1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Epilepsia. Author manuscript; available in PMC 2020 August 01.

-, HHS Public Access
«

Published in final edited form as:
Epilepsia. 2019 August ; 60(8): 1627-1638. doi:10.1111/epi.16283.

Identifying the neural basis of a language-impaired phenotype of
temporal lobe epilepsy

Erik Kaestner, Ph.D.1, Anny Reyes, M.S.1:2, Anna Christina Macari, M.S.1, Yu-Hsuan Chang,
Ph.D.1, Brianna Paul, Ph.D.34, Bruce Hermann, Ph.D.5, Carrie R. McDonald, Ph.D.1.6.7

1Center for Multimodal Imaging and Genetics, University of California, San Diego

2San Diego State University/University of California San Diego Joint Doctoral Program in Clinical
Psychology, San Diego

3Department of Neurology, University of California — San Francisco, San Francisco
4UCSF Comprehensive Epilepsy Center, San Francisco

SMatthews Neuropsychology Section, University of Wisconsin

8UCSD Comprehensive Epilepsy Center, San Diego

"Department of Psychiatry, University of California, San Diego

Summary

Objective: To identify neuroimaging and clinical biomarkers associated with a language
impaired phenotype in refractory temporal lobe epilepsy (TLE).

Methods: Eighty-five patients with TLE were characterized as language impaired (TLE-LI) or
non—Ilanguage-impaired (TLE-NLI) based on comprehensive neuropsychological testing.
Structural MR, diffusion tensor imaging (DTI), and fMRI were obtained in patients and forty-
seven healthy controls (HC). fMRI activations and cortical thickness were calculated within
language regions-of-interest and fractional anisotropy (FA) was calculated within deep white
matter tracts associated with language. ANOVAs were performed to test for differences among the
groups in imaging measures. Receiver operator characteristic curves were used to determine how
well different clinical versus imaging measures discriminated TLE-LI from TLE-NLI.

Results: TLE-LI patients showed significantly less activation within left superior temporal cortex
compared to HC and TLE-NLI, regardless of side of seizure onset. TLE-LI also showed decreased
FA in the inferior longitudinal fasciculus and arcuate fasciculus compared to HC. Cortical
thickness did not differ between groups in any region. A model that included language-related
fMRI activations within the superior temporal gyrus, age of onset, and demographic variables was
the most predictive of language impairment (AUC of .80).
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Significance: These findings demonstrate a unique imaging signature associated with a language
impaired phenotype in TLE, characterized by functional and microstructural alterations within the
language network. Reduced left superior temporal activation combined with compromise to
language association tracts underlie this phenotype, extending our previous work on cognitive
phenotypes that could have implications for treatment-planning or cognitive progression in TLE.
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INTRODUCTION

Temporal lobe epilepsy (TLE) is a heterogeneous disorder, characterized by an array of
clinical and cognitive symptoms?. In order to explain this heterogeneity, studies are
beginning to identify TLE cognitive subtypes with similar features?4. Recently, we have
identified four such “cognitive phenotypes” within TLE with unique patterns of structural
and microstructural abnormalities on quantitative imaging®. Further characterization of these
cognitive phenotypes could help to identify those at greatest risk for cognitive progression
and/or post-operative cognitive decline.

Language impairments are a widespread comorbidity in TLES. Among our cognitive
phenotypes, 49% of patients fell within a “language impaired” group, characterized by
deficits on neuropsychological tests of naming and fluency®. Although many studies report
greater language impairment in patients with left TLE (LTLE) relative to right TLE
(RTLE)’-9, an emerging literature has highlighted that patients with RTLE also present with
language impairment10-12 and sometimes LTLE and RTLE are indistinguishable in language
performance’3-18, Language impairment in RTLE has often been attributed to medication
effectsl’ or consequences of early seizure onset18-19, However, we propose that similar
underlying patterns of neural abnormality in LTLE and RTLE2%-21 may provide a more
direct explanation of language impairment.

We examined drug-resistant TLE patients with versus without language impairment and
investigate whether they differ in patterns of cortical atrophy, white matter (WM)
microstructure, and functional activations in language (“perisylvian”) networks. We also test
whether clinical variables, including side of seizure onset, can contribute to identification of
pre-surgical language impairment. We hypothesize that shared structural and functional
alterations within perisylvian networks explain much of the language impairment observed
in LTLE and RTLE.

METHODS

Participants

This study was approved by the Institutional Review Boards at UC San Diego and UC San
Francisco, and informed consent was collected from all participants. Eighty-five patients
with medically-refractory TLE and forty-seven healthy controls (HC) met criteria for the
study. Patients were recruited through referral from the UC San Diego or UC San Francisco
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Epilepsy Centers and were all undergoing presurgical evaluations. Inclusion criteria for
patients included a 1) TLE diagnosis, 2) age 18 or older, and 3) no dual pathology or mass
lesion (i.e. tumors, vascular malformations, focal cortical dysplasia, or other visible lesions
on MRI). TLE diagnosis and side of seizure onset were determined by a board-certified
neurologist with expertise in epileptology, in accordance with the criteria defined by the
International League Against Epilepsy, based on scalp and intracranial video-EEG telemetry,
seizure semiology, and neuroimaging evaluation. The presence of mesial temporal sclerosis
(MTS) was determined by inspection of MRI images by a board-certified neuroradiologist
with expertise in epilepsy. In 42 patients, MRI findings suggested the presence of ipsilateral
MTS and the remaining patients demonstrated normal MRI. HC were included if they were
between the ages of 18 and 65 and had no reported history of neurological or psychiatric
disease.

Neuropsychological measures

Tests of language ability (i.e., naming and fluency) were obtained as part of a comprehensive
neuropsychological evaluation. Language tests included the Boston Naming Test (BNT)?2,
Auditory Naming Test (ANT)23, and Category Fluency subtest of the Delis-Kaplan
Executive Function System (DKEFS)24. Naming and semantic fluency were evaluated
because they are the most commonly impaired aspects of language in TLE. Conversely,
language comprehension and reading are not frequently impaired in TLEZ, Raw scores for
all patients’ neuropsychological data were converted into z-scores based on the HC data
distribution. Impairment was defined as greater than 1.5 standard deviations below the mean
of the HC. Patients were determined to be impaired in the language domain if two or more
of the three cognitive tests fell within the impairment range26. Patients missing only one of
the three tests were included and classified as impaired if both tests fell within the
impairment range. Patients missing two of the three tests were excluded from this study.
Approximately 49% of patients were language impaired (Language Impaired; TLE-LI) and
the remaining 51% of patients were not impaired in language (Non-Language Impaired;
TLE-NLI). An estimate of nonverbal 1Q (WASI Perceptual Reasoning Index)%” was also
obtained to determine whether the groups differed in overall intellectual ability.

FMRI language task

During fMRI scanning, patients with TLE and HC performed a semantic judgment task in
which they pressed a button when they saw a word that represented an animate noun (e.g.
SHEEP). This task reliably produces strong activations within perisylvian cortex in both
HCs and patients with TLE28:29. A detailed description of the task is provided in the
supplementary material. Stimuli included novel object nouns (Novel Words; NW), false font
(FF) stimuli, and target words (i.e., animals). The FF stimuli were alphabet-like characters,
matched in size and number of characters to each NW stimulus to control for sensory but not
lexical or semantic content3. The response to the target words (i.e. animate nouns) was
included in the task to ensure comprehension of word meanings. However, the primary
language contrast of interest was NW minus FF, excluding targets, as this contrast is not
contaminated by the finger press.
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Data acquisition

MRI data were collected on a General Electric (GE) Discovery MR750 3T scanner with an
8-channel phased-array head coil at UC San Diego or UC San Francisco. Image acquisitions
on the 3T scanner were identical at all centers and included a conventional three-plane
localizer, GE calibration scan, a T1-weighted 3D customized FSPGR structural sequence
(TR=8.08 ms, TE = 3.16 ms, Tl = 600 ms, flip angle = 8°, FOV = 256 mm, matrix = 256 x
192, slice thickness = 1.0 mm), two functional T2*-sensitive echo-planar imaging (EPI)
scans (TR = 3000 ms, TE = 30 ms, flip angle = 90°, FOV = 220 mm, matrix = 64 x 64, slice
thickness = 2.5 mm), and for diffusion MRI, a single-shot pulse-field gradient spin-echo EPI
sequence (TR = 8000 ms, TE = 82.9 ms, flip angle = 90°, FOV = 240 mm, matrix = 96 x
96m, slice thickness = 2.5 mm, echo-spacing = 588 ms). Diffusion data were acquired with
b-value= 0 and 1,000 s/mm? with 30 unique gradient directions. The fMRI and DTI scans
were acquired for each individual using two different phase encoding directions to correct
for geometric distortions in the EPI images3L.

Image processing

Structural MRI—Images were corrected for spatial sensitivity inhomogeneities and for
non-linear warping caused by non-uniform fields created by the gradient coils32. The
cortical surface was reconstructed and parcellated using FreeSurfer, 5.3.0°3. Visual
inspection was performed on all images to identify topological defects, which were
subsequently edited using established software guidelines. Quantification of cortical
thickness estimates was determined by measurement of the distance between the WM and
the pial surfaces at each vertex. The cortical surface was then parcellated into ROIs using the
Destrieux atlas34, and average thickness was calculated within each ROI. A total of 85 TLE
and 47 HC had usable structural MRI data.

Functional MRI—The fMRI data analysis was carried out using Analysis of Functional
Neurolmages (AFNI version 17.3.00)3%, SUMA36, and Matlab programs (MathWorks,
Natick, MA). Co-registration of functional and structural MRI datasets was obtained
according to established methods31, head motion between scans was removed using AFNI’s
3dvolreg, and time series were aligned using AFNI’s 3dTshift. EPI datasets were spatially
aligned and then resampled to 2.5 mm3 isotropic voxels. Cortical parcellations were applied
to the EPI images using SUMA’s @SUMA_Make_Spec_FS. Time series data were
analyzed based on the general linear model using AFNI’s 3dDeconvolve with the BLOCK
function. Additional regressors were used to model motion residuals and baseline drifts were
modeled using quadratic polynomials. The regression coefficients that formed the response
function were then used in general linear tests, for the main language contrast (NW-FF). A
total of 67 TLE and 39 HC had usable fMRI data. In total, 18 patients and 8 controls were
excluded from fMRI inclusion in the study due to motion artifacts.

fMRI Cortical Activation Maps: Whole brain fMRI cortical activation maps of NW-FF
were generated using the mixed effects model in AFNI’s 3dANOVAZ2. To ensure that
cortical map differences between groups were not driven by strict threshold effects, for
display purposes these cluster-based surface maps were liberally thresholded and corrected
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for multiple comparisons by using a combined significance level of p < .05 and a cluster size
> 20.

fMRI and MRI ROI analysis. The cortical surface was parcellated into ROIs based on the
Destrieux atlas34. The number of activated voxels were extracted from six left-hemisphere
regions most frequently implicated in neuro-anatomical models of visual language lexical-
semantic processing: 1) ventral temporal: fusiform, 2) lateral temporal: middle temporal
gyrus (MTG), superior temporal gyrus (STG), superior temporal sulcus (STS), and 3)
frontal: pars opercularis and pars triangularis3’-38. For use in the ROI analysis, fMRI voxel
activations were corrected for multiple comparisons by using a significance level of p < .01
and a cluster size =20, for a corrected a of .05 as determined by 3dClustSim. To probe
possible network reorganization differences between groups, language laterality indices
were calculated (LI1= [L-R]/[L+R])3° using a lateral temporal ROI6:29,

DTI data—Preprocessing of the diffusion data included corrections for distortions due to
magnetic susceptibility (Bg), eddy currents, and head motion, followed by registration of the
diffusion image to the T1-weighted structural image. A detailed description of the DTI
image processing is provided elsewhere®. DTI-derived fractional anisotropy (FA) was
calculated based on a tensor fit to the b = 1,000 data. A total of 78 TLE and 45 HC had
usable DTI data. In total, 7 patients and 2 controls were excluded from DTI inclusion due to
imaging artifacts.

Fiber Tracts of Interest—Mean FA was extracted for two fiber tracts of interest: the
arcuate fasciculus (ARC) and the inferior longitudinal fasciculus (ILF), as these two fibers
represent the main dorsal and ventral language pathways respectively*!. Fiber tract FA was
derived using an automated probabilistic diffusion tensor atlas (i.e., AtlastTrack) that was
developed in house and has been validated in both HCs and patients with TLE. A full
description of the atlas and methodology is provided in Hagler et al.42.

Statistical Analysis—Independent #tests and Fisher’s tests were used to test for
differences in demographic variables between patients and HC, and to test for differences in
clinical variables between TLE-LI and TLE-NLI. Analyses of variance (ANOVAS) were
conducted to compare fMRI activations, mean cortical thickness, and mean tract FA across
HC, TLE-LI, and TLE-NLI within each ROI. Pairwise comparisons were performed when
the ANOVA was significant. Follow-up 2 (TLE-LI vs TLE-NLI) x 2 (LTLE vs RTLE)
ANOVASs were also conducted to determine whether structural and/or functional differences
between the TLE-LI and TLE-NLI groups differed as a function of side of seizure onset.
This follow-up 2-x-2 ANOVA included 73 DTI subjects (5 bilateral subjects excluded) and
63 fMRI subjects (4 bilateral subjects excluded).

Logistic regression was used to determine whether imaging variables offer unique
information for classification of TLE-LI versus TLE-NLI above what is accounted for by
demographic and clinical information. Model performance was determined by comparing
the area under the curve (AUC) for models with demographic/clinical information only
(handedness, side of seizure onset, age of seizure onset, MTS status, seizure frequency,
number of AEDs, and treatment with zonisamide or topiramate) to models that also included
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significant imaging variables. Significant differences between model AUC were tested by
creating a 95% confidence interval with 10,000 bootstrapped samples. A model was
considered superior if the AUC was above the 95% confidence interval of the model to
which it was being compared.

Demographics and patient clinical variables

Table 1 provides descriptive data and statistical comparisons on the HC and TLE (TLE-LI
and TLE-NLI) samples. Between HC and TLE, there were no differences in age or sex
distribution (all p>.05); However, HC had more years of education (p<.001).

Between TLE-LI and TLE-NLLI, there were no differences in age, education, sex
distribution, handedness, seizure frequency (calculated as the total number of focal seizures
with impaired awareness and secondary generalized seizures per month), number of
antiepileptic drugs (AEDs), MTS status or nonverbal 1Q (all p>.05). There were no
differences in side of seizure onset (LTLE vs RTLE) between the TLE-LI and TLE-NLI
groups (©>.05). Given the effects of topiramate and zonisamide on language performancel’,
we compared the proportion of patients that were on each medication across the two groups.
Patients in the TLE-LI group were not more likely to be on zonisamide (>.05);
interestingly, there were more TLE-NLI patients on topiramate, though it was not significant
and the overall number of patients on either drug was low (p>.05). Finally, a Fisher’s Exact
demonstrated no differences between patient groups in language laterality (i.e., Laterality
index = ([L-R]/[L+R])) based on fMRI activation patterns within any language ROIs (all p>.
05).

There were differences in age of seizure onset (p<.001) and duration of epilepsy (p<.05)
between the TLE-LI and TLE-NLI groups, with TLE-LI demonstrating an earlier age of
seizure onset and longer disease duration than the TLE-NLI.

fMRI activation profiles

Figure 1 displays cluster-thresholded fMRI activation maps for HC (top row), TLE-LI vs
TLE-NLI (middle row), and LTLE vs RLTE (bottom row). The HC pattern reveals a
distributed, lexical-semantic network activation pattern, observed predominantly in the left
hemisphere for ventral temporal, superior lateral temporal, and inferior frontal activation,
with more modest activations observed in homologous right hemisphere regions. As can be
seen, TLE-LI demonstrated a similar pattern of activation in left ventral temporal and frontal
regions relative to HC and TLE-NLI, but with much less activation in the left superior
temporal lobe relative to the other groups. In contrast, splitting patients into LTLE and RTLE
(excluding the 5 bilateral TLE patients) revealed similar patterns of activation for both
groups in the three main regions, with reduced activations in the left temporal region in both
LTLE and RTLE groups.

ROI-level analysis confirmed the differences between groups in the left lateral temporal lobe
observed in the fMRI surface maps (see Figure 2). ANOVA revealed differences in the STG
[F(2,98)=4.89, p<.01] and STS [F(2,98)=4.42, p<.05] among the HC, TLE-LI and TLE-NLI.
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Follow-up tests identified the same pattern in both ROIs, with the TLE-LI group having
decreased activity compared to both the HC [STG: p<.01; STS: p<.05] and the TLE-NLI
group [STG: p=.074; STS: p<.05], but no differences between the HC and TLE-NLI groups
[STG: p=.75; STS: p=.91]. No differences were found for the other regions (all £>.05). In
addition, post-hoc analyses of the same six ROIs in the right hemisphere did not reveal any
differences between the TLE-LI and TLE-NLI groups (all 7>.05).

Cortical Thickness ROIs

There were no significant differences in cortical thickness within any of the ROIs (all p>.
05).

DTI tractography

An ANOVA revealed group differences in FA of the left ILF [F(2,117)=5.27, p<.01] and left
ARC [F(2,117)=3.53, p<.05] (see Figure 3). Follow-up tests revealed differences between
TLE-LI and HC [left ILF: p<.01 ; left ARC: p<.05]. There were no differences between
TLE-NLI and HC [left ILF: p=.56; left ARC: p=.38] or TLE-LI and TLE-NLI [left ILF: p=.
11; left ARC: p=.45].

Impairment-by-Side of Seizure Onset

Figure 4a displays surface maps of the TLE-LI and TLE-NLI groups further subdivided into
LTLE and RTLE. As can be seen, there is minimal lateral temporal activation in TLE-LI
patients for either the RTLE or LTLE patients. Conversely, lateral temporal activations are
observed in both LTLE and RTLE in the TLE-NLI subjects. A 2x2 ANOVA follow-up was
run on the STG and STS (Figure 4b). The main effect for language impairment was still
present [STG: F(1,54)=5.6, p<.05; STS: F(1,54)=5.24, p<.05]. However, no significant main
effects of RTLE vs LTLE or interaction effects were found (all 7>.05).

When investigating the two left hemisphere tracts in the 2x2 ANOVA, neither the language
impairment nor the side of seizure onset main effects were significant (all />.05). However,
in both tracts the interaction term was significant [L-ILF: A1,65)=3.99, p<.05, L-ARC:
H1,65)=5.8, p<.05] (Figure 4c). This was driven by RTLE TLE-NLI having a higher FA
relative to the lower FA in the other three patient groups.

Logistic Model

Given the significant differences observed in left lateral temporal fMRI activation and age of
onset between the TLE-LI and TLE-NLI patient groups, we compared four models to
determine if fMRI activation and age of seizure onset offer independent discriminant
information for classification of language impairment (see Figure 5). Our baseline model
included demographic/clinical variables known to influence cognition and the language
network: Education, Handedness, MTS, side of seizure onset, seizure frequency, number of
AEDs, and treatment with zonisamide or topiramate3943, All clinical variables were
available for 66 of the 67 patients with fMRI (1 patient was missing seizure frequency). This
model had an AUC significantly above chance (AUC=.67, p<.05). Two additional models,
which included the demographic/clinical variables plus the combined fMRI activations from
the STS and STG (AUC=.76) or age of onset (AUC=.73) numerically increased the AUC,
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but neither model performed significantly better than the baseline model (both p>.05).
However, including both lateral temporal lobe fMRI activation and age of onset in the same
model produced a larger AUC increase than either model independently (AUC=.81), which
was significantly better performance relative to the baseline model (p<.05).

Discussion

In this study, we identify a neurobiological substrate of language impairment in patients with
TLE based on structural, functional and diffusion imaging. Specifically, a decrease in
functional activations within the left superior temporal region during a lexical-semantic task
differentiated patients with and without language impairment, independent of side of seizure
onset. This decrease in functional activity was not related to differences in cortical atrophy,
as there were no differences between patients in cortical thickness in perisylvian regions.
However, TLE-LI patients showed microstructural compromise to two key language WM
tracts relative to HC—the left ARC and ILF—which was not observed in the TLE-NLI
patients. Thus, decreases in functional activations within the left superior temporal region
coupled with disconnections within the broader language network may lead to the language
impairments observed in the TLE-LI phenotype. Finally, we demonstrate that in addition to
demographic and clinical information, fMRI adds to the discrimination of TLE patients with
and without language impairment, indicating that task-based fMRI provides unique
information regarding the neurobiology of language impairment in TLE that is not entirely
explained by clinical factors.

In our study, the strongest indicator of language impairment was a decrease in functional
activation within the left superior temporal lobe, which was not observed in other key
language-related regions (i.e., left inferior frontal gyrus and fusiform). Although this
localized decrease was observed during a lexical-semantic task designed to activate temporal
lobe language cortex, it is of interest that it appeared to differentiate patients with broad
language impairment (i.e., those with impairments in visual and auditory naming, and
semantic fluency) from those with intact language performances. In addition, there were no
differences between patients with LTLE and RTLE and no interaction with side of seizure
onset, indicating that decreased left temporal activation during a lexical-semantic task is a
robust signature of language network dysfunction that is not specific to patients with LTLE.
Although this finding may seem surprising given that many studies have found language
impairment to predominantly affect patients with LTLE’9, it is of note that many other
studies have not revealed LTLE versus RTLE differences3-16 or have only included patients
with LTLE (Chang et al.29). Interestingly, our lexical-semantic task was associated with
preserved left frontal activation in TLE-LI. This is important to note because many fMRI
tasks currently implemented for language mapping (e.g., covert word generation) primarily
demonstrate robust and reliable frontal lobe activations but less reliable temporal lobe
activations. Our findings suggest that lexical-semantic tasks designed to elicit temporal lobe
activation may be a promising way to assess language network dysfunction in TLE.

In addition to decreased temporal lobe activations, we found the TLE-LI group showed
damage to the left ILF and ARC relative to HC. These two pathways constitute the ventral
and dorsal language pathways respectively*!. Recent evidence from connectome analyses of
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white matter found that the STG has abnormal network properties in patients with the
language impairment phenotype®. We found no regional cortical thickness abnormalities in
the lateral temporal cortex of interest, which is suggestive that the decreased activation is not
related to a lack of cortex in these areas (i.e. cortical thinning). Additionally, patients with
visible cortical defects were not enrolled in the study. Therefore, we propose that the lateral
temporal functional language decrease observed in our TLE-LI patients relative to controls
may be related to disconnection within the wider language network rather than local lateral
superior temporal cortical pathology. According to this hypothesis, damage to the ILF and
ARC disrupts communication between preserved visual word form processing® (i.e.,
fusiform) and superior temporal regions important for lexical-semantic processing*®.

However, it is of note that microstructural integrity of the ILF and ARC did not differ
between the TLE-LI and TLE-NLI patients at a group level; instead side of seizure onset
interacted with language impairment. This interaction showed that within the TLE-NLI
group, LTLE (but not RTLE) patients also had damage to these two tracts. Therefore,
damage to the left ARC and ILF appears to be necessary (i.e. damage present in both RTLE-
LI and LTLE-LI) but not sufficient (i.e. damage also present in LTLE-NLI) to produce a
language impairment. A possibility is that there are unmeasured white matter differences
distinguishing LTLE-LI and LTLE-NLI, either additional damage in LTLE-LI or an
alternative route available to LTLE-NLI. Much recent work on connectomes in TLE*6 and in
other syndromes*’ emphasize the importance of whole-brain connectomes to understanding
cognitive co-morbidities in different clinical syndromes. A second possibility is the potential
for language reorganization in LTLE-NLI, which may have preserved language ability in this
group. Language reorganization is generally considered in the context of functional
activation migration3°. Here we found no differences between LTLE-LI and LTLE-NLI
groups in fMRI language laterality, and TLE-NLI showed preserved left perisylvian
activation patterns, which suggests that functional reorganization did not explain the intact
language performance in the LTLE-NLI group.

We found that the TLE-LI and TLE-NLI groups did not differ significantly in most clinical
or demographic variables. Interestingly, side of seizure onset did not differ significantly
between TLE-LI (22 LTLE /16 RTLE) and TLE-NLI (20 LTLE / 22 RTLE). The notable
clinical feature which did differentiate TLE-LI and TLE-NLI was age of seizure onset. This
is not surprising, as an extensive literature ties earlier age of seizure onset to poor WM
development and cognitive outcomes!848, Because age of seizure onset and left temporal
lobe fMRI activation were the only two variables that consistently discriminated between
TLE-LI and TLE-NLI patients at the group level, we tested the ability of these two variables
to classify patients after taking other clinical variables (including side of seizure onset) into
account. Although neither age of seizure onset nor fMRI alone outperformed the baseline
model, these two variables combined added significantly to the prediction of language
impairment. This suggests that fMRI measures of lexical-semantic processing contribute to
an understanding of language impairment in combination with clinical features, particularly
age of seizure onset. Our results point toward an underlying neurobiological feature of
language impairment in TLE being dysfunction within left superior temporal areas, for both
LTLE and RTLE that may be driven by poor development of (or damage to) left perisylvian
WM tracts in patients with an early age of seizure onset#8-50,
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Implications for Cognitive Phenotypes

Our goal in the present work was to establish the underlying neuropathological substrates in
a commonly occurring cognitive phenotype characterized by language impairment®.
Epilepsy can result from diverse genetic and acquired causes, which are unified by the
common clinical presentation of recurring seizures®L. The argument for cognitive
phenotypes is that similarly, diverse causes flow into shared neural dysfunctions unified by
the presentation of cognitive dysfunction. Indeed, different cognitive phenotypes in TLE
display unique patterns of microstructural WM compromise®.

Here, we identify a neural signature shared by patients with language impairment, i.e.,
decreased functional activation coupled with microstructural loss in the left temporal
language network. These pathological changes in functional activation provide a more direct
indicator of language dysfunction than side of seizure onset or many other clinical variables,
excepting age of seizure onset. This may be particularly relevant to consider in patients with
RTLE, who often present with language impairment that may be overlooked or dismissed as
secondary to medication effects. In our study, TLE-LI were not more likely to be on
topiramate or zonisamide relative to TLE-NLI, nor did this variable add to the prediction of
language impairment in our ROC model. Therefore, the language deficits observed in these
RTLE patients were better explained by the underlying functional and microstructural
abnormalities found within the left temporal language network.

Our study joins the expanding field of studies that have attempted to understand the
heterogeneity in cognitive ability by subdividing TLE into cognitive phenotypes and
characterizing the neuroanatomical correlates of each subtype. This type of phenotyping
could enable a personalized medicine approach to patients for predicting cognitive
progression and potentially cognitive decline following surgery?-. Understanding the shared
neurobiology within cognitive phenotypes will be a key aspect in tying together the
descriptive and predictive elements of this effort as part of ongoing epilepsy-wide efforts in
sub-dividing patients to improve treatment decision making®2-23,

Limitations and Future Directions

A key caveat of our approach is that the main neural biomarkers identified were based on
functional and microstructural alterations detected with non-invasive imaging. It is possible
that other pathological changes were present in our TLE patients that were not captured in
our analysis, but that influenced our language findings. In addition, it is known that fMRI is
subject to signal loss in anteromedial temporal lobe regions. Although we used a robust
method to correct for geometric distortions and signal loss®L, it is possible that susceptibility
artifacts limited our ability to detect anterior temporal lobe activations that could have
further differentiated our groups. In addition, there are many approaches for probing
language processing. We used a visual semantic judgement task and found dysfunction in
the superior temporal region; however, an auditory semantic judgement task might produce
different, albeit complementary, language network patterns that could provide additional
information regarding language impairment in TLE. Therefore, identifying replicable and
stable functional biomarkers for clinical care necessitates the comparison of the efficacy of
multiple tasks®*.
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An important consideration for our study is the certainty of the hemisphere of seizure onset
through continuous video-EEG monitoring of spontaneous seizures. It is of course possible
that some RTLE-LI patients may have experienced independent left temporal lobe seizure
onset not detected during their pre-surgical work-up. While possible, we think this is not
probable. In our sample, of the 16 RTLE-LI patients, 9 underwent surgery of which 7
patients achieved Engle 1 surgery outcomes and 2 are awaiting one-year Engle outcome
scores. Of the 9 patients without Engle scores (7 who have not yet undergone surgery and 2
awaiting Engle outcomes) seizure onset laterality was determined by intracranial EEG (n=4)
or continuous video scalp EEG monitoring with strong evidence of right temporal lobe
seizure onset (n=5). Our contention is that language impairment in our RTLES represents
bilateral pathology*3-°, not bilateral seizure onsets. As the field of epilepsy is moving
toward establishing more meaningful taxonomies® and identifying stable cognitive
phenotypes, understanding the underlying neurobiology of these phenotypes could improve
our ability to match patients to treatments and improve a range of epilepsy-related outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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Key Point Box

Both left and right TLE patients were identified with a systemic impairment
in language across multiple language tests.

Patients with and without language impairment were not well discriminated
by clinical features, except for language-impaired patients having an earlier
age of onset.

Patients with language impairment displayed decreased left lateral temporal
activation during a language task regardless of side of seizure onset.

Patients with language impairment also displayed decreased white matter tract
integrity compared with controls as well as an earlier age of seizure onset.

The best performing model discriminating language-impaired and non-
impaired patients included both age of seizure onset and lateral temporal
functional activation.
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Figure 1. fMRI cortical surface mapsduring a lexical-semantic task demonstrate activation
differencesin superior temporal regions.

Surface fMRI activation for the new words - false-font contrast for HC (top row), TLE
patients split by language impairment (middle row), and TLE patients split by side of seizure
onset (bottom row).
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Figure 2. ROIs confirm that decreasesin fMRI activation for language impair ment restricted to
superior temporal regions.

Six ROIs associated with lexical-semantic processing are displayed on the brain. The
surrounding bar graphs represent the number of active voxels in each ROI for the HC
(black), followed by TLE split by language impairment into TLE-LI (light green) and TLE-
NLI (dark green), then TLE split by side of seizure onset into LTLE (blue) and RTLE (red).
Error bars are standard error of the mean. Significant p-values for the Impairment ANOVA
are noted, and p-values are reported for follow-up pairwise tests between HC vs TLE-LI and
TLE-NLI vs TLE-LI.
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Figure 3. White matter integrity iscompromised in TLE-LI compared toHC in thelLF and
ARC.

A) Sagittal and coronal rendering of the arcuate fasciculus (ARC) and inferior longitudinal
fasciculus (ILF). B) ILF and C) ARC bar graphs representing the FA of the HC, followed by
TLE split by language impairment into TLE-LI (light green) and TLE-NLI (dark green),
then TLE split by side of seizure onset into LTLE (blue) and RTLE (red). Error bars are
standard error of the mean. Significant p-values for the Impairment ANOVA are noted, and
p-values are reported for follow-up pairwise tests between HC vs TLE-LI and TLE-NLI vs
TLE-LI.
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Figure 4. Splitting by side of seizure onset reveals preserved fMRI language-impair ment effects
but an interaction for tract FA.

A) Surface fMRI activation for the new words - false-font contrast for the 4 TLE groups. B)
Number of active voxels in each ROI for HC (black) followed by the TLE split into LTLE-
LI (light teal), LTLE-NLI (dark teal), RTLE-LI (light green), and RTLE-NLI (dark green).
The p-value is from the interaction term of a 2 (TLE-LI, TLE-NLI) by 2 (LTLE, RTLE)
ANOVA. C) Tract FA in each tract, the same as in B).
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Figure 5. ROC curves and Area Under the Curve comparing model performance when
discriminating TLE-LI from TLE-NLI.

A) The ROC curves associated with 4 logistic regression models. Models 2-4 include Model
1 plus additional variable(s). B) The area under the curve associated with each ROC curve.
Significance values show whether models 2-4 significantly outperformed model 1 as
determined by confidence intervals from 10,000 bootstrapped samples.
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Table 1:
Demographics and clinical variables
TLE HC
N 85 47
Age 36.20 (13.32) 36.26 (13.99) (130) = -.02 p=.98
Education 13,51 (2.12) 15.89 (2.38) (130) = -5.92 p<.001
Sex: M/F 38/47 19/28 Fisher’s Exact = .23 p=.72
Language | mpaired N()Itnl;sggr;ggge
N 43 42
Age (years) 34.47 (14.02) 37.98 (12.48) 1(83) = -1.22, p=.23
Education (Years) 13.27 (2.31) 13.73 (1.90) £83)=-.99 p=.32
Sex: M/F 18/25 20/22 Fisher’s Exact = .29 p=.67
Handedness: L/R/A 4/38/17* 4/37/1 Fisher’s Exact =.002 p=1.0
MTS: Yes/No 22/21 20/22 Fisher’s Exact = .11 p=.83
Side: L/R/Bilateral 22/16/5 20/22/0 Fisher's Exact=.857  ©=.38
Age of Onset 16.26 (12.39) 26.17 (15.07) 483)=-3.32 p<.001
Duration (years) 18.10 (15.35) 11.87 (13.34) £83) =1.997 p=.049
Number of AEDs 2.24 (.943) 2.36 (.906) #82)=1.08 p=.30
Seizure frequency 8.87 (16.21) 6.02 (6.95) £81)=-.56 p=.58
# of patients on topiramate 3(6.97%) 9 (21.43%) Fisher’s Exact=3.66  p=.068
# of patients on zonisamide 5 (11.63%) 4 (9.52%) Fisher’s Exact=.099  p=1.00
fMRI Language Laterality: L/R/Bilateral 22/9/3 26/% Fisher’s Exact=3.4 =21
Neuropsychological M easures
Mean z-score Mean z-score
Boston Naming Test -5.67 (3.28) -1.05 (1.415) t(75)= -7.795 p<0.001
Auditory Naming Test —-2.59 (2.64) -.136 (.666) t(75)= -5.504 p<0.001
D-KEFS Category -2.01 (.892) -.892 (.843) 1(75)= -5.763 p<0.001
Perceptual Reasoning 1Q * 92.52 (17.63) 98.47 (14.51) #61) =-1.47 p=.15

Page 21

TLE: temporal lobe epilepsy; F: females; M: males; L: left; R: right; A: ambidextrous; MTS: mesial temporal sclerosis; AEDs: antiepileptic drugs;

standard deviations are presented inside the parentheses

Two-subtest 1Q based on performance on WASI Matrix Reasoning and Block Design Subtests

Test Reported is for a Left/Right Fisher’s test

Ak
All left-handed TLE-LI patients were LTLE
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