
distances between their entire preserved hemisphere connectiv-
ity profile (i.e., the rank order of all edges in the hemisphere),
but not when divided into the within- or between-network
edges of parcels (i.e., subparts of their “networks”) and evaluated
separately against control distributions. Conversely, specific
local edges could differ significantly from controls e.g., within
or between two regions, while the overall connectivity profile
might still be largely preserved.

We performed analyses at three levels of granularity to charac-
terize functional changes in the preserved hemisphere with increas-
ing levels of topographic specificity: starting from the global rank
ordering of all edges, to separate evaluations of edges within and
between networks, and ending with evaluations of each edge indi-
vidually (38-40). We then analyzed the single case data to evaluate
whether there were clusters in individual reorganization patterns
of edge-specific changes.

Results

In this study, 14 patients who underwent unilateral resections
for the treatment of pediatric DRE watched 11 min of a movie
in an fMRI scanner twice with a short break between the runs
(age range: 7 to 37 y; see Fig. 1 for postresection anatomical
images, Table 1 for medical details, and see S Appendix, Table S1,
for additional clinical information). We compared their neural
data to those of 41 matched typical controls (age range: 9 to
38 y). In two anatomical atlas parcellations, we assessed evidence
of plasticity in the preserved (i.e., nonresected) hemisphere,
reflected as differences in FC, at both the parcel and network
levels of organization in our patients in three ways. First, we
evaluated whether the entire network of edges in the preserved
hemisphere of patients, termed the whole hemisphere connec-
tivity profile, diverged from that of controls using a permutation-
based intersubject correlation analysis. Second, to determine
whether were differences specific to edge type, we separated the
edges within networks (e.g., among subregions of the lateral
visual cortex) and between networks (e.g., between a lateral visual
cortex region and a prefrontal region) and compared patients
against controls using linear mixed effects modeling. Third, we
performed edgewise comparisons on every network edge (e.g.,
between dorsal vision and dorsolateral prefrontal networks) to
uncover differences between particular regions. These three data-
driven group analyses allowed us to characterize functional
changes in the contralesional hemisphere with increasing levels
of topographic specificity and resolution. Last, we conducted a
case series analysis of edgewise comparisons to uncover evidence
of idiosyncratic or patient-specific reorganization that might not
be evident when patients are grouped by their hemisphere of
resection.
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Rank Ordering of Whole-Hemisphere Connectivity. Intersubject
correlation analysis is commonly used to obtain a measure of
the consistency of neural response profiles to a specific input
(e.g., visual stimulus) by comparing intersubject distances based
on the Pearson’s coefficient of the pairwise correlations between
each participant’s whole brain responses (36, 41). To search for
evidence of plasticity-driven differences in the organization of the
functional connectome, rather than just characterizing uniform
shifts in connectivity, we required a metric that would be sensitive
to differences in the ordinal nature of the distribution of edge
strengths. We thus focused on differences in the rank order of
the edges across the entire preserved hemisphere for the patients
against the controls by calculating the Kendall’s tho of the rank
correlation of the connectivity profiles at the full parcel level
(200/180) and at the network level (7/22) of each atlas (Methods).

Fig. 2 shows the distributions of intersubject rank correlation
distances for the preserved LH and RH patient groups and con-
trols for each atlas at both levels of organization (parcel and net-
work). A permutation analysis was used to nonparametrically
evaluate whether the control—patient distances were statistically
greater than the control-control distances (Fig. 2, Insets). Uni-
formly widespread increases or decreases in connectivity that pre-
serve the relative ranking of edges observed in controls would
result in patients having low rank correlation distances from con-
trols. By contrast, changes in the relative ranking of each edge,
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Fig. 1. T1-weighted anatomical im-
ages of patients’ lesions in the axial,
coronal, and sagittal viewing planes.
Resection type (in gray rows) is labe-
led per patient (each column).

even if the overall distribution of edges is preserved, indicate a
qualitatively different pattern of connectivity and would result in
patients with high rank correlation distances from controls.

We found that the rank correlation distances between controls and
patients were significantly further than those between the controls
and themselves. Moreover, these differences held for both LH and
RH patient groups and in both atlases at both the parcel (200, 180)
and network (4, 19) levels. These results illustrate that, at the group
level, the connectivity differences in the patients with just a pre-
served LH or just a preserved RH reflect a substantive difference
in the organization of edge strengths rather than merely uniform
quantitative connectivity increases or reductions.

Connectivity Within and Between Parcels and Networks. The
parcels and networks in the Glasser and Schaefer atlases were created by
clustering similar voxels based on multimodal information about their
functional and structural properties in healthy individuals (37, 38).
Thus, by definition, voxels within a parcel of a typical adult brain have
greater functional and structural connectivity than voxels between
parcels, and the same principle applies among edges between parcels
within the same network relative to those between parcels in distinct
networks. The analysis of the intersubject distances between patients
and controls revealed differences in the overall organizational structure
in the patients’ preserved hemisphere but did not indicate whether
particular properties of the networks were specifically affected. As
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Table 1. Demographic descriptions and clinical details of each patient in the cohort

Ages (years)
Seizure Resection  Handed-  Engel

ID Sex onset Surgery Test side ness score Etiology of epilepsy Surgical procedure

R1 M 0 1 11 Left Left IA LH postnatal stroke Hemispherectomy

R2 F 8 14 15 Left Left IVA unknownf, nonlesional Frontal resection preserving SMA

and IFG

R3 F 13 15 Left Left IA LH MCA stroke Functional hemispherectomy

R4 M 15 17 Left Right IA LH frontal type 1b Frontal resection (~Broca’s area)
focal cortical dysplasia

RS F 1 4 19 Left Left 1A LH HME, LENS Hemidecortication

R6 M 12 13 21 Left Right IA LH medial temporal lobe  LH temporal lobectomy (preserved
cortical dysplasia’; medial structures); gross total
ganglioma resection of enhancing tumor

(consistent with DNET)

R7 F " 17 22 Left Right IC LH mesial temporal lobe LH anterior temporal lobectomy,
mixed amygdalo-hippocampectomy
glioneuronal tumor and resection of mesial temporal

lobe tumor

L1 F 2 3 7 Right Right IA RH Rasmussen’s Hemispherotomy
encephalitis

L2 F 0 1 16 Right Right IA RH Rasmussen'’s Hemispherectomy
encephalitis

L3 F 5 15 16 Right Right IA RH medial type 2 focal Stereotactic laser interstitial
cortical dysplasia at thermal ablation of the right
superior frontal sulcus insulo opercular cortex

L4 F 0 9 18 Right Right IA RH Sturge-Weber Hemispherectomy
syndrome

L5 M 7 12 18 Right Right 1IB RH type 1a focal cortical Posterior temporal lobectomy,
dysplasia; Chiari | parietal lobectomy
malformation

L6 M 10 18 20 Right Right ID RH focal co*rtical Frontal resection
dysplasia

L7 M 10 11, 27 37 Right Right IA RH Rasmussen’s Anatomical hemispherectomy
encephalitis

4 of 12

MCA = middle cerebral artery, DNET = dysembryoplastic neuroepithelial tumor, LENS = linear epidermal Nevis syndrome, HME = hemimegaloencephaly, SMA = supplementary motor
area, IFG = inferior frontal gyrus.

“Subtype unknown.

'Seizure etiology unknown.

Kliemann and colleagues observed that edges between large-scale
networks in the preserved hemisphere were strengthened in their
hemispherectomy patients, while edges within these networks were
equivalent to those of controls, a more fine-grained analysis of these

subtypes of connections was warranted (32). To determine whether
within- and/or between-network edges were specifically affected
in our patient cohort, we conducted a linear mixed effects model
separately for each hemisphere with the interaction term group as

Glasser
network: 22-level

Schaefer
parcel: 200-level network: 7-level

\ | | |

*k *kk *kk

parcel: 180-level

Left

control-control

patient-control

*kk *kk

Right

0 10 1 0 10 1
Inter-subject distances

Fig. 2. Group-level intersubject distance comparisons of whole hemisphere FC profiles between LH preserved (Top row) and RH preserved (Bottom row) of
patients and controls on the Schaefer (Left column) and Glasser (Right column) atlases. Rank correlation distances between all pairs of patients and controls
(purple) and pairwise distances between controls (blue) were plotted as distributions. /nsets: null distributions of t-values (blue) from permutation analyses in
which control-patient and control-control labels were shuffled 10,000 times and t tests were conducted for every iteration. The rectangular gray box indicates
values outside of the 95% range of the null distribution. The observed t-value difference between the patient-control and control-control distributions is shown
as a purple line. Asterisks signify whether control-patient distances were significantly further apart than the control-control distances (***P-values = 0.0001,
**P.values < 0.001, *P-values < 0.05).
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the between-subjects variable (patient/control) and connection type
(within/between) as the within-subjects variable. Age and gender
served as additive fixed effects, and subject identity was the random
effect term.

In both hemisphere comparisons and for both atlases, we
found strong evidence for a two-way interaction between group
(control/patient) and connection type (between/within) (Fig. 3;
see ST Appendix, Tables S2 and S3). In the preserved LH, evi-
dence for the interaction was strong in the Schaefer atlas
(Bs7 = —0.015 +0.001, P< 0.0001) and moderate in the Glasser
atlas (f;5, = — 0.003 +0.001, P=0.018). In the preserved RH,
estimates of the two-way interactions were significant and of similar mag-
nitude for the Schaefer and Glasser atlases (fg; = — 0.007 + 0.001,
P < 0.0001; and iy, = — 0.008 + 0.001, 2 < 0.0001). Exam-
ination of the main effects of each variable in isolation revealed a
strong positive effect of connection type, with within-edge connec-
tivity being significantly higher than the corresponding between-
edge connectivity (left: fg; =0.069 & 0.000, P < 0.0001 and
Byy = 0.113 % 0.000, P < 0.0001; right: fg, = 0.066 = 0.000,
P <0.0001, and f 5, = 0.112 +0.000, P < 0.0001). The main
effect of group was not significant in either hemisphere compar-
ison for either atlas, suggesting a lack of evidence of overall differ-
ences in connectivity across the two groups.

To provide a further understanding of the observed interactions,
we conducted planned comparisons contrasting patients and controls
separately for within- and between-edges for both atlases in each hem-
isphere analysis (Mehods). There was weakening of within-network
comparisons in both patient groups for all comparisons relative to the
corresponding hemisphere of the controls (S7 Appendix, Table S4).
In the Schaefer atlas, a significant reduction of patient within-network
connectivity was observed relative to controls in both hemisp-
here groups (EMM freari—poms) = 0-036 £ 0.011, P = 0.001;
EMM gttt —penry = 0-020 % 0.010, P = 0.041), along with a
marginal reduction in between-network edges in the LH-preserved
patients (EMM] tgy 0 cor —pne) = 0.022 £ 0.011, P = 0.056), but
not in the RH-preserved patients (EMM 0 cori - mp) =0.013
+0.010, P =0.162)- In the Glasser atlas, we observed similar weak-
ening of within-network connectivity in the RH-preserved patient

group (EMM i gyspieort—pome) = 0-020 £ 0.008, P =0.011), and

Preserved LH vs Control LH Preserved RH vs Control RH

= 1
2
Q
8 o ] s
39 i
Eg| . E
- =
5 | Group
" Controls
E‘ s * Preserved LH
2 Preserved RH
& | Case analyses
sgY| g
2w e s
S
o ol

Edge Type

Fig.3. Group-level EMMs of edges within and between networks for patients
and controls. Results of planned comparisons between controls (blue) and
patients (preserved LH: dark purple and preserved RH: light purple) are shown
above the black lines. Asterisks signify P < 0.05, t signifies P=0.053, and “n.s.”
= not significant. The within- and between-edge EMMs from each individual
case are shown in the lighter gray lines. Error bars represent SEM.

PNAS 2024 Vol. 121 No.28 2317458121

in the LH-preserved patient group, though this latter reduction
did not reach statistical significance (EMMLHwtbn(ctV/—pmt) =

EMM bttty = 0017 2 0.010, P =0.093). Between-
network connectivity was not significantly different from controls
in either patient group (EMMLthn(ml_pm) =0.014+0.010,
P =0.165 EMMgsppn(csri—pny =0-011 £.0.010, P=0.137).

These results provide evidence that, despite the preservation of
overall stronger connectivity within than between the atlas-defined
networks, as observed in the main effects of connection type when
group is held constant, both patient groups had weakened con-
nectivity relative to their hemisphere-matched controls in a man-
ner that was modulated by edge type. These reductions were more
prominent in the connectivity within than between networks.
This profile appears to be similar across the two patient groups,
revealed by the same direction and similar magnitude of differ-
ences from their hemisphere-matched controls, but perhaps more
robust and consistent across atlases in the preserved RH group.

The analyses above depict differences between each patient group
and the corresponding hemisphere of the controls. We next exam-
ined whether there were differences between the two patient groups.
Because of potential differences in the interactivity profile of the
two hemispheres in our controls (42), we first z-score normalized
each patient’s connectivity values to that of the mean of controls
matched hemisphere in a parcel-to-parcel fashion (Methods). The
normalized parcel edges were entered into a linear mixed effects
model that fitan interaction term between hemisphere (LH or RH
preserved) and connection type (within- or between-network). Age
and gender served as additive fixed effects, and subject was the
random effect term (S7 Appendix, Tables S2 and S3).

In the Glasser atlas, there was a significant interaction (Bg,, =
-0.101, P < 0.001; S/ Appendix, Table S2), and no significant main
effects of hemisphere (f;,, = — 0.053, P = 0.863) or connection
type (fgpp = 0.012, P = 0.407). In the Schaefer atlas, there was a
significant interaction (fg; =0.059, P = 0.018; S/ Appendix,
Table S3), with strong evidence for a negative main effect of connec-
tion type (fg; = — 0.109, P < 0.001), and no main effect of hemi-
sphere (fs; = 0.186, P = 0.596). Planned comparisons across the
two patient groups for both within- and between-network connec-
tions revealed no significant differences for either atlas (all Ps > 0.1;
see SI Appendix, Table $4), suggesting that there was disproportionate
reduction in the within- or between-network connectivity measures
of patients independent of hemisphere resected. Planned comparisons
of within- and between-network connections within each patient
group supported the findings of a disproportionate reduction in
within-network connections relative to between-network connections
for both groups in the Schaefer atlas and in the RH group in the
Glasser atlas (reductions in within- and between-network edges did
not significantly differ in the LH group). Thus, while both edges
within and between networks were numerically reduced, normalized
edges that were within shared networks were particularly affected,
with no statistical evidence of differences across the hemispheres.

Together with the divergent rank ordering in the whole-hemisphere
connectivity profile of both patient groups, which suggests a qualitative
change in the broad-scale organization of the preserved hemisphere,
results from this analysis of within- and between-network edges suggest
that significantly weaker within-network edges in patients are a prom-
inent driver in this qualitative shift away from control organization.

Group-Level Edgewise Comparisons. While the overall distribution
of between-network edges in patients, on average, did not
significantly differ from that of their respective controls (Fig. 3),
specific between-network edges (e.g., between visual and language
areas), might differ across patients and controls and as a function of
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hemisphere. To determine whether the differences between patient
groups and controls were disproportionate in some subregion(s)
of the connectome, we honed in on specific edges to compare
organization at a finer-grained topographic level. Similar to the
analysis of within- and between-network edges, we first conducted
a linear mixed effects model separately for each hemisphere,
with an interaction term between group (patient, control) as the
between-subjects factor and edge (253 edges for the Glasser and
28 edges for the Schaefer) as the within-subjects factor, with mean-
centered age and gender as additive fixed effects, and subject as a
random effect. Using the estimated marginal means (EMMs) of
the edge connectivity strengths from these models, we performed
post hoc comparisons for each edge contrasting the patient and
control connectivity and corrected for multiple comparisons with
a false discovery rate of 0.05. For clarity, we discuss the edgewise
comparisons of just the aggregated 22-level Glasser-defined
networks (253 edges) below as they provide an optimal level of
granularity to investigate group differences; see S/ Appendix, Fig. S2,
for results from comparisons of the aggregated 7-level Schaefer-
defined network edges. The chord diagrams in Fig. 4 illustrate
network-edge differences for the LH and RH patient groups relative
to their own matched controls. For convenience, we arrange the
22-networks in the diagram by structural (e.g., operculum and
cingulate cortex), functional (e.g., auditory and visual cortices), or
lobar (e.g., parietal and frontal) labels where possible.

There were widespread reductions in edge connectivity in both
patient groups, relative to controls, consistent with our previous
analyses. These reductions were higher for the within-network
edges, both in magnitude and in proportion: the number of edges
that were significantly different from controls after multiple com-
parisons correction (performed on all edges together) was propor-
tionately much higher for within- than between-network edges
in both patient groups (though that there were many more
between- compared to within-network edges). Notably, there were
a greater number of edges that differed from controls in the pre-
served RH than preserved LH group (preserved LH: 24%
within-network edges, 9% between-network edges; preserved RH:
62% within-network edges, 22% between-network edges).

As visualized in Fig. 4, for edges within networks, patients with
a preserved LH had sparsely reduced connectivity involving edges
within the auditory and cingulate cortices, while edges within
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frontal, opercular, temporal, and motor regions remained largely
preserved. By contrast, patients with a preserved RH had wide-
spread reduced within-network connectivity, except in the visual
cortex. In the between-network edges, preserved LH patients had
sparse reductions involving edges between auditory, cingulate,
frontal, and visual cortices, while most of the edges involving
opercular, temporal, and motor cortex did not differ from controls.
Conversely, RH-preserved patients had reduced connections
involving almost all of the networks in the hemisphere. Notably,
a small number of increases in within- and between-network con-
nectivity was also observed in both patient groups, primarily in
connections between visual and parietal cortical regions.

The comparison of each patient hemisphere against the controls
revealed substantial changes for both patient groups. We next
compared the two patient groups to each other. As in the normal-
ized within- and between-network analysis, the z-score normalized
parcel edge values were averaged into network edges and entered
into a LME model with an interaction term for hemisphere/
patient group and connection type, age, and gender as additive
fixed effects, and subject identity as a random effect (S7 Appendix,
Tables S2 and S3). Post hoc comparisons between hemisphere/
patient groups on the EMMs of all normalized network edges
revealed hemisphere specificity in the specific edges that were dis-
proportionately affected (Fig. 5; see SI Appendix, Fig. S3, for
Schaefer results). For visualization, edgewise contrasts were split
by whether the mean z-score normalized patient values from each
patient group were positive (above their control mean) or negative
(below their control mean). Most network edges had negative
normalized values, in alignment with our individual hemisphere
comparisons demonstrating widespread weakening of connectivity
in patients relative to their controls. Importantly, for edges with
greater and lower connectivity than controls, there was a fairly
even number of edges that were significantly further from controls
from each patient group. Of particular relevance is the greater
number of deviations of the LH group from the RH group than
was evident in the separate hemisphere analyses.

As in the separate hemisphere comparisons, we observed network-
specific differences in which patient group deviated furthest from
controls. For edges with mean connectivity higher than controls (i.e.,
positive normalized values), the LH-preserved group did not have
within-network connections that were further from controls than
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Fig.4. Edgewise group differences within and between the 22-level Glasser-defined networks in the preserved (A) LH and (B) RH patients relative to the matched
hemisphere of controls. The 22 networks were grouped and labeled with eight gross cortical locations for visualization: visual cortex (vision), motor cortex,
cingulate cortex (CC), the operculum (operc), auditory cortex, temporal cortex, parietal cortex, and frontal cortex. Arcs on the circumference of each circle
signify z-ratio contrasts in within-network connections. Chords between arcs signify z-ratio contrasts in between-network connections. For between-network
edges, the thickness of an edge represents the relative proportion of the z-ratio difference for that edge compared to the sum of z-ratio differences across all
significantly different between-network edges. For both within- and between-network edges, color denotes whether the edges were stronger in controls (green)
or patients (purple). Only significant group differences after correction with an FDR < 0.05, separately for the two hemisphere groups, are shown. The percentage
of significant patients-controls within- and between-network edges are included below the chord diagrams.
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Fig.5. Edgewise normalized patient group differences in the 22-level Glasser-defined networks. (A) Edges with positive normalized values (i.e., greater than the
control mean). (B) Edges with negative normalized values (i.e., lower than the control mean). For each edge, the color signifies the absolute z-normalized mean of
the patient group that was further from controls, either the LH (teal) or the RH (orange) group. Arcs on the circumference of each circle signify contrasts in within-
network connections. Edges between arcs signify contrasts in between-network connections. For between-network edges, the thickness of an edge represents
the relative proportion of the z-ratio difference for that edge relative to the sum of z-ratio differences across all significantly different between-network edges.
Only patient group differences that were significant after correction with FDR < 0.05 are shown. The 22 networks were grouped and labeled with eight gross
cortical locations for visualization. The percentage of significant within- and between-network edges in patients vs. controls were included below the chord
diagrams, enumerating how many edges had a greater absolute value, or distance from controls, in each patient group.

the RH-preserved group, while the latter group was further from
controls within ventral visual, somatomotor, and inferior parietal
networks (Fig. 54). For between-network edges with positive nor-
malized values, the RH-preserved group were further from controls
(stronger) in visual-parietal, visual-frontal, and frontal-motor con-
nectivity, while the LH-preserved group were further from controls
(stronger) in early visual-lateral visual, visual-temporal,
temporal-auditory, and temporal-motor connectivity (Fig. 54). For
edges with mean connectivity lower than controls (i.e., negative nor-
malized values), which were more abundant, the LH-preserved group
had many visual network edges involving the entire hemisphere that
were further from controls (weaker) than the RH-preserved group,
except with temporal cortex (Fig. 5B). Connections involving pari-
etal cortex, especially to motor and cingulate cortices, were also fur-
ther from controls (weaker) in the LH than the RH-preserved group.
Conversely, the RH-preserved group had more edges further from
controls (weaker) within and between frontal edges involving the
rest of the hemisphere, especially to the cingulate, motor, temporal,
and opercular cortices (Fig. 5B).

Thus, our investigation of edge connectivity across the entire pre-
served hemisphere of patients undergoing cortical resection during
childhood revealed differences in connectivity structure, primarily in
the direction of weakened statistical dependencies among regions that,
in controls, would ordinarily cofluctuate, i.e., edges between parcels
within the same network. Compared to the LH-preserved group, the
RH-preserved group had many more edges, within and between net-
works, that were reduced relative to matched hemisphere in controls,
but when baseline differences across hemispheres in the controls were
taken into account, the differences across the two patient groups were
not disproportionately greater in either hemisphere.

Case-Level Edgewise Comparisons. Due to the heterogeneity
of lesions and the relatively small number of patients, we also
evaluated individual variability within each hemisphere group.
One likely hypothesis is that there might be more extensive
connectivity changes as a function of resection extent. To address
this, we conducted an analysis of the edgewise comparisons for
each patient. Here, again, we focus our discussion on the results of
the 22-level Glasser-defined networks for clarity and brevity. The
chord diagrams for each patient (n = 14) are shown in Fig. 6 below.

PNAS 2024 Vol. 121 No.28 2317458121

To group the patients’ connectivity profiles, we used a k-means
clustering approach on the 14 patients’ edgewise comparison pro-
files (Methods). Using the elbow method to determine the optimal
number of clusters, patient profiles fell into three distinct clusters
(Fig. 6). In profile A, patients’ edgewise comparisons revealed few
between-network changes overall, and proportionately more
changes (primarily reductions) in within-network connectivity.
In profile B, patients had widespread increases in between-network
edges, with some changes in within-network connectivity, most
notably, increases in edges within visual regions. For patients with
profile C, there were widespread reductions in between-network
connections spanning the entire hemisphere as well as many reduc-
tions in within-network connections.

Obur first observation was that the extent of resection did not
obviously predict the cluster assignment relative to controls, in
either within- or between-edges. Patients with the greatest extent
of resection, namely hemispherectomy, were present in all three
clusters. The cluster to which a given patient was assigned could
also not be readily explained by other factors such as hemisphere
affected, seizure onset, surgery age, or time since surgery. Indeed,
all three clusters contained both patients with early and those with
later seizure onset, and those with shorter or longer time postsur-
gery. Interestingly, profiles A and C contained both LH-preserved
and RH-preserved patients, and only profile B contained patients
with just a preserved LH, although only 3 of the 7 LH-preserved
patients aggregated into this B cluster.

In sum, we observed three profiles of edgewise differences in
individual patients. In line with the group results, in the largest
cluster, profile C, three LH and three RH patients had widespread
reductions in edges within and between the networks in their pre-
served hemisphere. However, the remaining four LH and four
RH-preserved patients showed strengthening or maintenance of
edge connectivity within control ranges. It is evident, then, that the
greater reduction in within-network edges observed at the group
level could be explained by a convergence of within-network reduc-
tions across individual patients, while higher variability in individ-
ual patient differences in specific between-network edges is obscured
at the group level, resulting in patients’ overall between-network
distributions appearing within control range.

https://doi.org/10.1073/pnas.2317458121
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General Discussion

This study was designed to examine possible manifestations of
plasticity in the human brain. Specifically, we sought to test
whether, in a group of pediatric patients following surgery for the
management of DRE, the hemisphere-level network organization
in the preserved hemisphere had different functional organization
compared with that of matched typical individuals. Because many
patients do exhibit recovery of cognitive functioning postsurgery
(16, 23, 43), sometimes even dramatically so, these patients offer
us the unique opportunity to assess how reclamation of function
could occur. Evaluating the entire preserved hemisphere led to
three main findings that converge to suggest that the functional
organization of the nonresected hemisphere is quite atypical and
may have undergone changes in the course of accommodating
functions typically carried out by the diseased and resected
hemisphere.

First, relative to controls, the rank order correlation distances
between the whole hemisphere edge connectivity profile in preserved
LH and RH patients vs. controls was significantly greater than the
distances calculated among the controls, demonstrating a substan-
tive, qualitative change in the hemisphere profile of all edges for both
patient groups. Second, when investigating within- and
between-network edges separately, we found significantly weakened

https://doi.org/10.1073/pnas.2317458121
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FC in the hemisphere profile of within-network edges, independent
of whether the preserved hemisphere was left or right, with relatively
little evidence of strengthening of the edge connections. Between-
network edges were also numerically lower in both patient groups,
but these did not survive conservative statistical thresholds. This
disproportionate reduction of within-network edges suggests a loos-
ening of the structure of the functional connectome compared with
that of typical controls. Third, in an analysis of specific edgewise
differences, we observed variability in alterations of between-network
edges across hemispheres and individual patients.

Additionally, beyond the profile of widespread weakened FC,
we identified three clusters of patients with distinct profiles of
connectivity changes that could not be predicted by hemisphere
affected or surgery type. These profiles include one in which con-
nectivity differences from controls for within- and between-
measures were sparse, and cases in which patients with the same
affected hemisphere, and even the same surgery, showed dense
connectivity differences from controls, primarily in within-edges
FC and, to some extent, in between-edges FC, too. These results
illustrate that group analyses can obscure interpretations when
individual differences are not taken into account. Below, we offer
an integrated account to reconcile these findings and contextualize
our results in light of previous work investigating functional
organization after pediatric cortical resection.

pnas.org
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Reductions in Within-Network Edge Connectivity as an Opp-
ortunity for Plasticity. Irrespective of the extent and hemisphere of
the patients’ resection, we observed widely distributed reductions in
edge connectivity within and, to a lesser extent, between parcels and
networks in the preserved hemisphere of both left and right patient
groups and in the largest cluster of patient case comparisons, cluster
C. One explanation for these reductions is that they arise as a result
of pressure to drive the preserved hemisphere into an alternative
configuration so as to integrate functions that were carried out by
the excised cortex. For the preserved hemisphere of a patient with a
cortical resection, the observed “loosening” of canonical connectivity
structures, a plausible reflection of synaptic plasticity, would thus
reflect the modification of neural circuitry away from neurotypical
organization in the service of maintaining or recovering cortical
functions affected by the epileptic activity and/or resection. The
greater reductions in within- than between-changes might serve
to decompose the most tightly configured preexisting clusters of
function, namely within-connections, and make allowance for
tuning of new functions.

Patient Variability in Between-Network Edges: Distinct Profiles
or Microgenesis of Plasticity? In addition to the group profile
of widespread FC reductions, scrutiny of individual patient cases
revealed subtle variations that could not be predicted by factors such
as the timing and nature of the patients’ surgeries. This heterogeneity
may mirror the lack of consensus on epilepsy-related reorganization,
in which both increases and decreases in FC have been observed
(44-48), and may even accommodate the seemingly contradictory
findings of Kliemann et al. (32), who found increased between-
network connectivity, and Maallo et al. (33), who found increased
anticorrelations between networks. One way of reconciling the
discrepant profiles is to consider the possibility that changes
over time are not uniform. Potentially, initial weakening of the
association within- and/or between-parcels or networks may occur
to accommodate new functions into the existing organization of
the hemisphere. As the new function is increasingly integrated,
there is less weakening and a trend toward strengthening the
reconfigured arrangement. Last, strengthening between networks
might take place to consolidate this new arrangement. The profiles
of connectivity changes in the three clusters of case comparisons
might, speculatively, reflect different stages in this process of
reconfiguration.

Patients in Cluster C might reflect an earlier phase of plasticity in
which there are many widespread reductions in within- and
between-network connections. Those in cluster A, with both
strengthened and weakened edges, might represent neural plasticity
atan intermediary stage in its trajectory and those in cluster B, whose
profiles are closest to that of the controls, might reflect the ending
phases of reorganization. The 7 hemispherectomy patients in whom
Kliemann etal. (32) demonstrated changes in between- but not
within-network connectivity relative to controls might fit the profile
of cluster B.

In cluster B, most of the edges in the 3 LH-preserved patients
were strengthened relative to controls—particularly edges that
connected distinct networks (as opposed to edges involving parcels
within the same networks), with less evidence of weakened con-
nections. Notably, for two of the three patients in this cluster, a
hemispherectomy and a frontal resection, this strengthening was
widespread, involving edges between nearly all gross cortical areas.
For the third patient, another hemispherectomy case, the strength-
ening was confined to edges within occipital and parietal regions,
matching the more limited sites of strengthening observed at the
group level. For patients in cluster B, the postsurgical profile can
be characterized as strengthening of connections that conformed

PNAS 2024 Vol. 121 No.28 2317458121

to the parcel and network structure present in neurotypical con-
trols, either as a response to surgical intervention or, perhaps, after
a phase of weakening as observed in cluster C. The latter possibilicy
might also explain the characteristics of the last cluster, A, in which
patients’ profiles included both strengthening and weakening in
connections across their preserved hemisphere, in both
within-network and between-network edges.

A complication to the narrative of earlier to later phases of
plasticity-induced changes is that the patients’ cluster assignments
do not map simply onto years since surgery or onset of epilepsy.
Of course, there need not be a uniform or linear chronology of
recovery by which all brains abide. Longitudinal patient data and
a larger sample size will help illuminate the microgenesis of plas-
ticity as well as the impact of biographic variables that, in isolation
or combination, may give rise to the observed outcomes.

Neural Synchrony as a Function of Brain-State: Rest vs. Tasks.
Though our findings are not strictly inconsistent with those of
Kliemann et al. (32) or of Maallo et al. (33), two previous reports
of whole-brain connectivity changes in the preserved hemisphere
of pediatric cortical resection patients, it is worth considering the
differences in the approaches. During rest, Kliemann et al. (32)
observed strengthening of FC between-network edges and, during,
a visually evoked task, Maallo et al. (33) observed increases in
negative FC, potentially reflecting increased segregation of networks.
To simulate more naturalistic experiences and uncover uniquely
identifying individual variability (49), we used a movie-watching
paradigm. Compared to resting state, movie-watching engages a
broader range of cognitive networks, including those involved in
processing visual and auditory information, understanding emotions
and language, and implementing attentional or executive control,
and also provides better predictions of individual behavior (50). The
more diverse networks that are recruited during movie-watching
allowed us to measure coactivations or correlations that were more
local or specific to subnetworks and more variable within and across
individuals. Thus, the divergence between our results and those of
previous studies may be a reflection of differences in particular
subnetworks that are engaged in these patients during processing
of the movie content.

Limitations and Methodological Considerations. In a broad
set of analyses, we evaluated differences in FC, defined with
multivariate pattern dependence (MVPD), at multiple levels of
hierarchical, functional units—from putative “neurobiological
atoms,” or atlas-defined parcels, to higher-level networks defined
by clusters of parcels with similar connectivity profiles. Though
our results of within-network reductions were largely consistent
across the two different atlases we adopted, there were some
deviations that highlight the need to use different metrics to
obtain a comprehensive characterization of the FC of the cortex.
Interpretation of differences in the results from the Schaefer and
Glasser atlases may require further evaluation of the assumptions
behind the algorithms that generated the putative “neurobiological
atoms” or most granular units of cognitive functional architecture
in the first place (38). There is, as yet, no consensus on the optimal
atlas, and the results obtained likely reflect properties of the atlas
itself (51). Unil such agreement is reached, validating the findings
using multiple atlases and analytic methods might be worthwhile.
We have also only focused on cortical FC, but subcortical-cortical
FC should also be evaluated with the same methodology to
understand changes to subcortical to cortical connectivity.
Beyond the group differences observed across the two atlases, it
is important to highlight the high degree of heterogeneity among
the patients. In particular, as the weakened connectivity highlights

https://doi.org/10.1073/pnas.2317458121
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interesting convergences in patient connectivity profiles across a
wide range of etiologies, ages of seizure onset, types of seizure and
surgical history, and sizes and locations of resections, this work paves
the way for studies with much larger samples. As our study uses
postsurgical data, we cannot determine whether the observed effects
are solely a result of the surgery or emerged prior to surgery in the
context of already dysfunctional epileptic tissue. Thus, some FC
changes we report may be present prior to surgery. Future studies
with larger patient cohorts and neuropsychological batteries of cog-
nitive assessments before and after surgery will allow us to evaluate
whether factors such as etiology and location and extent of resection
predict a patient’s connectivity changes and help us understand
whether some profiles of patients’ postsurgical changes might be
more adaptive than others (16, 17). Differences on the individual
case level also highlight the need for more granular, subparcel inves-
tigations of connectivity with longitudinal data to better character-
ize the topography of the connectivity changes and the temporal
trajectory of their changes after surgical intervention.

Conclusion

Our findings reveal that the nonresected hemisphere is not neu-
rotypical postresection but, rather, undergoes transformation in
a fashion that might ultimately reflect adaptive cortical plasticity.
First, the substantial difference in the distribution of strong con-
nections across the entire preserved hemisphere of both patient
groups suggests that the connectivity profiles in both patient
groups significantly deviate from those of controls both qualita-
tively and quantitatively. Second, the investigation of global with-
in- and between-network connectivity measures revealed more
prominent differences in within-network connections. Third, a
more focused analysis at the local specific edge level provided
deeper insights into the nature of connectivity differences.

Importantly, the case series analysis further revealed distinct pro-
files of edgewise changes relative to controls that were obscured at
the group level. This underscores the idiosyncratic nature of con-
nectivity adaptations, reinforcing the idea that the pediatric brain’s
response to neural insults is highly nuanced and perhaps even indi-
vidualized (or multifactorially determined). The large-scale differ-
ences in networks within the preserved hemisphere might represent
a manifestation of emergent plasticity, potentially serving to uphold
and reintegrate cognitive functions. While our study provides sig-
nificant insights into the manifestations of malleability in the pedi-
atric brain, further research is warranted to unravel the precise
neuroplasticity mechanisms that underlie these observed changes.
Such knowledge not only deepens our understanding of pediatric
brain resilience but also holds implications for devising targeted
therapeutic interventions to enhance recovery and mitigate func-
tional deficits in cases of early brain injury.

Methods

Participants. Fourteen patients (age range: 7 to 37 y) who had undergone cortical
resection surgery in childhood due to DRE, were recruited and scanned with a 3T
Siemens PRISMA MRI scanner (Table 1 and Fig. 1). Patients with a preserved LH
(n=7)orRH (n = 7) were separated to allow us to evaluate differences as a
function of the preserved hemisphere. As the fMRI data were analyzed from the
preserved hemisphere, we refer to the two patient groups by their preserved hem-
isphere throughout this manuscript. Three-dimensional volumetric masks of the
surgical resections were drawn in MRIcron (52) to obtain a rough estimate of the
size of the patients’ lesions (S/ Appendix, Table S1). A Welch's ¢ test was used to
compare the raw and normalized lesion volumes across the groups, revealing no
significant differences [t(12) = 0.610, P = 0.553 and t(12) = 0.773, P = 0.53,
respectively]. Additional clinical information including the types of seizures, cog-
nitive abilities, and other comorbid conditions is included in S/ Appendix, Table S1.

https://doi.org/10.1073/pnas.2317458121

Controls included 41 participants (age range: 9 to 38 y) with no neurological
or psychiatric history. As hemisphere was a between-subjects factor for patients
due to the single preserved hemisphere, but a within-subjects factor for controls,
we maximized the utility of the control data by using the one corresponding hem-
isphere of all controls for comparison against each patient group separately. Thus,
controls' leftand right hemispheres were not both included in the same analysis.

The protocol was approved by the Institutional Review Boards of Camegie
Mellon University and University of Pittsburgh (STUDY19090231). Informed
consent was obtained from adult participants and the legal guardians of child
participants, who gave informed assent when possible.

Sstimuli and Data Collection. All data from patients (n = 14, age range: 7 to
37) and controls (n = 14, age range: 14 to 21) were acquired on a 3T Siemens
PRISMA scanner at the Carnegie Mellon University-University of Pittsburgh
BRIDGE center with a 64-channel head coil. Data from an additional 27 controls,
who were scanned on a 3T Siemens ALLEGRA for a separate, published study (36),
were also included. Participants viewed an older G-rated Disney film, “Escape to
Witch Mountain” (53), selected so as to be equally unfamiliar to the participants.
The first 7.5-min segment of the movie was viewed outside the magnet and
the next 10.5-min segment of the movie was viewed twice in the magnet. Total
run time was 11.5 min as a gray screen was shown for 30 s before and after the
movie clip. Details of scanner parameters were included in S| Appendix, Extended
Methods. Participants also completed other functional scans (category localizer
task and adaptation paradigm). Only the movie data were analyzed for this study.

Data Preprocessing. Al participant data were preprocessed through the same
pipeline using AFNI (version 21.1.10) (54). For hemispherectomy patients, there
was one additional preprocessing step: Before parcellation, we used the AFNI
function lesion_align (33)to mirror the preserved hemisphere onto the lesioned
hemisphere side to facilitate Freesurfer reconstruction (55), which is highly error-
prone with a single hemisphere. We then analyzed only the data from the pre-
served hemisphere. All functional images were registered to the high-resolution
T1-weighted anatomical image and analyzed in native space. Preprocessing steps
for each dataset included removal of the first 30 s of volumes to ensure stable
magnetization, registration of each volume to the volume image with the least
motion, and aligning the EPI to the anatomical image using the volume with the
minimum outlier fraction as the alignment base. The timecourse of each voxel
was despiked and corrected for slice-timing alignment. Motion parameters for 6
directions, mean and motion derivatives of each direction, and the mean signal
from white matter voxels were all regressed out of each timecourse. Time points
with motion above 3 mm, or when more than 10% of the voxels were statistical
outliers from the entire time series, were censored to zero. Each timecourse of the
PRISMA participants was down-sampled from 0.66 Hz to 0.33 Hz using a cubic
spline to match the temporal resolution of the ALLEGRA controls. The residual time
series after these steps were used in the FC analyses presented here.

Anatomical Atlases. Different anatomical atlases delineate distinct brain regions
based on diverse criteria and at varying scales and resolutions. We probed the con-
sistency of connectivity alterations across brain regions and networks by evaluating
whole hemisphere FCin two atlas parcellations: HCP Glasser and Schaefer-Yeo 200
(37, 38). See SI Appendix, Extended Methods for more information.

MVPD. The main dependent variable was MVPD, a within-subject statistical
dependence measure of FC (56). Briefly, MVPD characterizes the multivariate
statistical relationship between brain regions by 1) taking the voxel timecourse
activity of two regions and assigning one to be the "seed” and the other to be
the "target”; 2) performing principal components (PC) analysis on the training
data of the timecourses, e.g., the first run, and projecting the testing data, e.g.,
the second run, into their respective PC spaces; 3)fitting a model where the seed
region's PCtimecourse is the predictor and the target's timecourse is the outcome
variable; 4) using the betas from that model to predict the PC timecourse of held
out target data based on held out seed data; and 5) comparing the predicted PC
timecourse of the target data to the observed PC timecourse with correlation to
produce a measure of statistical dependence.

Our procedure for determining the statistical dependence between the 180
parcels and between the 200 parcels of a hemisphere followed Anzellotti et al.
(56), with small modifications. For every seed and target region, we conducted
Horn's parallel analysis to determine which PCs to retain for the model fit (57)
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using the Rfunction paran and a 95th centile criterion over 1,000 iterations (58).
All parcels served as both seeds and targets on independent runs of the movie
and both movie runs were used as training and testing sets. Instead of using a
searchlight of a certain voxel radius, the resolution of our analyses was the parcel.
For more information see S/ Appendix, Extended Methods.

Combat Harmonization. As our data were collected at two scanner sites, we con-
ducted a harmonization analysis using the R library neuroCombat, which provides
estimates of parameters of interest using empirical Bayes, allowing us to account
for scanner effects while maintaining natural individual subject variation related
to "biological covariates” including group, i.e., whether they were a patient or
a control, age, and gender (59). The 16,110 and 20,100 dependency values of
each participant from each atlas were vectorized. Harmonization was conducted
separately for each hemisphere group.

Classification of Edge Types. To fita model to investigate connectivity differences
atmultiple scales, we labeled the 16,110 and 20,100 dependencies not only by the
two parcels they refer to (at the 180/200 level), but also by the corresponding net-
works to which the two parcels belonged (at the 22/7 level). "Within-network edges”
atthe 22 level or 7 level includes dependencies between all parcels that constitute
that network, and "between-network edges” refers to all other dependencies. For
ease of interpretation in our visualizations, we labeled each of the 22 networks of
the Glasser atlas in terms of eight gross anatomical locations (S Appendix, Fig. S1).

Intersubject Correlation Analysis: Whole Network FC Profiles. Intersubject
distances were determined by calculating the Kendall's tho of the rank correlation
between all pairs of participants’ connectivity profiles. The connectivity matrices of
the Glasserand Schaefer atlases at each level of organization (Glasser: 180 parcels
and 22 networks; Schaefer: 200 parcels and 7 networks) were vectorized for each
participantand correlated with every other participant. Intersubject distances were
then calculated by subtracting their correlation from 1 (distance = 1 - correlation).
The distances between patients and each of the controls were labeled "patient-con-
trol” and the distance values between the controls were labeled “control-control."
To evaluate whether patients’ preserved-hemisphere connectivity profiles were
distinct from those of the controls, an unpaired t test between patient-control and
control-control distances was performed to obtain an observed t-value.The observed
t-value was statistically evaluated with a permutation analysis in which, for each of
10,000 iterations, the patient-control and control-control group labels were shuffled
and the t test comparing the two groups was repeated. The P-value was calculated
by (b + 1)(m + 1), where b is the number of times the shuffled label t-value was
greater than the observed t-value and m is the number of permutations. If the differ-
ence between the veridical distances of the patientand their controls and the controls
with themselves was significantly greater than the distances between the shuffled
distances, we concluded that the overall profile of FC of the patients' preserved hem-
isphere was dissimilar from that of the matched hemisphere of the control group.

Mixed Effects Models: Within- and Between-Network Edge Types. For each
level of organization across each atlas, we conducted mixed effects models on the
LH and RH data separately, using the R package Ime4 (60). For the group analyses,
we established whether there was a two-way interaction between group (patient,
control) and connection type (within, between). Because we included participants
across a wide age range and both genders, we included mean-centered age and
gender as fixed effects and subject as a random effect. We performed model selec-
tion using the Akaike information criterion (AIC) to compare the two-way interaction
model and the additive model using the anova function in R (61) and utilized
restricied maximum likelihood and the Satterthwaite approximation method
to estimate and obtain P-values for each model parameter with the R package
LmerTest (62). For both atlases and at both scales, the two-way interactions had
lower AIC relative to the additive models. We then conducted planned compari-
sons on the EMMs from the model, extracted with the R function emmeans (63),
to further probe the two-way interactions of the within- and between-edge types
across group by calculating the difference between each patient group and the
matched hemisphere of the controls for each edge type separately.

To determine the effect of hemisphere on the patient deviations from controls,
for each patient, we separately z-score normalized each parcel edge to the control
mean edge value from the matched hemisphere, producing 14 values for each
parcel edge that could be averaged into network edges (labeled as within or
between networks) and compared across the patient groups. Normalization was
performed by subtracting the control mean of the matched hemisphere from the
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individual patient value and dividing by the SD of the control distribution. These
normalized connectivity values were then entered into the same linear mixed
effects models as the separate hemisphere analyses.

Mixed Effects Models: Edgewise Comparisons. T0 assess whether there were
specific edges that differed by group, we ran a second mixed effects model with
a two-way interaction between group (patient and control) and edges (with each
edge label as a level in the edge variable: n = 252 for the 22 Glasser networks
and n = 28 for the seven Schaefer networks). We included age and gender as fixed
effects and subject as a random effect. All two-way interaction models had lower
AICs relative to their corresponding additive models. We conducted pairwise post
hoc comparisons between patients and controls on the EMMs of each edge, sepa-
rately for the LH and RH, correcting for multiple comparisons with a FDR < 0.05.

To determine whether the effect of hemisphere on patient deviations from
controls, we used the same normalization method as in the within- and between-
network analysis, but on each parcel edge. All linear mixed effect modeling and
post hoc comparisons were conducted the same way as the separate hemisphere
analyses. This approach was also used for the case study analysis using a mixed
effects model with a two-way interaction between group (single patientand con-
trols of the match hemisphere) and edges (with each edge label as a level), age
and gender as fixed effects, and subject as a random effect. Pairwise post hoc
comparisons were then conducted for each case study.

Hierarchical K-Means Clustering: Case-Level Comparisons of Edgewise
Differences from Controls. To characterize edge-level differences that might
be specific to certain subsets of patients, we conducted a hierarchical k-means
clustering analysis on the edgewise comparisons of each patient against the
matched hemisphere of controls. Z-ratios from all edgewise post hoc comparisons
from each patient were vectorized and concatenated into a matrix by column,
including both preserved LH and RH patients together. Using the fviz_nbclust
function from the R package factoextra (64), we visualized the within cluster sums
of squares for 10 cluster sizes and determined the optimal number of clusters
using the elbow method. Setting k at 3 clusters, we used the factoextra::hkmeans
function to perform k-means clustering with optimized cluster centers and pro-
duce a dendrogram with the 14 patients partitioned into three main clusters.The
biographicvariables for each patient, such as hemisphere affected, surgery type,
and ages of seizure onset, surgery, or scanning were then explored to determine
whether any predictors might group together within the data-driven clusters.

Data, Materials, and Software Availability. Deidentified raw and preproc-
essed structural and functional MRI data and analysis scripts will be made publicly
available upon publication on Kilthub (CMU; reserved digital object identifier:
https://doi.org/10.1184/R1/26026603) (65).
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