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Abstract
Objective
To identify distinct cognitive phenotypes in temporal lobe epilepsy (TLE) and evaluate pat-
terns of white matter (WM) network alterations associated with each phenotype.

Methods
Seventy patients with TLE were characterized into 4 distinct cognitive phenotypes based on
patterns of impairment in language and verbal memory measures (language and memory
impaired, memory impaired only, language impaired only, no impairment). Diffusion tensor
imaging was obtained in all patients and in 46 healthy controls (HC). Fractional anisotropy
(FA) and mean diffusivity (MD) of the WM directly beneath neocortex (i.e., superficial WM
[SWM]) and of deepWM tracts associated with memory and language were calculated for each
phenotype. Regional and network-based SWM analyses were performed across phenotypes.

Results
The language and memory impaired group and the memory impaired group showed distinct
patterns of microstructural abnormalities in SWM relative to HC. In addition, the language and
memory impaired group showed widespread alterations in WM tracts and altered global SWM
network topology. Patients with isolated language impairment exhibited poor network struc-
ture within perisylvian cortex, despite relatively intact global SWM network structure, whereas
patients with no impairment appeared similar to HC across all measures.

Conclusions
These findings demonstrate a differential pattern of WM microstructural abnormalities across
distinct cognitive phenotypes in TLE that can be appreciated at both the regional and network
levels. These findings not only help to unravel the underlying neurobiology associated with
cognitive impairment in TLE, but they could also aid in establishing cognitive taxonomies or in
the prediction of cognitive course in TLE.
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Cognitive dysfunction is a highly prevalent and debilitating
comorbidity in patients with temporal lobe epilepsy (TLE).1,2

Up to 80% of patients with TLE demonstrate impairments in
at least one cognitive domain, most frequently in language or
memory.3–5 Despite the high prevalence of cognitive dys-
function in TLE, there is considerable variability in the nature
and severity of impairments observed across patients, some
demonstrating generalized impairment, some specific cogni-
tive deficits, and others with normal cognition.6

Recently, studies have attempted to understand the hetero-
geneity in TLE by identifying cognitive phenotypes and ex-
amining the neuroanatomical correlates associated with each
subtype.7–9 These studies have revealed that patients with
generalized cognitive impairment demonstrate widespread
cortical thinning,8 subcortical atrophy,7 and diffuse white
matter (WM) compromise,9 whereas patients with normal
cognitive profiles demonstrate minimal structural abnormal-
ities. These studies revealed that the type and degree of
cognitive impairment is associated with the extent of brain
abnormalities in TLE. However, more precise characteriza-
tion of patients according to domain-specific cognitive im-
pairment is warranted and could provide new insights into the
neuroanatomical substrates of cognitive dysfunction in TLE.

In this study, we identify unique cognitive phenotypes in TLE
based on patterns of language and memory impairment and
examine microstructural alterations associated with each phe-
notype. We accomplish this by evaluating patterns of WM
disruption within deep, long-range association tracts and within
the WM directly beneath the cortex, using both a regional and
a network-based approach. We hypothesize that distinct cog-
nitive phenotypes can be identified with unique patterns of
network disruption that underlie the neuropsychological het-
erogeneity of TLE. Specifically, patients with isolated memory
or language impairment will demonstrate significant mesial vs
lateral temporal pathology, respectively, whereas those with
impairment in both domains will demonstrate widespread
frontotemporal pathology that is more pronounced within the
left hemisphere. Finally, we anticipate patients with no impair-
ment will show minimal regional or network-based pathology.

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. Seventy patients with TLE
and 46 healthy controls (HC) met inclusion/exclusion cri-
teria for the study. All patients were recruited through referral
from the UC San Diego or UC San Francisco Epilepsy
Centers. Inclusion criteria for patients included a TLE di-
agnosis by a board-certified neurologist with expertise in
epileptology, in accordance with the criteria defined by the
International League Against Epilepsy, and based on video-
EEG telemetry, seizure semiology, and neuroimaging evalu-
ation. The presence of mesial temporal sclerosis (MTS) was
determined by inspection of MRI by a board-certified neu-
roradiologist. In 35 patients, MRI findings suggested the
presence of ipsilateral MTS and the remaining patients
demonstrated normal MRI. Patients were excluded if there
was evidence on video-EEG of extratemporal seizure onset or
the presence of a mass lesion on MRI. HC were included if
they were between the ages of 18 and 65 and had no reported
history of neurologic or psychiatric disease.

Neuropsychological measures
Neuropsychological data were available for all patients and
HC. Verbal memory was evaluated with the California Verbal
Learning Test–Second Edition10 long delayed free recall and
the Wechsler11 Memory Scale–Third Edition logical memory
delayed and verbal paired associates delayed. Language ability
was also evaluated with the Boston Naming Test,12 Auditory
Naming Test,13 and Category Fluency subtest of the Delis-
Kaplan Executive Function System.14

Cognitive phenotyping
The cognitive phenotypes were derived using the 3 measures
of verbal memory and 3 measures of language described
above. Raw scores for all patients’ neuropsychological data
were converted into z scores based on the mean of the HC
data. Impairment was defined as 1.5 SD below the mean of
the HC. According to procedures outlined by Edmonds
et al.,15 patients were determined to be impaired in a given
domain (i.e., memory or language) if 2 or more of the 3
cognitive tests fell within the impairment range. Four dis-
tinct cognitive phenotypes were derived: (1) patients im-
paired on both language and memory measures (language
and memory impaired); (2) patients impaired on memory
measures only (memory impaired); (3) patients impaired on
language measures only (language impaired); and (4)
patients with no evidence of impairment on language or
memory measures (no impairment) (figure 1). Twenty-four
percent of patients were impaired in both language and
memory, 20% were impaired in memory only, 29% were

Glossary
AD = Alzheimer disease; AED = antiepileptic drug; ANOVA = analysis of variance; ARC = arcuate fasciculus; DTI = diffusion
tensor imaging; FA = fractional anisotropy; FDR = false discovery rate; FOV = field of view; HC = healthy control; ILF =
inferior longitudinal fasciculus; MD = mean diffusivity; MTS = mesial temporal sclerosis; ROI = region of interest; STG =
superior temporal gyrus; SWM = superficial white matter;TE = echo time;TLE = temporal lobe epilepsy;TR = repetition time;
UNC = uncinate fasciculus; WM = white matter.
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impaired in language measures only, and 27% were not
impaired in either domain.

MRI acquisition
MRI data were collected on a GE (Fairfield, CT) Discovery
MR750 3T scanner with an 8-channel phased-array head coil
at the Center for Functional MRI at UC San Diego or the
Surbeck Laboratory for Advanced Imaging at UC San Fran-
cisco. Image acquisitions on the 3T scanner were identical at
both centers and included a conventional 3-plane localizer,
GE calibration scan, a T1-weighted 3D customized fast
spoiled gradient-recalled echo structural sequence (repetition
time [TR] 8.08 ms, echo time [TE] 3.16 ms, inversion time
600 ms, flip angle 8°, field of view [FOV] 256 mm, matrix 256
× 192, slice thickness 1.2 mm), and for diffusionMRI, a single-
shot pulse-field gradient spin-echo echoplanar imaging se-
quence (TR 8,000 ms, TE 82.9 ms, flip angle 90°, FOV
240 mm, matrix 96 × 96, slice thickness 2.5 mm, echo-spacing
588 ms). Diffusion data used for the diffusion tensor imaging
(DTI) analysis were acquired with b-value = 0 and 1,000 s/
mm2 with 30 unique gradient directions. For use in nonlinear
B0 distortion correction, 2 additional b = 0 volumes were
acquired with either forward or reverse phase-encode polarity.

DTI processing
Preprocessing of the diffusion data included corrections for
distortions due to magnetic susceptibility (B0), eddy currents,
and gradient nonlinearities, head motion correction, and
registration to the T1-weighted structural image. For B0
distortion correction, a reverse gradient method was used.16 A
detailed description of the image processing is provided
elsewhere.17 DTI-derived fractional anisotropy (FA) and

mean diffusivity (MD) were calculated based on a tensor fit to
the b = 1,000 data.

Superficial WM (SWM) calculations
Individual T1-weighted MRIs were used for cortical surface
reconstruction and parcellation using FreeSurfer, 5.3.0.18 FA
and MD for the SWM were calculated by sampling 1 mm
below the pial surface normal at each vertex. To improve
signal-to-noise ratio, all surface-based measures were
smoothed on the average surface using a 20-mm full width at
half maximum Gaussian kernel. Vertex-wise maps of FA and
MD for the SWM were created for each individual and then
averaged into a spherical representation to align sulcal and
gyral features allowing for accurate matching of FA and MD
measurement locations at the individual level, while mini-
mizing metric distortion.19

Fiber tract calculations
Fiber tract FA and MD values were derived using a proba-
bilistic diffusion tensor atlas that was developed using
in-house software written in MATLAB, which has been
validated in HC and patients with TLE.20 For each partici-
pant, T1-weighted images were used to nonlinearly register
the brain to a common space, and diffusion tensor orienta-
tion estimates were compared to the fiber tract atlas to ob-
tain a map of the relative probability of a voxel belonging to
a particular fiber tract, given the location and similarity of
diffusion orientations. Voxels identified with FreeSurfer as
CSF or cortical gray matter were excluded from the fiber
regions of interest (ROIs). Fiber tracts were segmented in
this way for each individual, and mean FA and MD values
were calculated based on that participant’s diffusion data. A

Figure 1 Distribution of language and memory performance across cognitive phenotypes

Mean z scores on measures of language and memory across cognitive phenotypes. Error bars represent SDs. Impairment was defined as 1.5 SD below the
mean of healthy controls (represented as horizontal black line). ANT = Auditory Naming Test; BNT = Boston Naming Test; CVLT LDFR = California Verbal
Learning Test Long Delayed Free Recall; LM = logical memory; VP = verbal paired associates.
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full description of the atlas is described elsewhere.20 In the
current study, the method described above was used to re-
construct the following tracts because they are among the
most frequently implicated in verbal memory and language
processing and are often reported to be compromised in
TLE21,22: arcuate fasciculus (ARC), uncinate fasciculus
(UNC), fornix, inferior longitudinal fasciculus (ILF), and
parahippocampal cingulum (figure 2). Furthermore,
decreases in FA and increases in MD within these tracts have
been associated with impairment in language and memory in
TLE and are sensitive to axonal loss and demyelination,
respectively.21–23

Network analysis
Due to evidence that patients with TLE show less efficient
network integration and oversegregation of cortical and sub-
cortical networks relative to HC,24 graph theoretical analysis
was applied to the SWM data to determine whether cognitive
phenotypes differ in their network microstructure
covariance.25–27 Estimates of FA were measured within 33
gyral-based ROIs per hemisphere28 that were based on av-
erage estimates obtained from the unsmoothed data at each
vertex within a given SWM ROI. A 66 × 66 symmetric-
weighted matrix of the structural connectivity in the whole
brain was constructed using Pearson correlations for each
phenotype group and the HC as well as for the pooled group
of all patients with TLE. Each correlation value in this matrix
represents the covariance strength between 2 related nodes
(i.e., ROIs).

For this study, we analyzed differences in 4 network-based
measures: global efficiency, local efficiency, transitivity, and
modularity, due to evidence that these measures are (1)

sensitive to global and local network changes in TLE24,25 or
(2) implicated in cognitive functioning.29,30 Group differ-
ences in each measure were tested over a wide range of net-
work densities, 0.1 ≤ Sthr ≤ 0.5, with the threshold
incremented by 0.05, using the Brain Connectivity Toolbox.31

Global efficiency is a measure of global network integration
and is defined as the average inverse shortest path length.32

Local efficiency is calculated using the global efficiency from
the adjacent subgraph of the node and can be interpreted as
local network connectivity representing regional topologic
changes31; the local efficiencies across all nodes are then av-
eraged to estimate the total network local efficiency. Transi-
tivity is a measure of network segregation, such that greater
transitivity indicates a tendency for nodes to be highly in-
tegrated within their local cluster.33 This measure is similar to
clustering coefficient. However, unlike clustering coefficient,
transitivity is normalized collectively for all nodes and there-
fore is not influenced by the number of nodes in the net-
work.31 Finally, modularity describes the degree to which
a network may be divided into nonoverlapping groups with
a high number of within-module connections and a low
number of between-module connections.29,34 A detailed de-
scription of these graph theoretic measures, as well as the
toolbox used to calculate them, are described in a review by
Rubinov and Sporns.31

Statistical analysis
Independent t tests and Fisher tests were used to test differ-
ences in demographic variables between patients and HC.
Analysis of variance (ANOVA) was conducted to compare
clinical and demographic variables across the 4 cognitive
phenotypes. Vertex-wise t tests were used for surface-based
comparisons between each cognitive phenotype group and
HC and corrected for multiple comparisons using a false
discovery rate (FDR). ANOVA was conducted to compare
FA and MD of fiber tracts across the 4 cognitive phenotypes
and HC, correcting for multiple comparisons using FDR.
When results from the ANOVA were significant, group con-
trasts were assessed using post hoc pairwise tests with Bon-
ferroni correction.

For the graph theoretic measures, a subsampling methodol-
ogy26 was used to estimate a spread of values for the HC
group for each measure at each network density level. Patient
group values outside of the 0.0005 and 0.9995 percentile
range (corresponding to a p value of 0.001) were considered
significantly different from HC. Because the individual phe-
notype groups had fewer patients per group than the number
of HC, to create the HC spread of values, a subsample of 18
HC, corresponding to the average size of the phenotype
groups, was sampled 4,000 times.

Data availability statement
Authors have full access to all study data and participant
consent forms and take full responsibility for the data, the
conduct of the research, the analysis and interpretation of the
data, and the right to publish all data.

Figure 2 Deep white matter tracts of interest

(A) Coronal and (B) sagittal rendering of the arcuate fasciculus, uncinate
fasciculus, fornix, parahippocampal cingulum, and inferior longitudinal
fasciculus derived from AtlasTrack projected onto a T1-weighted image for
a single individual. The corpus callosum is portrayed in light gray in order to
provide additional spatial information.
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Results
Demographics and patient clinical variables
There were no differences in age (t [114] = −0.020, p = 0.984)
or sex distribution (Fisher exact = 0.383, p = 0.571) between
patients with TLE and HC; however, as expected, HC had
more years of education (t [114] = −5.715, p < 0.001)
(table 1). There were no differences in age (F3,66 = 0.869, p =
0.462), education (F3,66 = 0.329, p = 0.805), sex distribution
(Fisher exact 4.087, p = 0.699), handedness (Fisher exact
6.61, p = 0.083), duration of epilepsy (F3,66 = 2.15, p = 0.102),
seizure frequency (F3,61 = 1.308, p = 0.280), number of an-
tiepileptic drugs (AEDs; F3,66 = 1.73, p = 0.169), MTS status
(Fisher exact = 2.162, p = 0.533), or side of seizure onset
(Fisher exact = 3.975, p = 0.707) across the 4 cognitive
phenotype groups. However, there were differences in age at
seizure onset (F3,66 = 7.02, p < 0.001), with the memory
impaired group demonstrating an older age at seizure onset
relative to the language and memory (p = 0.023) and the
language impaired (p < 0.001) groups.

Surface-based SWM abnormalities across
cognitive phenotypes
The results of the surface maps for SWM FA and MD are
presented in figure 3. Relative to HC, the language and
memory group showed widespread reductions in FA in
lateral temporal, parietal, frontocentral/cingulate, and

lateral prefrontal regions bilaterally, coupled with highly
left lateralized increases in MD that were pronounced
within lateral temporal and orbitofrontal SWM. In the
memory impaired group, higher MD was observed in the
inferior and medial temporal lobe regions bilaterally, in-
cluding parahippocampal, entorhinal, fusiform, and tem-
poral pole, as well as the cingulate cortices (figure 3A). The
language impaired and the no impairment group (not
depicted) showed no differences in SWM FA or MD rela-
tive to HC that survived FDR correction. Post hoc com-
parisons across the cognitive subgroups revealed higher
MD in the language and memory group compared to the no
impairment group within left lateral temporo-parietal
regions (figure 3B).

Differences in FA/MD of deep WM fiber tracts
ANOVA revealed group differences in FA and MD of the
ARC and ILF bilaterally and in FA of the left UNC (table 2).
Pairwise comparisons revealed that the language and memory
group had lower FA of the left and right ARC (left ARC: p =
0.004; right ARC: p = 0.018), the left and right ILF (left ILF:
p = 0.005; right ILF: p = 0.011), and the left UNC (p < 0.01)
relative to HC. They also showed higher MD of the left ILF
relative to HC (p = 0.002). The memory impaired group
showed higherMD of the right ILF relative to HC (p = 0.034)
and the language impaired group demonstrated lower FA of
right ILF relative to HC (p = 0.045).

Table 1 Demographics and clinical variables

Temporal lobe epilepsy Healthy controls

N 70 46

Age, y 36.14 (13.66) 36.19 (14.13)

Education 13.34 (2.26) 15.80 (2.33)

Sex: M/F 33/37 19/27

Language and memory impaired Memory impaired Language impaired No impairment

N 17 14 20 19

Age, y 36.06 (15.51) 40.14 (14.56) 32.60 (13.06) 37.00 (11.86)

Education, y 13.00 (2.85) 13.71 (2.19) 13.15 (2.28) 13.58 (1.57)

Sex: M/F 8/9 10/4 10/10 5/14

Handedness: L/R/A 2/14/1 2/11/1 1/19 2/17

MTS: yes/no 11/6 8/6 8/11 9/10

Side: L/R/bilateral 8/8/1 7/7 8/9/3 8/10

Age at onset, y 17.82 (12.08) 32.07 (16.50) 11.25 (12.12) 20.68 (14.17)

Duration, y 18.24 (19.22) 8.07 (8.87) 21.35 (13.47) 16.32 (16.89)

Number of AEDs 1.88 (0.857) 2.35 (0.633) 2.45 (0.887) 2.36 (0.83)

Seizure frequencya 6.10 (5.72) 6.83 (5.63) 4.47 (4.23) 4.05 (2.34)

Abbreviations: A = ambidextrous; AED = antiepileptic drug; MTS = mesial temporal sclerosis.
Standard deviations are presented inside the parentheses.
a Number of seizures per month. Patients with 2 standard deviations above the mean of the entire TLE group were removed from analysis.
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Post hoc comparisons across the patient subgroups showed
that the language and memory group had lower FA of the
left UNC relative to the language impaired group (p =
0.013). This group also showed higher MD of the left ARC
relative to the no impairment group (p = 0.024), and
a trend for higher MD of the left ILF relative to the no
impairment group (p = 0.062). Given that patients in the
memory impaired group had an older age at seizure onset
and a trend for a longer duration of disease, we conducted
a secondary analysis controlling for age at seizure onset and
disease duration for WM tracts that were significant in the
primary analysis. Similar results were obtained in this
analysis, with the exception that the finding of higher MD
of the left ARC in the language and memory impaired
relative to the no impairment group only approached

significance (p = 0.064). No other patient subgroup com-
parisons were significant.

Global and local network analysis

Whole-group analysis
When treated as a single group, patients with TLE showed
decreased global efficiency across a consecutive range of
network densities (10–35; p < 0.001), as well as increased
transitivity (network densities: 15–50; p < 0.001) and de-
creased modularity (network densities: 10–20; p < 0.001)
relative to HC (figure 4A).

Cognitive phenotypes analysis
When analyzing the data separately for each cognitive phe-
notype, only the language and memory and memory impaired

Figure 3 Surface-based superficial white matter (SWM) abnormalities across cognitive phenotypes

(A) Surface-based mapping of SWM fractional an-
isotropy (FA) and mean diffusivity (MD) differences
across cognitive phenotypes relative to healthy con-
trols (HC) after correcting for multiple comparisons,
pFDR < 0.05. The color bar shows patients with either
lower values than controls in blue/cyan or greater
value than HC in red/yellow. (B) Post hoc comparison
between the language and memory impaired group
and the no impairment group in SWMMD. Increases
inMD in the language andmemory group are shown
in red/yellow.
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Table 2 Fractional anisotropy (FA) and mean diffusivity (MD) group comparisons

Language and
memory impaired,
mean (SD)

Memory
impaired,
mean (SD)

Language
impaired,
mean (SD)

No impairment,
mean (SD) HC, mean (SD)

ANOVA,
F value p Value

ARC

Left

FA 0.449 (0.044)a 0.473 (0.028)a 0.467 (0.031)a 0.466 (0.029)a 0.480 (0.024)a 3.600a 0.008a

MD 0.762 (0.030)a 0.757 (0.025)a 0.735 (0.025)a 0.720 (0.082)a 0.732 (0.025)a 3.478a 0.010a

Right

FA 0.436 (0.033)a 0.459 (0.029)a 0.448 (0.039)a 0.448 (0.024)a 0.462 (0.023)a 3.147a 0.017a

MD 0.740 (0.049) 0.747 (0.036) 0.737 (0.040) 0.718 (0.089) 0.725 (0.030) 1.063 0.378

UNC

Left

FA 0.380 (0.062)a 0.416 (0.033)a 0.423 (0.031)a 0.408 (0.046)a 0.431 (0.028)a 5.663a <0.001a

MD 0.832 (0.088) 0.815 (0.028) 0.795 (0.038) 0.793 (0.085) 0.779 (0.046) 2.858 0.027

Right

FA 0.388 (0.049) 0.409 (0.027) 0.398 (0.030) 0.396 (0.039) 0.414 (0.255) 2.553 0.044

MD 0.778 (0.098) 0.816 (0.032) 0.793 (0.060) 0.787 (0.111) 0.777 (0.064) 0.821 0.515

FX

Left

FA 0.304 (0.037) 0.295 (0.037) 0.291 (0.039) 0.297 (0.043) 0.307 (0.030) 0.876 0.481

MD 1.216 (0.346) 1.33 (0.357) 1.259 (0.261) 1.212 (0.197) 1.187 (0.231) 0.964 0.430

Right

FA 0.314 (0.080) 0.318 (0.037) 0.290 (0.050) 0.298 (0.032) 0.313 (0.033) 1.336 0.261

MD 1.147 (0.333) 1.332 (0.355) 1.233 (0.262) 1.226 (0.189) 1.234 (0.250) 0.902 0.466

PHC

Left

FA 0.326 (0.085) 0.347 (0.063) 0.342 (0.046) 0.327 (0.056) 0.367 (0.051) 2.488 0.047

MD 0.876 (0.241) 0.846 (0.062) 0.802 (0.088) 0.811 (0.121) 0.777 (0.111) 2.038 0.094

Right

FA 0.332 (0.112) 0.330 (0.046) 0.337 (0.079) 0.327 (0.079) 0.370 (0.075) 1.597 0.180

MD 0.870 (0.265) 0.889 (0.067) 0.800 (0.146) 0.804 (0.185) 0.755 (0.173) 2.248 0.068

ILF

Left

FA 0.440 (0.029)a 0.459 (0.037)a 0.454 (0.034)a 0.462 (0.036)a 0.471 (0.022)a 3.623a 0.008a

MD 0.853 (0.050)a 0.847 (0.027)a 0.827 (0.044)a 0.805 (0.091)a 0.797 (0.056)a 5.361a 0.001a

Right

FA 0.438 (0.027)a 0.451 (0.022)a 0.445 (0.029)a 0.449 (0.029)a 0.463 (0.022)a 3.703a 0.007a

MD 0.809 (0.066)a 0.840 (0.022)a 0.820 (0.076)a 0.784 (0.097)a 0.782 (0.044)a 3.196a 0.016a

Abbreviations: ARC = arcuate fasciculus; FX = fornix; HC = healthy control; ILF = inferior longitudinal fasciculus; PHC = parahippocampal cingulum; UNC =
uncinate fasciculus.
a Significant at a false discovery rate correction of q* = 0.02.
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groups showed significant differences fromHC. The language
and memory group showed decreased global efficiency (net-
work densities: 10–45; p < 0.001), increased transitivity
(network densities: 15–50; p < 0.001), and decreased mod-
ularity (network densities: 10–30; p < 0.001). The memory
impaired group demonstrated decreased global efficiency
relative to HC at a network density of 30 (p < 0.001). Neither
the no impairment nor the language impaired group displayed
any significant differences in global network structure from HC.

Given that the language impaired group failed to show any
differences in the regional or global network SWM analyses,
a post hoc subnetwork analysis was performed to determine if
the language impaired group differed in their network struc-
ture within classic language (i.e., perisylvian) regions. For this
analysis, local efficiency was selected and tested within the
pars triangularis/pars opercularis, superior temporal gyrus
(STG), and supramarginal gyrus. One region, the STG, dis-
played significantly decreased local efficiency for the language
impaired group, bilaterally (p < 0.05; figure 5, A and B). No
other group differed from HC across perisylvian regions.

Discussion
In this study, we identify 4 distinct cognitive phenotypes
within TLE and demonstrate that each phenotype is asso-
ciated with a unique pattern of WM abnormalities. Spe-
cifically, we show that patients in the language and memory
and memory impaired groups show pronounced micro-
structural changes within widespread SWM regions and
deep WM association tracts implicated in language and
memory.21 These findings were particularly pronounced
for those in the language and memory impaired group at
both the regional and global network levels. Finally, we
show that patients in the language impaired group show
abnormal network structure within perisylvian SWM, de-
spite relatively intact global network structure. Collectively,
our findings suggest that distinct cognitive phenotypes exist
in TLE that are not differentiated or explained by known
clinical characteristics. Rather, these different phenotypes
appear to be characterized by underlying neurobiological
differences in their regional WM microstructure and net-
work topology.

Figure 4 Global network measures

(A) Plots show differences in global efficiency, transitivity, and modularity between healthy controls (HC) and the whole temporal lobe epilepsy (TLE) group
across network densities. Shaded areas represent the upper and lower bounds of each measure in HC. (B) Differences in global efficiency, transitivity, and
modularity between HC and each cognitive phenotype. Colored circles represent significant difference between HC and patients.
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Cognitive dysfunction is the most common comorbidity in
TLE, with impairments in language and memory accounting
for a majority of this comorbidity.1,2,4,6,35 A number of factors
have been identified as playing a pivotal role in the cognitive
dysfunction observed in TLE, including the presence of
MTS,36 the type and frequency of seizures,3 age at seizure
onset,37 duration of disease,6 and the effects of AEDs.38 In-
terestingly, not all patients with TLE demonstrate cognitive
dysfunction, even when they share similar clinical character-
istics to those who do. In our study, 1/4 of the patients were
impaired in both language and memory, while approximately
half of the sample had isolated memory or language impair-
ment and the remaining patient sample demonstrated a rela-
tively normal cognitive profile. In particular, patients who
were impaired in both language and memory showed the
poorest performance across all measures, indicating more
pervasive cognitive dysfunction relative to those with domain-
specific impairments (i.e., memory impaired and language
impaired). This group of patients may reflect those described
as having “generalized impairment” in Hermann et al.,7 where
approximately 29% of patients in their study demonstrated
impairment in memory, language, executive function, and
processing speed. Of interest, this patient group was at risk for
cognitive progression over a 4-year interval, whereas their
other groups (i.e., memory impaired, minimally impaired)
showed minimal progression over time. In addition, we

replicate their prior findings of a subgroup of patients with
isolated memory deficits (20%) and of a sizable group with no
significant impairments (27%). Importantly, we expand this
literature by further characterizing cognitive profiles in a large
cohort of patients using a priori neuropsychological criteria
that have been shown to produce meaningful cognitive sub-
types in other neurologic disorders.15,39 By doing so, we were
able to identify a unique group (language impaired) that
constituted 29% of our sample and may be best described as
harboring a significant anomia (figure 1). Despite the range in
cognitive performances across the 4 phenotypes, our groups
demonstrated relatively similar clinical features (table 1).
Therefore, we purport that the nature and extent of cognitive
dysfunction observed in TLE cannot be fully explained by
common clinical characteristics (i.e., MTS, side of onset,
AEDs), and that treating patients with TLE as a single group
may obscure important cognitive and neuroanatomical vari-
ability across patient samples. In addition, given the evidence
that different cognitive phenotypes may be at differential risk
for cognitive progression,7 the cognitive course of patients
with normal cognitive profiles or with generalized impair-
ments may not be fully appreciated when comparing these
patients to the “average” cognitive profile described in the
TLE literature. Therefore, a finer characterization of cognitive
phenotypes is warranted and could aid in the prediction of
individual cognitive trajectories.

Figure 5 Local efficiency differences within perisylvian regions

(A) Local efficiency differences between healthy controls (HC) and each cognitive phenotype in pars triangularis (pTRI)/pars opercularis (pOPC), superior
temporal gyrus (STG), and supramarginal gyrus (SMG). Significant differences fromHC are depicted in gray/bluewithin each region of interest. (B) Differences
in local efficiency within the left and right STG between HC and each cognitive phenotype across different network densities. Shaded areas represent the
upper and lower bounds in local efficiency for HC.
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TheWMdirectly beneath the cortex (i.e., the SWM) has been
shown to be particularly important for cognition given its key
role in maintaining cortico–cortical connectivity.40–42 Fur-
thermore, there is evidence that the SWM is highly sensitive
to TLE-related pathology and may be an important predictor
of postoperative outcomes.43 Here, we demonstrate a differ-
ential pattern of SWM alterations across unique cognitive
phenotypes. Specifically, the language and memory impaired
group showed decreases in FA throughout frontocentral and
lateral temporal regions bilaterally, coupled with highly left
lateralized increases in MD that were pronounced within
lateral temporal and orbitofrontal SWM. Conversely, the
memory impaired group showed increased MD that was
particularly pronounced within the cingulate and medial
temporal lobes, bilaterally. Notably, a dissociative pattern
emerged between these groups, where impairments in both
language and memory were associated with SWM alterations
that encompassed perisylvian regions, whereas isolated
memory impairments were associated with changes in SWM
within medial temporal structures critical to memory.44 An
unexpected finding was the lack of regional changes in SWM
microstructure in patients with isolated language impairment.
Interestingly, this group did not differ from the other groups
in the number of AEDs or other identifiable clinical charac-
teristics. A post hoc analysis also demonstrated that this group
of patients was not more likely to be bilingual (25%), nor were
they more likely to be on topiramate (10%) or zonisamide
(10%) (all χ2 p values >0.05), all of which may contribute to
language impairments in TLE.45,46 Rather, results from
a subnetwork analysis (discussed below) indicate that the
language-impaired group may harbor subtle changes within
perisylvian network structure that are not apparent in tradi-
tional regional analysis. As anticipated, we found no signifi-
cant changes in SWM microstructure in patients with normal
cognitive profiles. Despite a prolonged course of epilepsy and
having a clinical profile known to affect cognition, the patients
in the no impairment group showed a similar neuro-
psychological and microstructural profile to HC. Altogether,
these findings further highlight the importance of the SWM to
cognition and reveal that cognitive phenotypes in TLE have
unique SWM signatures.

Alterations in deep WM tracts are often associated with
impairments in memory and language in TLE.21,22 In our
study, patients demonstrating impairment in both language
and memory showed reductions in FA of the ARC and ILF
bilaterally, and left UNC, and increases in MD of the left ARC
and ILF. These findings suggest that a worse cognitive phe-
notype is associated with widespread WM alterations in both
short-range U-shaped fibers connecting adjacent gyri42 and
long-range association tracts connecting distal cortical
regions. Interestingly, the memory impaired group showed
minimal alterations in deep WM tracts relative to HC despite
showing diffuse SWMMD changes within inferior and mesial
temporal structures. Although several studies have found an
association between compromise to our selected fronto-
temporal and medial temporal lobe tracts and both language

and memory impairment in TLE,17,47 it is possible that mi-
crostructural loss restricted to the SWM within the medial
temporal lobe is more likely to result in an isolated memory
impairment. In particular, the SWM beneath the entorhinal
cortex includes the perforant path, which provides afferent
input to the hippocampus (CA3/dentate)48 and is known to
be critical to verbal memory, but not necessarily to
language.17,49 Therefore, while we found more restricted
alterations in deepWM tracts in the domain-specific groups, it
is possible that damage to multiple deep association tracts
leads to impairment in both cognitive domains.

Given that TLE is now understood to represent a network
disorder with alterations in whole-brain network topology,24

we applied a graph theory approach to explore whether dis-
tinct cognitive phenotypes demonstrate unique SWM net-
work organization. First, we replicate previous findings24,25

demonstrating that patients with TLE display disrupted in-
tegration (i.e., lower global efficiency) and increased segre-
gation (i.e., increased transitivity) at the whole group level.
However, our subgroup analysis revealed that these topologic
differences were primarily driven by the language and mem-
ory impaired group, with minimal differences observed in the
other groups at the global network level. These findings
mirror the regional analysis and indicate that more pervasive
cognitive deficits are associated with pronounced alterations
of SWM network structure.

Previous studies using network analyses in TLE have found
consistent increases in path length and clustering
coefficient,24,25 suggesting a more regularized network con-
figuration that may be less resilient to epilepsy-related pa-
thology. In our study, we found decreases in global efficiency
(i.e., increased path length) in patients with language and
memory impairment, as well as increases in transitivity
(i.e., increased coefficient). These alterations in global to-
pology have been characterized as reflecting a lattice-like
network configuration25 that may lead to reduced efficiency in
information transfer, contributing to the cognitive dysfunc-
tion in this clinical population. Thus, the broad cognitive
impairment observed in the language and memory impaired
groupmay, in part, be due to an altered global topology within
SWM networks. We also found decreases in modularity and
increases in transitivity in patients in the language and
memory impaired group relative to HC. Modularity describes
the extent to which networks are organized into smaller
subgroups.29,50 A highly modular brain may offer a high level
of local specialization needed for the demands of different
cognitive processes. In support of this, de Haan et al.29 found
decreases in modularity to be associated with poorer language
and memory performances in patients with Alzheimer disease
(AD). Decreases in modularity have also been linked to more
advanced clinical status in AD.30 Our results in the language
and memory impaired group provide further evidence that
decreases in modularity may result in disruption in inter-
modular communication and lead to pervasive cognitive
deficits in TLE.
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As described above, patients with isolated language impair-
ment showed intact global network structure but decreased
local efficiency within the left and right STG, suggesting less
integration of the STG with other brain regions. Given that
the STG is a critical node within the perisylvian network, a less
well-integrated STG may lead to isolated language impair-
ment in some patients in the absence of other cognitive or
microstructural changes and suggests avenues for further in-
quiry. Collectively, these results demonstrate unique changes
in network organization within specific cognitive phenotypes.
Specifically, more pervasive language and memory impair-
ments are associated with widespread WM pathology that
leads to altered segregation and integration of WM networks,
whereas isolated language impairment may be associated with
disruption of local nodes within persylvian networks.

Our study has several important limitations that should be
noted. First, we only included neuropsychological measures
of language and memory. While impairments in language and
memory account for the most pervasive and problematic
cognitive comorbidities in patients with TLE,2 impairments in
executive function and processing speed are also present in
some patients and could help to further subdivide our phe-
notypes. Future studies with a broader examination of dif-
ferent cognitive domains are warranted. Second, we used
specific neuropsychological criteria to define impairment and
to derive our phenotypes, whereas previous studies7–9 in TLE
have relied on a data-driven approach (i.e., cluster analysis).
Defining cognitive phenotypes based on individual test per-
formance has been widely used within the mild cognitive
impairment and AD literature, given its clinical utility, in-
terpretability, and comparability across different studies.15,39

However, a comparison of clinically driven and data-driven
methods is needed to test the utility and reproducibility of
each method. Nonetheless, our study adds to an emerging
literature demonstrating that TLE is associated with distinct
cognitive phenotypes with unique underlying neuroanatom-
ical signatures. Knowledge of these phenotypes not only helps
to improve cognitive and neuroanatomical taxonomies in
TLE, but it may also enhance individualized prediction of
cognitive trajectories and yields a different perspective on the
cognitive consequences of the TLE. Additional longitudinal
studies such as Hermann et al.7 will improve our un-
derstanding of whether these distinct phenotypes portend
differential patterns of cognitive impairment progression and
whether epilepsy-related clinical variables (e.g., seizure fre-
quency, number and type of AEDs) affect such progression.
Furthermore, knowledge about these phenotypes and their
underlying neurobiology could be used in combination with
clinical data to help predict risk for cognitive decline associ-
ated with aging or medical/surgical interventions in TLE. As
the field of epilepsy is moving towards establishing more
meaningful cognitive and neurobehavioral taxonomies, iden-
tifying syndrome-dependent and syndrome-independent
phenotypes and understanding their accompanying neurobi-
ology could improve our ability to match patients to treat-
ments and improve a range of epilepsy-related outcomes.
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