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N S CLINICAL ARTICLE

Preoperative white matter network organization and
memory decline after epilepsy surgery

Alena Stasenko, PhD,"? Erik Kaestner, PhD,2 Donatello Arienzo, PhD,2 Adam J. Schadler, MA,'2
Jonathan L. Helm, PhD,? Jerry J. Shih, MD,* Sharona Ben-Haim, MD,® and
Carrie R. McDonald, PhD*256

'Center for Multimodal Imaging and Genetics, University of California, San Diego, California; Departments of 2Psychiatry,
“Neurosciences, SNeurosurgery, and ®Radiation Medicine & Applied Sciences, University of California, San Diego, California; and
Department of Psychology, San Diego State University, San Diego, California

OBJECTIVE Risk for memory decline is a common concern for individuals with temporal lobe epilepsy (TLE) undergo-
ing surgery. Global and local network abnormalities are well documented in TLE. However, it is less known whether net-
work abnormalities predict postsurgical memory decline. The authors examined the role of preoperative global and local
white matter network organization and risk of postoperative memory decline in TLE.

METHODS One hundred one individuals with TLE (n = 51 with left TLE and 50 with right TLE) underwent preoperative
T1-weighted MRI, diffusion MRI, and neuropsychological memory testing in a prospective longitudinal study. Fifty-six age-
and sex-matched controls completed the same protocol. Forty-four patients (22 with left TLE and 22 with right TLE) sub-
sequently underwent temporal lobe surgery and postoperative memory testing. Preoperative structural connectomes were
generated via diffusion tractography and analyzed using measures of global and local (i.e., medial temporal lobe [MTL])
network organization. Global metrics measured network integration and specialization. The local metric was calculated as
an asymmetry of the mean local efficiency between the ipsilateral and contralateral MTLs (i.e., MTL network asymmetry).

RESULTS Higher preoperative global network integration and specialization were associated with higher preoperative
verbal memory function in patients with left TLE. Higher preoperative global network integration and specialization, as
well as greater leftward MTL network asymmetry, predicted greater postoperative verbal memory decline for patients
with left TLE. No significant effects were observed in right TLE. Accounting for preoperative memory score and hip-
pocampal volume asymmetry, MTL network asymmetry uniquely explained 25%-33% of the variance in verbal memory
decline for left TLE and outperformed hippocampal volume asymmetry and global network metrics. MTL network asym-
metry alone produced good diagnostic classification of memory decline in left TLE (i.e., an area under the receiver oper-
ating characteristic curve of 0.80-0.84 and correct classification of 65%—76% of cases with cross-validation).

CONCLUSIONS These preliminary data suggest that global white matter network disruption contributes to verbal
memory impairment preoperatively and predicts postsurgical verbal memory outcomes in left TLE. However, a leftward
asymmetry of MTL white matter network organization may confer the highest risk for verbal memory decline. Although
this requires replication in a larger sample, the authors demonstrate the importance of characterizing preoperative local
white matter network properties within the to-be-operated hemisphere and the reserve capacity of the contralateral MTL
network, which may eventually be useful in presurgical planning.

https://thejns.org/doi/abs/10.3171/2023.4.JNS23347
KEYWORDS epilepsy; neurosurgery; memory; connectome; white matter; diffusion MRI

EMPORAL lobe surgery is effective for seizure reduc- graphic variables are traditionally used to predict decline,?

I tion in individuals with pharmaco-resistant tempo- investigation of neuroimaging biomarkers is important for
ral lobe epilepsy (TLE) but confers a substantial further improvement in risk stratification given wide het-

risk of memory decline.'? Although clinical and demo- erogeneity of memory outcomes in TLE! and variable gray
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pal volume; LDFR = Long Delay Free Recall; MD = mean difference; MTL = medial temporal lobe; MTS = mesial temporal sclerosis; RCI-PE = reliable change indices that
account for practice effect; ROC = receiver operating characteristic; SelAH = selective amygdalohippocampectomy; SLAH = selective laser amygdalohippocampotomy; TLE
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and white matter pathology across individuals,® coupled
with the noninvasive and available nature of neuroimaging.
The integrity of the hippocampus and surrounding medial
temporal lobe (MTL) structures are the most commonly
investigated imaging markers of memory decline,*> which
are functionally assessed presurgically using the intraca-
rotid amobarbital procedure (Wada test) or functional MRI
(fMRI). However, converging studies have also suggested
an important role of white matter connectivity for memo-
ry function in TLE, revealing associations between both
MTL (i.e., local) and extratemporal or whole-brain (i.e.,
global) white matter integrity and memory impairment.’$

Epilepsy causes widespread structural and functional
network disruption beyond the MTL %! A variety of func-
tional and structural connectome approaches demonstrat-
ed that network disruption is related to cognition preop-
eratively.>'?-2* Here, we chose two of the most universally
examined metrics of white matter network organization?!
shown to be disrupted in TLE:?* integration, the brain’s
ability to rapidly process information from distal and dis-
tributed regions, and specialization, the ability for special-
ized processing to occur within densely interconnected
groups of brain regions. To our knowledge, it is unknown
whether these common network metrics are related to
memory in epilepsy. As network metrics have predictive
utility for postsurgical seizure outcome and seizure local-
ization,?*2¢ they may also aid in prediction of postoper-
ative memory decline. It is also unknown whether local
network organization of the MTL (i.e., structures directly
impacted by surgical disruption) predicts memory out-
comes. This question is timely, as there is limited empiri-
cal support for the clinical translation of network-based
measures in epilepsy.?"?

Our main objective was to examine whether global and
local preoperative white matter network organization pre-
dicts risk for postoperative memory decline in TLE. We
hypothesized that more optimal network organization will
be related to higher memory performance preoperatively.
It is not clear how global measures of network organiza-
tion relate to postoperative outcomes. It is conceivable
that more efficient global network organization increases
brain reserve, protecting against postsurgical decline. Al-
ternatively, more efficient network organization could be a
risk factor for decline due to surgery-driven whole-brain
network disruption.?? Second, as we previously found that
left-lateralized MTL white matter integrity at a local level
was predictive of memory decline after left anterior tem-
poral lobectomy (ATL),* we hypothesized that a greater
ipsilateral than contralateral bias of local MTL network
organization may lead to greater memory decline after
temporal lobe surgery.

Methods

Participants

Before exclusion, our initial sample had 135 patients
with drug-resistant TLE and 86 healthy controls recruited
between 2005 and 2022 in an IRB-approved study at the
University of California, San Diego (UCSD), or Universi-
ty of California, San Francisco (UCSF). Inclusion criteria
were 1) age 18—65 years, 2) English speaking, 3) estimated

2 J Neurosurg May 12, 2023

Brought to you by University of California San Diego Library | Unauthenticated | Downloaded 05/15/23 02:24 AM UTC

premorbid IQ = 70, 4) at least one memory score avail-
able, and 5) preoperative T1-weighted MRI and diffusion-
weighted imaging (DWI) that passed quality inspection.
TLE diagnosis was established by an epileptologist based
on video-EEG, seizure semiology, and neuroimaging. A
neuroradiologist inspected MR images for mesial tempo-
ral sclerosis (MTS). Patients were included postoperatively
if they underwent temporal lobe resection (i.e., ATL or se-
lective amygdalohippocampectomy [SelAH]) or selective
laser amygdalohippocampotomy (SLAH) and had at least
one memory score obtained 1 year postsurgery (mean 15.9
[SD 9.6] months), in addition to aforementioned criteria.
ATL included resection of medial temporal structures, ex-
tending into the hippocampal tail until roughly the level
of the tectal plate including the entorhinal cortex. SelAH
included selective transcortical resection of the amygdala
and hippocampus. SLAH consisted of a stereotactic trans-
parietal/occipital to medial temporal insertion of a temper-
ature-controlled catheter, targeting the amygdala as well
as the hippocampus from the head to the posterior body.
Excluded participants had missing preoperative cognitive
or demographic data (n = 36), DWI data with artifacts (n
= 19), bilateral seizure focus (n = 6), age greater than 65
years (n = 2), presence of tumor (n = 2), different surgical
procedure (n = 3), or missing postoperative memory scores
(n = 13). Figure S1 shows a detailed flowchart.

Neuropsychological Outcomes

Estimated intelligence was measured by the Wechsler
Test of Adult Reading (WTAR).*¢ Verbal learning and
memory were assessed by the California Verbal Learning
Test—Second Edition (CVLT-II) Learning and Long Delay
Free Recall (LDFR).*’ Visuospatial learning and memory
were assessed with the Brief Visuospatial Memory Test—
Revised (BVMT-R) Learning and Delayed Recall.** Pre-
operative to postoperative memory change was calculated
by subtracting preoperative from postoperative raw scores.

Characterization of Individual-Level Decline

Preoperative to postoperative change was binarized
into decline versus no decline using reliable change indi-
ces accounting for test measurement error and practice ef-
fects (RCI-PEs), allowing for more clinically meaningful
characterization®? using established test-retest normative
data®**3* and a formula incorporating the standard error
of the difference between test and retest. This formula
provided by Iverson enables a more accurate estimate,
as it additionally takes into account variability in retest
scores.’> We used a 90% confidence interval (i.e., Z score
< -1.65) as a cutoff, corresponding to a decline of 6 and 3
points on CVLT-II Learning and LDFR, respectively, and
3 and 1 points on BVMT-R Learning and Delayed Recall,
respectively.

Image Acquisition

Imaging at UCSD (49 patients with TLE and 45 healthy
controls) and UCSF (28 patients with TLE) was performed
on a 3T MR750 Discovery scanner (GE) with identical
protocols, head coils (8-channel phased-array), imaging se-
quences, and software versions, which were prospectively
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harmonized. Acquisitions included a conventional 3-plane
localizer, GE calibration scan, T1-weighted 3D structural
scan (TR 8.08 msec, TE 3.16 msec, flip angle 8°, FOV 256
mm, slice thickness 1 mm), and for DWI, a single-shot
pulsed field-gradient spin-echo EPI sequence (TE 96 msec,
TR 17 seconds, FOV 24 cm, matrix 128 x 128 x 48). We
also included 24 patients with TLE and 11 healthy controls
who underwent scanning at UCSD prior to the 3T upgrade
on a 1.5T EXCITE HD scanner (GE) with an 8-channel
head coil, which included a conventional 3-plane local-
izer, GE calibration scan, Tl-weighted 3D structural scan
(TR 10.7 msec, TE 3.8 msec, flip angle 8°, FOV 256 mm,
slice thickness 1 mm), and single-shot echo-planar imag-
ing (TR 12.3 seconds, TE 75.6 msec, flip angle 90°, FOV
240 mm, matrix 96 x 96, slice thickness 2.5 mm). All DWI
scans were acquired with 30 diffusion gradient directions
using a b-value = 1000 mm?/sec. For use in nonlinear BO
distortion correction, two additional b = 0 volumes were
acquired with either forward or reverse phase-encode po-
larity. Field strength was not associated with graph metrics
(all p>0.05) and the distributions of graph metrics did not
differ across sites or field strength (all p > 0.05; Figure S2).
Additional steps were taken to ensure results were not in-
fluenced by field strength (see Sensitivity Analyses).

DWI Processing and Connectome Generation

Detailed methods are provided in Supplemental Ma-
terial. Imaging was preprocessed using the Multi-Modal
Imaging pipeline.* Automatic segmentation of the hippo-
campus was performed with FreeSurfer (version 7.1.1) us-
ing T1-weighted scans. Hippocampal volume (HCV) was
divided by the total intracranial volume. DWI data were
corrected for head motion, geometrical susceptibility-in-
duced distortions, and eddy current—induced artifacts. The
reverse gradient method was used to correct BO distortion.
Seven participants did not have a BO but were visually
inspected and found to be free of significant distortion.
These participants were not outliers in graph metrics (see
Figure S3). All main analyses were run with and without
these 7 participants, and the results remained consistent.
Postprocessing was performed using MRtrix3. Probabilis-
tic tractography was performed using the default iFOD2
algorithm, based on fiber orientation distributions and con-
volved using constrained spherical deconvolution. Tract-
ography was performed using QSIprep. Streamlines were
refined using anatomically constrained tractography using
the T1-weighted image. Streamlines were continuously
seeded until 10 million valid streamlines were produced
through the iFOD2 algorithm for each participant. Per-
streamline cross-section streamline weights were com-
puted using the SIFT2 algorithm. Cortical and subcortical
parcellations derived from FreeSurfer’s Desikan-Killiany
atlas were used to determine connectome edge weights
and defined as the sum of SIFT2 weights of all stream-
lines connecting a pair of nodes. Connectome edges were
scaled by the inverse of two node volumes. Undirected, bi-
nary graph matrices were created at multiple density levels,
with each density level defined as the threshold at which
the number of edges in the graph equaled 10%—-65% of
the total possible edges, in concordance with similar meth-
ods 1836 We used 55 different density levels to calculate a
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single summary area under the receiver operating charac-
teristic (ROC) curve (AUC) for each participant. Connec-
tivity matrices were analyzed with the Brain Connectivity
Toolbox.!

Graph Theory Metrics
Global Metrics

Because a recent meta-analysis found that path length
and clustering coefficient differed in TLE versus con-
trols,”? we chose path length as a measure of global inte-
gration (i.e., the minimum number of intermediate nodes
needed to connect any two nodes [lower = higher capac-
ity for exchanging information across the network]) and
transitivity (i.e., a normalized clustering coefficient) as a
measure of global specialization instead of clustering co-
efficient, because clustering coefficient is normalized in-
dividually for each node and may be disproportionately
influenced by nodes with a low degree (Fig. 1A).*' Tran-
sitivity (i.e., ratio of the number of estimated connections
among a node’s first-degree neighbors to the number of all
possible connections) reflects the degree to which nodes
cluster together (higher = neighbors of a node are more
densely interconnected).

Local Metric

As a measure of local network organization, we com-
puted asymmetry of the mean local efficiency for an a
priori defined MTL subnetwork, henceforth, MTL net-
work asymmetry, defined as the average global efficiency
constrained to only the local neighbors of a specific node
and averaged for bilateral parahippocampal, hippocam-
pal, and entorhinal nodes (Fig. 1B). This was used to cre-
ate a laterality index between the mean local efficiency of
the two hemispheres, with ipsilateral corresponding to the
hemisphere with seizures (laterality index = [ipsilateral —
contralateral]/[ipsilateral + contralateral] x 100). Positive
asymmetry indicates a greater ipsilateral than contralat-
eral MTL network efficiency.

Statistical Analysis

We tested for group differences in demographic and
clinical variables using ANOVAs and chi-square tests.
Partial correlations (bootstrapped with 1000 samples with
robust 95% confidence intervals) examined associations
between network metrics and memory, controlling for 1)
age and WTAR score in preoperative analyses and 2) pre-
operative score in postoperative analyses. We determined
the best predictors of memory decline in regressions using
the Bayesian information criterion (BIC). All interpreted p
values survived a 5% false discovery rate (FDR) correction
(Benjamini-Hochberg). A secondary discriminant func-
tion analysis with leave-one-out cross-validation account-
ing for unbalanced sample sizes and ROC curve analyses
tested individual-level prediction of memory decline.

Results
Demographic and Clinical Variables

Our preoperative sample included 101 patients with
TLE and 56 healthy controls (Table 1). Patients with TLE
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A Global metrics

w Tractography strength

Tractography strength

Network integration
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Network specialization

Transitivity

MTL network asymmetry

L Laterality Index:

_|pSi - Contra_ x 100
Ipsi + Contra

lpsi  Contra  —

FIG. 1. Generation of the white matter structural connectome and graph theory analysis for global (i.e., whole-brain) (A) and local
(i.e., MTL) (B) metrics. White matter connectivity matrices were generated by assessing pairwise connections between each pair
of brain regions (i.e., nodes) and input into a 2D matrix where each row and column represent an ROl from the Desikan-Killiany
atlas and the corresponding color is the strength of the structural connectivity (i.e., edges) between that pair of ROIs. For visual-
ization purposes, a matrix averaged across participants was imposed on a standard brain template using the BrainNet Viewer.
Connectivity matrices were analyzed with graph theory analysis to extract two global metrics of interest that reflect whole-brain
network integration (measured by path length) and specialization (measured by transitivity, a normalized clustering coefficient) (A)
and a local metric that reflects network organization of the MTL (i.e., average local efficiency of the parahippocampal, hippocam-
pal, and entorhinal nodes) (B). A laterality index (referred to as MTL network asymmetry) was computed by subtracting the local
efficiency of the contralateral (contra) from the local efficiency of the ipsilateral (ipsi) hemisphere and dividing by the sum. Figure is

available in color online only.

had lower education level and WTAR scores than healthy
controls (all p < 0.001), and patients with right TLE had
higher WTAR scores than those with left TLE (p = 0.03).
The healthy control group had a higher proportion of non-
White and non-Hispanic participants. Although the left
TLE group had a higher proportion of patients with MTS
than the right TLE group, the groups did not differ in ip-
silateral HCV. Our postoperative TLE sample included
22 patients with left TLE and 22 patients with right TLE
matched on demographic and epilepsy-related variables,
including seizure outcome and surgery type (Table 1).

Preoperative Network Organization

A multivariate ANCOVA comparing TLE patients ver-
sus healthy controls and controlling for age and WTAR
score revealed a significant medium-sized effect of group
on global metrics [F(4,152) = 5.33; p = 0.006; partial n? =
0.07]. Compared with healthy controls, both TLE groups
had higher path length (left TLE vs HC: mean difference
[MD] = -0.38 [95% CI -0.75 to —0.02], p = 0.041; right
TLE vs HC: MD = -0.35 [95% CI -0.68 to —0.01], p =
0.046) and lower transitivity (left TLE vs HC: MD = 0.55

4 J Neurosurg May 12, 2023
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[95% C1 0.21 to 0.90], p = 0.002; right TLE vs HC: MD =
0.38 [95% CI 0.06 to 0.70], p = 0.020), with no difference
between left TLE and right TLE (all p > 0.05). Figure S4
plots individual data.

Postoperative Memory Outcomes

Postoperatively, the left TLE group experienced a
greater memory decline than the right TLE group (i.e., sig-
nificant interactions between time and group) on CVLT-II
Learning [F(1,41) = 7.23; p = 0.010; partial n? = 0.15] and
LDFR [F(1,409) = 6.18; p = 0.017; partial n? = 0.13]. No ef-
fects were significant for BVMT-R (all p > 0.05), although
numerically the right TLE group showed a steeper decline
than the left TLE group. Table 2 presents postoperative
decline on an individual patient level, consistent with the
analyses above. Table S1 presents pre- and postoperative
means, and Figure S5 visualizes individual-level decline.

Association Between Preoperative Network Organization
and Preoperative Memory

Table 3 shows bootstrapped partial correlations, adjusted
for age and WTAR, which are plotted in Figures S6 and S7.
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TABLE 1. Demographic and clinical characteristics of the pre- and postoperative samples

Preop Sample Postop Sample
Lt TLE Rt TLE HC p Value Lt TLE Rt TLE p Value
No. of pts 51 50 56 22 22
Age, yrs 3612 (13.06)  34.97 (11.66) 36.62 (12.65)  0.789 33.36 (12.05) 35.14 (12.51) 0.635
Education, yrs 13.31 (1.93) 13.88 (2.20) 15.73 (2.14)  <0.001 13.05 (1.56) 13.82 (2.56) 0.223
WTAR, standard score 95.39 (13.66)  100.74 (14.05) 116.36 (8.63) <0.001 92.27 (12.32)  99.59 (13.22)  0.108
Sex 0.536 0.761
Female 26 30 34 12 13
Male 25 20 22 10 9
Handedness 0.603 0.234
Rt 45 46 52 18 20
Lt 6 3 3 4 1
Ambidextrous 0 1 1 0 1
Race 0.004 0.552
White 35 29 45 14 13
>1 race 1 8 0 4 4
Black or African American 1 7 2 1 3
Asian 4 1 6 3 1
American Indian or Alaska Native 0 2 2 0 1
Native Hawaiian/Other Pacific Islander 0 1 0 0 0
Unknown 0 2 1 0 0
Ethnicity 0.040 0.216
Non-Hispanic 38 37 5 20 17
Hispanic 13 13 5 2 5
Age at seizure onset, yrs 20.20 (14.54)  20.98 (13.88) — 0.782 18.23 (12.96)  22.59 (15.01) 0.308
Duration of epilepsy, yrs 15.92 (14.42) 14.00 (11.36) — 0.459 15.14 (13.20) 12.55 (8.10) 0.437
No. of ASMs 2.29(0.90) 2.20(0.88) — 0.597 2.59 (0.96) 2.36 (1.00) 0.447
MTS — 0.021 0.060
Yes 36 26 — 17 1
No 15 24 — 5 1
Ipsilat hippocampal vol* 0.0024 (0.0005) 0.0025 (0.0005) — 0.282  0.0024 (0.0005) 0.0025 (0.0006) 0.625
Op type 0.240
ATL — — — — 20 16
SLAH — — — — 2 5
SelAH — — — — 0 1
Seizure outcome 0.747
Engel class | (seizure free) — — — — 14 16
Engel class Il (not seizure free) — — — — 8 6

ASM = antiseizure medications; HC = healthy control; pt = patient.

Values represent the number of patients or mean (SD) unless stated otherwise. Boldface type indicates statistical significance.

* Ipsilateral HCV is divided by intracranial volume.

Path Length
In left TLE patients, a shorter path length was associ-
ated with higher CVLT-II scores. No significant correla-

tions were observed in patients with right TLE, healthy
controls, or for BVMT-R.

Transitivity
In left TLE patients, higher transitivity was associ-
ated with higher CVLT-II scores. No significant correla-
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tions were observed in right TLE, healthy controls, or for
BVMT-R.

MTL Network Asymmetry

In left TLE patients, greater ipsilateral (i.e., leftward)
asymmetry of MTL network organization was associated
with higher CVLT-II Learning, although this did not sur-
vive FDR correction. No associations were observed in
right TLE patients or BVMT-R.

J Neurosurg May 12, 2023 5
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TABLE 2. Number of individuals who showed postoperative memory decline based on RCI-PE

Lt TLE, n RtTLE, n
Decline No Decline Decline No Decline Fisher's Z-Test p Value
CVLT-Il Learning 14 7 6 16 (1,43)=6.70 0.015
CVLT-Il LDFR 8 12 2 20 (1,42) =5.52 0.030
BVMT-R Learning 5 9 10 8 (1,32)=1.25 0.308
BVMT-R Delayed Recall 7 8 12 6 (1,33)=1.34 0.304

Boldface type indicates statistical significance. The cutoff for clinically meaningful decline was based on a 90% confidence interval (i.e., Z score < —1.65) corresponding
to 6 and 3 points on CVLT-II Learning and CVLT-II LDFR, respectively, and 3 and 1 points on BVMT-R Learning and BVMT-R Delayed Recall, respectively. See Methods
for details on calculations and normative data used and Figure S2 for individual data points.

Association Between Preoperative Network Organization
and Pre- to Postoperative Memory Decline

Table 3 and Fig. 2 show bootstrapped partial correla-
tions, adjusted for preoperative score. Scatterplots for vi-
sual memory are shown in Figure S8.

Path Length

In left TLE patients, shorter path length predicted
greater CVLT-II Learning decline. No associations were
observed in right TLE patients or for BVMT-R.

Transitivity

In left TLE patients, higher transitivity predicted great-
er CVLT-II Learning decline, with a similar but weaker
association for CVLT-II LDFR. No associations were ob-
served in right TLE patients or for BVMT-R.

MTL Network Asymmetry

In left TLE patients, greater ipsilateral MTL network
asymmetry predicted greater CVLT-II Learning and
LDFR decline. Although greater ipsilateral asymmetry
predicted greater BVMT-R Learning decline in right TLE
patients, this did not survive FDR correction.

Multivariate Predictors of Verbal Memory Decline

For left TLE patients, in a multivariate regression model
with all three network predictors and controlling for pre-
operative memory score, only MTL network asymmetry
uniquely predicted CVLT-II decline (Learning: 3 = —0.54;
p =0.002; B = -5.93 [95% CI -9.43 to —2.43]; LDFR:
=-0.52; p = 0.016; B = -2.82 [95% CI -5.03 to —0.61]).
Compared with each global metric, MTL network asym-
metry explained more variance and had the lowest BIC
(i.e., 8—10 points lower). Including all three metrics did not
improve model fit relative to MTL network asymmetry
alone (Table S2). These same models were not significant
in right TLE patients (all p > 0.05).

We next examined whether network metrics explained
unique variance above and beyond established predictors
of memory decline using hierarchical regressions with
preoperative memory score and HCV asymmetry in block
1 and MTL network asymmetry in block 2 (Table 4). MTL
network asymmetry explained an additional 33% and 25%
of the variance in CVLT-II Learning and LDFR scores,
respectively, improving model fit and outperforming HCV
asymmetry. Preoperative score, MTL network asymmetry,

6 J Neurosurg May 12, 2023
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and HCV asymmetry together explained 67% and 53% of
the variance in CVLT-II Learning and LDFR outcomes,
respectively. Replacing HCV asymmetry with binary
MTS status, a negative MTS status was a weak but nonsig-
nificant predictor of greater decline (CVLT-II Learning:
B =0.24; p=0.078; CVLT-II LDFR: 3 = 0.30; p = 0.057).

Secondary Analysis: Individual-Level Prediction of
Memory Decline in Left TLE Patients

A follow-up discriminant function and ROC analysis
tested whether network metrics and established predictors
of decline correctly classified verbal memory decline at
the individual patient level in left TLE based on RCI-PEs.
To avoid overfitting, we assessed only one predictor per
model using leave-one-out cross-validation for unbalanced
samples. Figure 3 shows ROCs and AUCs, and Table 5
presents classification results.

CVLT-Il Learning

Classification models and the AUC were significant for
network metrics but not for preoperative score or HCV
asymmetry (Table 5 and Fig. 3). MTL network asymmetry
correctly classified 76% (cross-validated) of 21 patients,
with an AUC of 0.84 and a cutoff score > —0.124 corre-
sponding to 86% sensitivity and 71% specificity (Figure
S9). Models with path length and transitivity each correct-
ly classified 67% and 62% of cases (cross-validated), with
AUCs 0f 0.79 and 0.79, respectively. A cutoff score of 71.16
for path length produced 71% sensitivity and 86% specific-
ity. A cutoff score of 45.54 for transitivity produced 71%
sensitivity and 100% specificity.

CVLT-Il LDFR

Only the model with MTL network asymmetry was
significant, correctly classifying 65% of the 20 patients,
with an AUC of 0.80. A cutoff score of —0.124 produced
100% sensitivity and 58% specificity (Figure S9).

Sensitivity Analyses
Three-Tesla Only

To evaluate whether differences in magnetic field
strength impacted results, we reanalyzed the primary anal-
yses in two ways: 1) including only individuals who under-
went 3T MRI scanning and 2) including field strength as
a covariate. Results from the main preoperative and post-
operative analyses remained significant and of a similar
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TABLE 3. Partial correlations between preoperative network organization and preoperative learning and memory and pre- to postoperative

learning and memory change

Time Point Lt TLE Rt TLE HC
& Network Memory No.  Pearson’s 95% No.  Pearson’s 95% No.  Pearson’s 95%
Metric Outcome of Pts r Cl of Pts r Cl of Pts r Cl
Preopt
Pathlength CVLT-Il Learning 51 -0.31**  -0.58 to —0.02 46 0.18 -0.13t0 0.46 52 -0.07 -0.36t00.20
CVLT-II LDFR 49  -0.41"* -0.66t0-0.10 45 0.18 -0.111t00.46 52 -0.21 -0.52100.13
BVMT-R Learning 35  -0.15 -0.511t00.21 35 -0.24 -0.50t0 0.11 32 0.23  -0.06t00.51
BVMT-R Delay 35 -0.20 -0.551t00.16 35 -0.28 -0.56 t0 0.06 32 0.12 -0.221t00.45
Transitivity ~ CVLT-Il Learning 51 0.33** 0.0510 0.60 46 -0.24 -0.50 t0 0.08 52 0.09 -0.15100.33
CVLT-II LDFR 49 0.38**  0.09t00.62 45 -0.20 -0.4810 0.1 52 019  -0.08t00.43
BVMT-R Learning 35 0.18 -0.201t0 0.53 35 0.07 -0.26 t0 0.36 32 -0.02 -0.28100.29
BVMT-R Delay 35 0.21 -0.15100.53 35 0.19 -0.12 0 0.47 32 004 -0.26100.39
MTL CVLT-ll Learning 51 0.29**  -0.04t00.58 46 0.16 -0.12t0 0.41 — — —
network CVLT-II LDFR 49 0.21 -0.14 t0 0.51 45 0.11 -0.12100.35 — — —
asymmelry ByMT.R Learning 35 0.16 -0.14t00.48 35  -019 -0.481t00.18 — — —
BVMT-R Delay 35 0.28 -0.02 t0 0.59 35 -0.06 -0.37 t0 0.31 — — —
Pre- to postop
changet
Path length  CVLT-Il Learning 21 0.53** 0.221t00.75 22 -0.19 -0.4810 017 — — —
CVLT-II LDFR 20 0.33 -0171t00.75 22 0.00 -0.32100.27 — — —
BVMT-R Learning 15 0.01 -0.46 t0 0.58 18 -0.16 -0.51t00.28 — — —
BVMT-R Delay 15 -015 -0.59 t0 0.49 18 -0.01 -0.45100.50 — — —
Transitivity ~ CVLT-Il Learning 21 -0.54**  -0.81t0-0.18 22 013 -0.28t0 0.46 — — —
CVLT-II LDFR 20 0417 -0.80 t0 0.02 22 0.13 -0.20t0 0.45 — — —
BVMT-R Learning 15 -0.08 -0.66 t0 0.39 18 0.16 -0.30100.54 — — —
BVMT-R Delay 15 -0.07 -0.71t0 0.41 18 0.01 -0.471t00.48 — — —
MTL CVLT-Il Learning 21 -0.74**** -0.92t0-0.48 22 0.16 -0.13t0 0.50 — — —
network CVLT-II LDFR 20 -0.66** -0.86t0-0.34 22 0.31 -0.011t00.57 — — —
asymmelry ByMT-R Learning 15  —0.39 -0.72100.08 18 -048* -0.80t00.17 — — —
BVMT-R Delay 15  -0.36 -0.64 to -0.01 18 -0.37 -0.72t0 0.09 — — —

*p <0.1; **p < 0.05; ***p < 0.01; ****p < 0.001. Pearson’s r values in boldface type had associated p values that survived a 5% FDR correction (corrected separately by
group and by verbal vs visual memory). Confidence intervals were derived from bootstrapping using 1000 samples.

1 Partial correlations control for age and WTAR score.
1 Partial correlations control for preoperative score.

effect size in the left TLE group and nonsignificant in the
right TLE group (Table S3).

ATL Only

We repeated our primary analyses within ATL only
given that memory decline and postsurgical network dis-
ruption may be greater in this group. All previously sig-
nificant effects remained significant and were of the same
effect size or larger for the left TLE group and nonsignifi-
cant for the right TLE group (Table S4).

Dominant Versus Nondominant Surgeries

We repeated our main postoperative analyses classify-
ing patients into dominant versus nondominant surgeries
based on available Wada, fMRI, and/or handedness. Al-
though the associations with global metrics were weaker
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in dominant surgeries, MTL network asymmetry was a
robust predictor of verbal memory outcomes in dominant
but not in nondominant surgeries (Table S5).

Discussion

Temporal lobe surgery results in seizure freedom
for many patients but places them at risk for significant
memory decline, negatively impacting quality of life and
functional outcomes.?” Memory depends on a complex and
distributed network of structures including and beyond the
hippocampus. Therefore, we investigated whether white
matter network organization predicts postsurgical memo-
ry outcomes in TLE. Our main finding was that although
both global and local white matter network organization
were important for verbal memory abilities preoperatively

J Neurosurg May 12, 2023 7
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FIG. 2. Associations between preoperative network organization and pre- to postoperative verbal learning and memory change.
Scatterplots of partial correlations between preoperative network organization (path length, transitivity, and MTL network asym-
metry) and pre- to postoperative verbal memory change for CVLT-II Learning (A) and CVLT-II LDFR (B) are shown. Residuals are
plotted, as these are partial correlations that control for preoperative score. Ribbons represent 95% confidence intervals. Patients
with left TLE are depicted as circles and patients with right TLE as triangles. Figure is available in color online only.

TABLE 4. Hierarchical multiple regression output for left TLE with pre- to postoperative verbal learning and memory change scores as
dependent variables

B B (95% Cl) pValue Adjusted R? F Change BIC p Value
CVLT-II Learning (n = 21)
Block 1: baseline variables 0.34 6.25 150.65 0.009
Preop score -0.63 -0.48 (-0.79 t0 -0.18) 0.004
HCV asymmetry -0.40 -0.34 (-0.68 to 0.00) 0.051
Block 2: add network metric 0.67 18.71 138.11 <0.001
Preop score -0.60 -0.47 (-0.68 to —0.25) <0.001
HCV asymmetry -0.24 -0.20 (-0.45t0 0.05) 0.104
MTL network asymmetry -0.58 -6.34 (-9.43 to -3.25) <0.001
CVLT-II LDFR (n = 20)
Block 1: baseline variables 0.28 4.63 113.87 0.025
Preop score -0.57 -0.55 (-0.96 to —-0.15) 0.010
HCV asymmetry -0.27 -0.10 (-0.26 to 0.06) 0.196
Block 2: add network metric 0.53 10.06 107.11 0.006
Preop score -0.58 -0.56 (-0.89 to -0.23) 0.002
HCV asymmetry -0.11 -0.04 (-0.17 10 0.09) 0.535
MTL network asymmetry -0.53 -2.86 (-4.78 to —0.95) 0.006

B = unstandardized coefficient estimate; HCV asymmetry = as above.
Dependent variables are measured by the pre- to postoperative change in raw scores. Boldface type indicates statistical significance and denotes that the p value
survived a 5% FDR (Benjamini-Hochberg) correction. HCV asymmetry is based on the laterality index using the same formula as for MTL network asymmetry.
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FIG. 3. Predictors of individual-level verbal learning and memory decline in patients with left TLE. ROC curves for classifying pre-
to postoperative decline in CVLT-II Learning (A) and CVLT-II LDFR (B) for each individual predictor of interest. AUCs along with
95% confidence intervals of the AUC, and p values are reported below. Figure is available in color online only.

and predicted postoperative decline, asymmetry of local
MTL network organization was the most important pre-
dictor of postoperative verbal memory decline in left TLE.
These preliminary data drive home the importance of un-
derstanding not only the integrity of white matter MTL
networks ipsilateral to the seizure focus but also the integ-
rity of contralateral networks when assessing surgical risk.
Second, our findings support the idea that development of
preoperative memory impairment in TLE may arise from
broad decreases in network communication at the whole-
brain level, rather than from localized disruption only,
which is in line with widespread evidence of global white
matter network abnormalities in TLE."3

Although preliminary, a clinical application of the ob-
served link between networks and cognition in TLE is the
predictive utility of whole-brain and local white matter
network organization for postoperative memory decline.
With further replication, this may assist in presurgical
planning or tailored neurosurgery and is relevant in the
era of precision medicine. Although graph theoretical
measures from preoperative resting-state fMRI previously
showed predictive utility at a group level across various
cognitive domains,* to our knowledge, our study is the
first investigation of postsurgical memory outcomes using
whole-brain DWI connectomes, with initial evidence of
individual-level predictive utility. We found that although

TABLE 5. Results of a discriminant function analysis for classification of verbal memory decline in left TLE

CVLT-Il Learning CVLT-II LDFR
Wilks' Canonical % Correctly Wilks' Canonical % Correctly
Lambda Chi-Square Correlation Classified* pValue Lambda Chi-Square Correlation Classified* p Value
Preop memory score 0.89 2.09 0.33 714 0.148 0.88 2.16 0.34 60.0 0.142
HCV asymmetry 0.93 1.27 0.26 571 0.260 0.95 0.84 0.22 45.0 0.359
Path length 0.80 4.1 0.45 66.7 0.043 0.93 1.36 0.27 60.0 0.243
Transitivity 0.79 4.33 0.46 61.9 0.037 0.91 1.66 0.30 70.0 0.197
MTL network asymmetry ~ 0.75 541 0.50 76.2 0.020 0.73 5.52 0.52 65.0 0.019
* Based on cross-validation with leave-one-out.
J Neurosurg May 12, 2023 9
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higher integration and specialization of preoperative glob-
al white matter was associated with higher preoperative
memory function in left TLE, it also increased the risk of
verbal learning decline. This is commensurate with studies
suggesting that having a healthier network presurgically
confers greater risk of decline. That is, temporal lobe sur-
gery may induce damage to the relatively intact commu-
nication of information transfer at the whole-brain level.?’
This provides support for the adequacy model rather than
a reserve model, but at a whole-brain structural level.** An
alternative scenario is that healthier global network orga-
nization would assist in compensatory postsurgical reor-
ganization and adaptation of function, and therefore would
be associated with lower decline (i.e., opposite of what was
observed). However, it is difficult to draw firm conclusions
from the global findings, as a more specific network may
be driving the results. For this reason, we additionally in-
vestigated local MTL network organization.

The local MTL network organization of the hippocam-
pal, parahippocampal, and entorhinal regions was the most
robust predictor, uniquely accounting for 25%-33% of the
variance in verbal learning and memory outcomes in left
TLE, outperforming HCV, and showing good diagnostic
classification of individual-level decline. That is, a greater
left than right lateralized MTL network asymmetry pre-
dicted greater decline in verbal memory in left TLE. Inter-
estingly, greater leftward MTL network asymmetry was
only weakly correlated with higher preoperative verbal
learning. Together with our knowledge of the distributed
memory network, this suggests that episodic verbal mem-
ory may be more dependent on global rather than local
network properties preoperatively. However, that the left
MTL network plays a more critical role to memory func-
tion is evident only after a surgically induced lesion. Our
findings of a higher predictive value of local compared
with global metrics postoperatively is in line with studies
in which abnormalities in network connectivity of MTL
regions (rather than whole-brain metrics) led to improved
prediction of postsurgical seizure freedom.?*4!

Consideration of the asymmetry of the MTL network is
important because it takes into account both integrity of the
ipsilateral network (structural adequacy) and integrity or
presumed functionality of the contralateral network (struc-
tural reserve) to predict memory outcomes. We previously
found that risk for associative memory decline following
left ATL was greater with more leftward asymmetry of
MTL white matter integrity, or the health of specific deep
white matter tracts and adjoining superficial white matter.*
We expand upon this to show that beyond integrity, greater
leftward MTL network organization produced greater risk
for verbal memory decline. A previous fMRI graph theory
study reported that better integration of the contralateral
hippocampus with the rest of the brain was important for
cognitive outcomes, suggestive of functional reserve.*® Our
novel results support an extension of both the reserve and
adequacy models to MTL network efficiency.

Finally, asymmetry of network organization within the
MTL and preoperative verbal learning and memory score
were the most important predictors of memory outcomes
for left TLE. It has long been understood that the higher
one’s preoperative memory score, the greater the risk for
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postoperative memory decline. Because network analysis
is more complex and costly than neuropsychological test-
ing, it is important to consider whether it adds additional
value. We found that including MTL network asymmetry
explained additional variance above and beyond presurgi-
cal memory performance, and in individual-level analy-
ses MTL network asymmetry was a more robust predic-
tor. In addition, greater HCV and/or absence of MTS are
traditionally associated with greater risk for memory de-
cline. However, in our data, neither HCV asymmetry nor
MTS uniquely contributed to memory decline. This may
be due to lower sensitivity of structural MRI compared
with microstructural measures (i.e., DWI) or related to the
growing number of individuals with TLE with no visible
hippocampal pathology on MRI for whom probing MTL
network integrity and its associations to memory function
may be particularly useful.

Our study has several limitations. Our postoperative
sample was limited and requires replication in a larger
sample. Network metrics were not predictive of memory
function in controls or memory decline in right TLE, ex-
cept for an expected but weak association between right-
ward MTL network asymmetry and visual memory de-
cline in right TLE. Whereas null associations in controls
could be related to a restricted range of values, in right
TLE this could be related to more adaptive memory re-
organization. In addition, we did not observe robust cor-
relations between visual memory and network measures,
possibly because visual memory tests are less sensitive to
temporal lobe dysfunction,*” the material specificity hy-
pothesis may not be applicable,* and/or because of lower
power given fewer data points for visual compared with
verbal memory. The mean interval between surgery and
postoperative memory testing was slightly over a year and
varied across patients. Although the interval did not mod-
erate associations between network metrics and memory
decline (all p > 0.05), it is important for future studies to
examine whether testing at a longer interval may capture
additional damage or reorganization given evidence of
both postoperative decreases and increases in white matter
integrity.** Our network metrics reflected structural (i.e.,
anatomical) connectivity, an indirect measure of function.
It is unclear how functional network alterations* compare
with structural alterations in prediction of memory, which
is important to investigate given that fMRI is routinely
used to predict postoperative decline,® although most com-
monly for language outcomes. As is common in cognitive
and neuroimaging studies, our enrollment criteria required
an estimated 1Q > 70, limiting the generalizability of re-
sults to individuals with lower intellectual functioning,
and may represent a disparity for patients with lower de-
velopmental abilities.*

Our postoperative sample was heterogeneous and in-
cluded ATL,SelAH, and SLAH. All three surgeries disrupt
MTL networks, but ATL may cause the most disruption.
Although our main network findings replicated (and were
slightly stronger) in ATL only, a head-to-head comparison
of memory and network associations by surgery group in
a larger and more-powered study is a fruitful future goal.
Specifically, determining whether a more intact preopera-
tive global network organization and/or greater ipsilateral



asymmetry poses greater risk for memory decline in ATL
versus SLAH may eventually aid in risk stratifying pa-
tients when weighing the costs and benefits of resection.
For example, a left TLE patient with a more preserved
global network organization may be a better candidate for
SLAH over ATL to minimize the risk of memory decline
related to whole-brain network disruption and maximize
adaptive network reorganization postsurgery. Conversely,
a patient with greater ipsilateral MTL network asymmetry
may be at risk for memory decline from either surgery.

It is noteworthy that we did not have postoperative im-
aging available. Therefore, we could not characterize how
network organization changes postoperatively, how these
changes relate to memory outcomes, or how this varies
by surgery type. This is an important future avenue given
evidence of atrophy and adaptive neuroplasticity months*
and potentially years after surgery. We hypothesize that
adaptive contralateral or whole-brain network reorganiza-
tion postsurgery may drive improvements in memory out-
comes.

Conclusions

Although more work remains to link graph theoretical
measures more strongly to neurobiology, our study repre-
sents a first step to revealing the mechanisms underlying
memory impairment and postsurgical decline. Although
ATL remains the most efficacious surgical intervention
for seizure freedom, the emergence of other less-invasive
surgical options (e.g., SLAH, deep brain stimulation, and
responsive neurostimulation) necessitates a clear under-
standing of the memory risks associated with surgery for
individual patients. It is important to move beyond com-
parisons of patients with TLE versus controls in network
metrics to capture what those group differences mean for
functional outcomes.?**” Our preliminary findings may
have important clinical implications for individuals under-
going surgical consideration who are at risk for memory
decline. After further replication, we suggest that incor-
porating MTL white matter network organization may be
an important future personalized biomarker for memory
prognosis.

Acknowledgments

We thank Anna Christina Macari, Daniel Asay, and Jun Rao
for assistance with data collection and processing; Anny Reyes for
helpful discussion; and the patients of the UCSD Epilepsy Center
for their participation and contribution to science.

C.R.M. was funded by National Institute of Neurological
Disorders and Stroke (NINDS) (grant no. ROI NS124585). A.S.
was funded by NINDS (grant no. F32 NS119285-02) and by an
American Psychological Association Society for Clinical Neuro-
psychology (Div. 40) Early Career Pilot Study Award. E.K. was
funded by NINDS (grant no. KOINS124831).

References

1. Sherman EMS, Wiebe S, Fay-McClymont TB, et al. Neuro-
psychological outcomes after epilepsy surgery: systematic
review and pooled estimates. Epilepsia. 2011;52(5):857-869.

2. Busch RM, Hogue O, Miller M, et al. Nomograms to predict
verbal memory decline after temporal lobe resection in adults
with epilepsy. Neurology. 2021;97(3):e263-e274.

Brought to you by University of California San Diego Library | Unauthenticated | Downloaded 05/15/23 02:24 AM UTC

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

Stasenko et al.

. Reyes A, Kaestner E, Bahrami N, et al. Cognitive pheno-

types in temporal lobe epilepsy are associated with distinct
patterns of white matter network abnormalities. Neurology.
2019;92(17):¢1957-e1968.

. Kim D, Kim JS, Jeong W, Shin MS, Chung CK. Critical area

for memory decline after mesial temporal resection in epi-
lepsy patients. J Neurosurg. 2020;134(2):659-677.

. Postma TS, Cury C, Baxendale S, et al. Hippocampal shape

is associated with memory deficits in temporal lobe epilepsy.
Ann Neurol. 2020;88(1):170-182.

. Szaflarski JP, Gloss D, Binder JR, et al. Practice guideline

summary: Use of fMRI in the presurgical evaluation of pa-
tients with epilepsy: report of the Guideline Development,
Dissemination, and Implementation Subcommittee of the
American Academy of Neurology. Neurology. 2017;88(4):
395-402.

Allone C, Lo Buono V, Corallo F, et al. Neuroimaging and
cognitive functions in temporal lobe epilepsy: a review of the
literature. J Neurol Sci. 2017;381:7-15.

. Stasenko A, Lin C, Bonilha L, Bernhardt BC, McDon-

ald CR. Neurobehavioral and clinical comorbidities in
epilepsy: the role of white matter network disruption.
Neuroscientist. Published online February 22,2022.
doi:10.1177/10738584221076133

. Gleichgerrcht E, Kocher M, Bonilha L. Connectomics and

graph theory analyses: novel insights into network abnor-
malities in epilepsy. Epilepsia. 2015;56(11):1660-1668.
Lariviere S, Royer J, Rodriguez-Cruces R, et al. Structural
network alterations in focal and generalized epilepsy as-
sessed in a worldwide ENIGMA study follow axes of epi-
lepsy risk gene expression. Nat Commun. 2022;13(1):4320.
Tavakol S, Royer J, Lowe AJ, et al. Neuroimaging and con-
nectomics of drug-resistant epilepsy at multiple scales: from
focal lesions to macroscale networks. Epilepsia. 2019;60(4):
593-604.

Balachandra AR, Kaestner E, Bahrami N, et al. Clinical util-
ity of structural connectomics in predicting memory in tem-
poral lobe epilepsy. Neurology. 2020;94(23):e2424-e2435.
Hermann B, Conant LL, Cook CJ, et al. Network, clinical
and sociodemographic features of cognitive phenotypes in
temporal lobe epilepsy. Neuroimage Clin.2020;27:102341.
Kaestner E, Balachandra AR, Bahrami N, et al. The white
matter connectome as an individualized biomarker of lan-
guage impairment in temporal lobe epilepsy. Neuroimage
Clin. 2020;25:102125.

Mazrooyisebdani M, Nair VA, Garcia-Ramos C, et al. Graph
theory analysis of functional connectivity combined with ma-
chine learning approaches demonstrates widespread network
differences and predicts clinical variables in temporal lobe
epilepsy. Brain Connect. 2020;10(1):39-50.

Munsell BC, Wu G, Fridriksson J, et al. Relationship between
neuronal network architecture and naming performance in
temporal lobe epilepsy: a connectome based approach using
machine learning. Brain Lang. 2019;193:45-57.

. Rodriguez-Cruces R, Bernhardt BC, Concha L. Multidimen-

sional associations between cognition and connectome orga-
nization in temporal lobe epilepsy. Neuroimage. 2020;213:
116706.

Struck AF, Boly M, Hwang G, et al. Regional and global
resting-state functional MR connectivity in temporal lobe
epilepsy: results from the Epilepsy Connectome Project. Epi-
lepsy Behav.2021;117:107841.

Vaessen MJ, Jansen JFA, Vlooswijk MCG, et al. White
matter network abnormalities are associated with cognitive
decline in chronic epilepsy. Cereb Cortex. 2012;22(9):2139-
2147.

Vlooswijk MCG, Vaessen MJ, Jansen JFA, et al. Loss of net-
work efficiency associated with cognitive decline in chronic
epilepsy. Neurology. 2011;77(10):938-944.

J Neurosurg May 12, 2023 1



Stasenko et al.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

12

Rubinov M, Sporns O. Complex network measures of brain
connectivity: uses and interpretations. Neuroimage. 2010;
52(3):1059-1069.

Slinger G, Otte WM, Braun KPJ, van Diessen E. An updated
systematic review and meta-analysis of brain network orga-
nization in focal epilepsy: looking back and forth. Neurosci
Biobehav Rev. 2022;132:211-223.

Lariviere S, Bernasconi A, Bernasconi N, Bernhardt BC.

Connectome biomarkers of drug-resistant epilepsy. Epilepsia.

2021;62(1):6-24.

Gleichgerrcht E, Keller SS, Drane DL, et al. Temporal lobe
epilepsy surgical outcomes can be inferred based on structur-
al connectome hubs: a machine learning study. Ann Neurol.
2020;88(5):970-983.

Morgan VL, Englot DJ, Rogers BP, et al. Magnetic resonance
imaging connectivity for the prediction of seizure outcome in
temporal lobe epilepsy. Epilepsia. 2017;58(7):1251-1260.
Morgan VL, Sainburg LE, Johnson GW, et al. Presurgical
temporal lobe epilepsy connectome fingerprint for seizure
outcome prediction. Brain Commun. 2022;4(3):fcac128.
Davis KA, Morgan VL. Network analyses in epilepsy: are
nodes and edges ready for clinical translation? Neurology.
2021;96(5):195-196.

Sinha N, Johnson GW, Davis KA, Englot DJ. Integrating net-
work neuroscience into epilepsy care: progress, barriers, and
next steps. Epilepsy Curr. 2022;22(5):272-278.

Taylor PN, Sinha N, Wang Y, et al. The impact of epilepsy
surgery on the structural connectome and its relation to out-
come. Neuroimage Clin. 2018;18:202-214.

Stasenko A, Kaestner E, Reyes A, et al. Association between
microstructural asymmetry of temporal lobe white matter
and memory decline after anterior temporal lobectomy. Neu-
rology. 2022;98(11):e1151-e1162.

Chelune GJ, Naugle RI, Liiders H, Sedlak J, Awad IA. In-
dividual change after epilepsy surgery: practice effects and
base-rate information. Neuropsychology. 1993;7(1):41-52.
Iverson GL. Interpreting change on the WAIS-III/WMS-III in
clinical samples. Arch Clin Neuropsychol.2001;16(2):183-191.
Benedict RHB. Brief Visuospatial Memory Test—Revised.:
Professional Manual. Psychological Assessment Resources,
Inc; 1997.

Woods SP, Delis DC, Scott JC, Kramer JH, Holdnack JA.
The California Verbal Learning Test—second edition: test-
retest reliability, practice effects, and reliable change indices
for the standard and alternate forms. Arch Clin Neuropsy-
chol. 2006;21(5):413-420.

Hagler DJ Jr, Hatton S, Cornejo MD, et al. Image process-
ing and analysis methods for the Adolescent Brain Cognitive
Development Study. Neuroimage. 2019;202:116091.

Bonilha L, Nesland T, Martz GU, et al. Medial temporal lobe
epilepsy is associated with neuronal fibre loss and paradoxi-
cal increase in structural connectivity of limbic structures. J
Neurol Neurosurg Psychiatry. 2012;83(9):903-909.

Langfitt JT, Westerveld M, Hamberger MJ, et al. Worsening
of quality of life after epilepsy surgery: effect of seizures and
memory decline. Neurology. 2007;68(23):1988-1994.

Hatton SN, Huynh KH, Bonilha L, et al. White matter ab-
normalities across different epilepsy syndromes in adults: an
ENIGMA-Epilepsy study. Brain. 2020;143(8):2454-2473.
Doucet GE, Rider R, Taylor N, et al. Presurgery resting-state
local graph-theory measures predict neurocognitive out-
comes after brain surgery in temporal lobe epilepsy. Epilep-
sia. 2015;56(4):517-526.

J Neurosurg May 12, 2023

Brought to you by University of California San Diego Library | Unauthenticated | Downloaded 05/15/23 02:24 AM UTC

40. Chelune GJ. Hippocampal adequacy versus functional re-
serve: predicting memory functions following temporal lo-
bectomy. Arch Clin Neuropsychol. 1995;10(5):413-432.

41. Ko AL, Tong APS, Mossa-Basha M, et al. Effects of laser
interstitial thermal therapy for mesial temporal lobe epilepsy
on the structural connectome and its relationship to seizure
freedom. Epilepsia. 2022;63(1):176-1809.

42. Barr WB, Chelune GJ, Hermann BP, et al. The use of figural
reproduction tests as measures of nonverbal memory in epi-
lepsy surgery candidates. J Int Neuropsychol Soc. 1997;3(5):
435-443.

43. Saling MM. Verbal memory in mesial temporal lobe epi-
lepsy: beyond material specificity. Brain. 2009;132(Pt 3):
570-582.

44. Yogarajah M, Focke NK, Bonelli SB, et al. The structural
plasticity of white matter networks following anterior tempo-
ral lobe resection. Brain. 2010;133(Pt 8):2348-2364.

45. McDonald KE, Schwartz AE, Sabatello M. Eligibility criteria
in NIH-funded clinical trials: can adults with intellectual dis-
ability get in? Disabil Health J. 2022;15(4):101368.

46. Wechsler D. Wechsler Test of Adult Reading: WTAR. Psycho-
logical Corporation; 2001.

47. Delis DC, Kramer JH, Kaplan E, Ober BA. CVLT-1I. Cali-
fornia Verbal Learning Test—Second Edition. Psychological
Corporation; 2000.

Disclosures

The authors report no conflict of interest concerning the materi-
als or methods used in this study or the findings specified in this

paper.

Author Contributions

Conception and design: McDonald, Stasenko, Kaestner, Ben-
Haim. Acquisition of data: Shih, Ben-Haim. Analysis and inter-
pretation of data: Stasenko, Kaestner, Arienzo, Schadler, Helm.
Drafting the article: Stasenko. Critically revising the article:
McDonald, Kaestner, Shih, Ben-Haim. Reviewed submitted ver-
sion of manuscript: McDonald, Kaestner, Ben-Haim. Approved
the final version of the manuscript on behalf of all authors:
McDonald. Statistical analysis: Helm.

Supplemental Information
Online-Only Content

Supplemental material is available with the online version of the
article.

Supplemental Material. https://thejns.org/doi/suppl/10.3171/
2023.4.JNS23347.

Previous Presentations

Portions of this work were presented as an oral presentation at the
51st Annual North American Meeting of the International Neuro-
psychological Society, San Diego, California, February 4, 2023.

Correspondence

Carrie R. McDonald: University of California, San Diego, CA.
camcdonald@ucsd.edu.


https://thejns.org/doi/suppl/10.3171/2023.4.JNS23347
https://thejns.org/doi/suppl/10.3171/2023.4.JNS23347



