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Abstract
Objective: Subjects with left temporal lobe epilepsy may either show altered hem-
ispheric language lateralization or retain typical, left lateralization. Examining 
the integrity of white matter pathways involved in the adaptation or maintenance 
of language lateralization in these patients could have important clinical implica-
tions for preserving or potentiating compensatory language mechanisms.
Methods: We combined task functional magnetic resonance imaging and struc-
tural diffusion metrics to determine the dependency of lobe-based language lat-
erality on white matter integrity in healthy participants and left temporal lobe 
epilepsy (TLE) patients. We tested for differences between individuals who ex-
pressed typical, left hemisphere laterality compared to those with atypical lateral-
ity patterns (bilateral or right hemisphere biased).
Results: A total of 41 left TLE patients and 51 sex- and age-matched healthy 
participants (HPs) were enrolled. In left temporal lobe epilepsy, typical patterns 
of frontal and temporal lateralities were less conditioned by the language-related 
white matter connections of the left temporal lobe. In typically organized epilepsy 
subjects, temporal lobe language laterality was dependent upon the structural 
connectivities of the left parietal lobe. Among atypically organized individuals, 
compared to HPs, TLE patients displayed frontal and parietal language laterali-
ties mediated by the structural connectivities of the left parietal lobe.
Significance: Language-related left parietal lobe connections were critical both 
for maintaining typical left hemisphere-biased language processing in the tem-
poral lobe and for the formation of noncanonical, potentially adaptive language 
processing asymmetries in the frontal and parietal lobes. Assessments of the lat-
erality and integrity of language skills in left temporal lobe epilepsy will require 
modeling white matter structural influences.
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1   |   INTRODUCTION

Language functions are implemented by a complex net-
work of bihemispheric regions,1 extending through the 
temporal, parietal, and frontal lobes.2,3 The integrity of lan-
guage processing is highly dependent upon the integrity 
of the white matter (WM) pathways underlying the lan-
guage regions of the brain.4 Temporal lobe epilepsy (TLE) 
is a structural and functional network disorder,5 involving 
changes to WM microstructure6,7 and reductions in func-
tional connectivity8 leading to verbally mediated deficits.4

Brain surgery on the language-dominant hemisphere 
increases the risk for postoperative language dysfunc-
tion. Thus, before surgical treatment, the intracarotid 
amobarbital procedure (IAP) or task functional magnetic 
resonance imaging (fMRI) is utilized to lateralize lan-
guage processors.9 Language processing is typically left-
lateralized in the general population10 (rate of 95%11), but 
is not “ubiquitous in the general population,” with atypi-
cal dominance present in both dextral and adextral popu-
lations (higher in the latter).12 In contrast, 24.5%–29% of 
epilepsy patients exhibit atypical patterns.13 Such bilateral 
or right hemisphere dominance14–17 patterns reflect hemi-
spheric reorganization that has clinical implications for 
seizure-related neurocognitive impacts and the prediction 
of postsurgical outcomes.18–20

Verb generation (VG) fMRI is commonly used to stimu-
late language processing in multiple perisylvian language 
regions21,22 and is a reliable tool for investigating language 
lateralization.23 Based upon prior work,23–25 however, 
there is evidence that hemispheric shifts in language rep-
resentation are not monolithic, as different regional com-
ponents of language processing may be independent, and, 
therefore, not shift their brain topography as a unit.

Prior studies utilizing a variety of WM diffusion indices 
along with fMRI tasks have demonstrated language net-
work reorganization in left TLE (LTLE).18,26,27 However, 
these studies focused on interlobar WM connections and 
hemispheric fMRI laterality indices (LIs) rather than 
regional or lobe-specific language activation patterns. 
Notably, these studies did not examine the WM structural 
bases of typical and atypical language asymmetries in both 
healthy participants (HPs) and TLE patients. Language 
organization exists on a spectrum influenced by individ-
ual histories and brain pathology. To isolate pathology-
driven changes in language hemispheric organization, it 
is critical to characterize atypical language asymmetries 
in healthy individuals.

Accordingly, here we addressed the following two ques-
tions: (1) Are lobe-based measures of functional language 
laterality influenced by the integrity of underlying structural 
WM pathways? and (2) Do any such influences differ between 
TLE patients and HPs with “typical” or “atypical” language 

laterality patterns? We answered these questions by quanti-
fying WM streamline counts among language-processing re-
gions and testing for differences in the association between 
these structural metrics and fMRI-based measures of lobe-
specific and hemispheric language asymmetry.

2   |   MATERIALS AND METHODS

2.1  |  Participants

Forty-one patients with drug-resistant LTLE 
(age = 40.76 ± 15.37 years) were recruited from the Thomas 
Jefferson University Comprehensive Epilepsy Center. 
All patients were surgical candidates for either a stand-
ard anterior temporal lobectomy or thermal ablation of 
the ictal mesial temporal lobe. A multimodal evalua-
tion (e.g., neurologic history/examination, scalp video-
electroencephalography [video-EEG], MRI, positron 
emission tomography [PET], neuropsychological testing) 
was used to lateralize the side of seizure focus.28 All par-
ticipants met the following criteria: unilateral temporal 
lobe seizure onset through surface video-EEG recordings, 
normal MRI or MRI evidence of pathology located in the 
epileptogenic temporal lobe, and concordant PET find-
ings. Participants were excluded for the following reasons: 

Key points

•	 White matter integrity provided crucial struc-
tural support for language lateralization pat-
terns in both healthy participants and epilepsy 
patients.

•	 Left temporal lobe epilepsy altered the struc-
tural substrates of both typical and atypical 
hemisphere language lateralization.

•	 Combining task fMRI and diffusion metrics re-
vealed crucial insights into language network 
organization and the functional adaptations 
or maladaptations caused by temporal lobe 
epilepsy.

•	 In left temporal lobe epilepsy, typical patterns 
of frontal and temporal language laterality are 
less conditioned by temporal lobe structural 
connections. Instead, abnormal left parietal 
structural connections are critical for maintain-
ing typical language laterality patterns.

•	 In left temporal lobe epilepsy, atypical language 
lateralization involves areas of frontal and pari-
etal cortex mediated by left parietal structural 
connectivity.
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previous brain surgery, medical illness with central nerv-
ous system impact other than epilepsy, extratemporal or 
multifocal epilepsy, contraindications to MRI, and an Axis I 
psychiatric diagnosis listed in the Diagnostic and Statistical 
Manual of Mental Disorders V. Depressive disorders were 
allowed, given the high comorbidity of depression and 
epilepsy.29 All patients were verified to have adequate 
verbal intellectual capacity to complete the VG fMRI task 
(Wechsler Adult Intelligence Scale III or IV verbal or full-
scale verbal intelligence quotient of 70 or greater).

Fifty-one HPs were recruited to match LTLE participants 
in age, gender, and handedness. HPs were free of psychi-
atric or neurological disorders based on health screen-
ing measures. This study was approved by the Thomas 
Jefferson University Board for Human Subjects Research. 
All participants provided written informed consent.

2.2  |  Imaging acquisition

All participants underwent scanning on a 3-T X-series 
Philips Achieva clinical MRI scanner equipped with an 
eight-channel head coil. The VG task21,23 and diffusion im-
ages30,31 were collected during the same scanning session. 
During the VG task, participants viewed single nouns, one 
by one, and were instructed to covertly generate an action 
word they associated with the noun. VG data were col-
lected as described He et al.23

The diffusion data were obtained using a single-shot 
spin-echo echo planar imaging pulse sequence (echo 
time = 90 ms, repetition time = 8609 ms, Sensitivity 
Encoding (SENSE) factor = 2.5, 5-min acquisition) with 
32 diffusion-weighted directions (b-factor = 850 s/mm2, 
anterior–posterior fold-over direction) and three vol-
umes without diffusion gradient (b-factor = 0 s/mm2; 
averaged in the scanner to a single B0 volume). Each vol-
ume comprised 66 slices (thickness = 2 mm, gap = 0 mm) 
acquired in the axial plane, with a reconstructed matrix 
size of 128 × 128 and field of view of 230 mm, resulting 
in a voxel size of 1.8 × 1.8 × 2 mm. To gain higher signal-
to-noise ratio, the sequence was done twice for each 
participant, and the datasets were averaged. Regarding 
the tractography, based on an acquired high angular res-
olution diffusion imaging dataset, for each subject, 107 
streamlines with a length in the range of 30–250 mm and 
Fiber Orientation Distribution (FOD) power of .33 were 
reconstructed. The structural connectome matrix was 
estimated using weights for each streamline determined 
using a spherical deconvolution-informed filtering of trac-
tograms (SIFT2).32 We chose the Automated Anatomical 
Labeling (AAL) atlas parcellation scheme including n = 90 
cortical and subcortical parcels to build the structural net-
work. This parcellation was then inversely warped onto 

the native space of the T1 weighted (T1w) reference and 
resampled at 2-mm3 voxel resolution. We built a 90 by 90 
undirected adjacency matrix for each participant with the 
SIFT-weighted streamline counts representing interre-
gional structural connectivity (see Appendix S1 and prior 
publication with the same methodology33).

2.3  |  VG task processing

The VG task data were preprocessed through the fM-
RIPREP pipeline (see Appendix S1 for details).34,35 Further 
details on the VG task preprocessing can be found in our 
prior publications.19,23

2.4  |  Construction and calculation of 
Statistical Parametric Mapping lobe-based 
functional laterality indices

An LI was computed to capture the asymmetry in VG task 
activation separately for the temporal, frontal, and pari-
etal lobes (hemisphere LI was also computed) for each 
participant utilizing the Statistical Parametric Mapping 12 
(SPM12) Toolbox.36 The voxel values (t-maps) were taken 
from both sides of a given lobe (excluding 5 mm of the in-
terhemispheric fissure).37 To compute the LI, we used the 
following formula:

Lobe- and hemisphere-based regions of interest (ROIs) 
were constructed following AAL atlas anatomical land-
marks. Activation encompassed by those masks were utilized 
in the LI calculation (exclusive mask of midline ± 5 mm). 
The LI calculation averaged the fMRI signal within each 
ROI (lobe), followed by subtraction of the activation in the 
right from the left-sided ROI. The final step was to divide by 
the summation of activation in the left and the right ROIs. 
The LI ranged from +1 (maximum left-sided asymmetry) 
to −1 (maximum right-sided asymmetry). Three lobe-based 
LIs (frontal, temporal, and parietal) and one hemispheric 
LI (calculated by combining the activation data of the three 
lobes using the SPM toolbox) were computed.

There is no standardized LI value defining laterality 
as typical or atypical.26,38 In this study, participants were 
classified as typical (Typ) if their LI values were above the 
75th percentile of HPs or atypical (Atyp) if their values 
were at or below this percentile. The 75th percentile LI 
values for HPs were .52 (frontal), .28 (temporal), .50 (pari-
etal), and .53 (hemisphere). Mean LI values for these sub-
groups are presented in Table 1.

LI =
Left ROI activation − Right ROI activation

Left ROI activation + Right ROI activation
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T A B L E  1   Sample demographic and clinical characteristics.

Characteristic Left TLE, n = 41 HPs, n = 51 t/U/χ2 p

Age, years (range) 40.76 ± 15.37 (20–69) 36.08 ± 11.07 (24–61) 884.0 .206
Gender, M/F 22/19 27/24 .100 .906
Years of education, years 14.78 ± 2.33 16.51 ± 2.55 666 .002
Handedness, R/L 35/6 45/6 .180 .836
Edinburgh handedness 69.65 ± 65.53 75.00 ± 60.24 1025 .827
Verbal IQa 94.76 ± 21.05 NA
Number typical/atypical for each laterality index considered

Frontal 26/15 40/11
Temporal 30/11 39/12
Parietal 28/13 38/13
Hemisphere 24/17 39/12

Verb generation laterality index
Whole sample

Frontal .483 ± .388 .575 ± .289 961.5 .512
Temporal .418 ± .394 .473 ± .289 1037 .949
Parietal .502 ± .326 .540 ± .299 971.5 .564
Hemisphere .465 ± .380 .598 ± .275 819.0 .075

Typical subgroups
Frontal .714 ± .063 .700 ± .072 439.5 .460
Temporal .625 ± .146 .690 ± .075 332.0 .268
Parietal .667 ± .069 .683 ± .067 .929 .357
Hemisphere .706 ± .066 .705 ± .081 453.0 .836

Atypical subgroups
Frontal .083 ± .392 .208 ± .369 75.0 .310
Temporal −.145 ± .284 .251 ± .259 4.100 <.001
Parietal .144 ± .376 .225 ± .366 88.0 .495
Hemisphere .124 + .380 .248 ± .385 78.0 .298

Age at epilepsy onset, years 23.76 ± 16.7 NA
Duration of epilepsy, years 17.00 ± 18.25 NA

Interictal spike, ipsilateral/bilateral 35/6 NA
Temporal pathology, NB/HS/TT/TD/E 11/20/3/4/3 NA
Seizure type

FIAS 10 NA
FAS + FIAS 4
FAS + FBTCS 1
FIAS + FBTCS 18
FAS + FIAS + FBTCS 8

Antiepileptic drugs
VGNCb 26 NA
GABAA agonistc 2
SV2A receptor mediatedd 14
CRMP2 receptor mediatede 17
Multiactionf 2

Note: Continuous variables are presented as mean ± SD. Temporal pathology was diagnosed by neuroradiologists specializing in epilepsy based upon 
presurgical magnetic resonance imaging scans. Independent sample t-tests and χ2 tests were carried out for continuous and categorical variables, respectively.
Abbreviations: CRMP2, collapsin response mediator protein 2; E, encephalomalacia; F, female; FAS, focal onset aware; FBTCS, focal to bilateral tonic–clonic; 
FIAS, focal onset impaired awareness; GABAA, γ-aminobutyric acid type A; HP, healthy participant; HS, hippocampal sclerosis; IQ, intelligence quotient; L, 
left; M, male; NA, not applicable; NB, normal brain; R, right; SV2A, synaptic vesicle protein SV2A; TD, temporal dysplasia; TLE, temporal lobe epilepsy; TT, 
temporal tumor; VGNC, voltage-gated Na+ channel blockage. Bold values indicate a statistically significant difference between the left TLE and HP groups.
aMeasured by Wechsler Adult Intelligence Scale version III or IV.
bExamples include phenytoin, carbamazepine, oxcarbazepine, lamotrigine (plus T type Ca2+ channel blockage).
cExamples include diazepam, clonazepam, clobazam, lorazepam, tranxene, phenobarbital.
dExamples include levetiracetam.
eExamples include lacosamide (plus VGNC blockage).
fExamples include Na+ valproate (VGNC + GABAA agonist), topiramate (VGNC + GABAA agonist + α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/
kainate receptor blockage + carbonic anhydrase inhibitor).
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2.5  |  Construction and calculation of 
lobe-based structural WM measures

To construct WM structural measures related to language 
processing that would, in addition, align with our lobe-
based measures of language laterality, we focused on re-
gions reported in the literature to be hubs for language 
processing.23,39 These regions were identified in the AAL 
atlas (see Figure  1; 38 [19 × 2] regions: left frontal = 10 
regions, right frontal = 10, left temporal = 6, right tempo-
ral = 6, left parietal = 3, right parietal = 3, left hemisphere 

total = 19, right hemisphere homologs = 19). For each 
ROI, we computed a streamline count measure (STL) de-
rived from the sum of streamlines connecting that ROI to 
all other ROIs within that same lobe. This procedure was 
carried out separately for the 19 ROIs of each hemisphere. 
We note that prior to these ROI-specific STL calculations 
for each participant we normalized each ROI STL meas-
ure by the total number of streamlines in the participant's 
brain. Thus, we utilized structural measures of language 
laterality that corresponded to the lobe-based functional 
measures of language laterality described above. Our 

F I G U R E  1   Representation of the streamline count measures for construction of intralobar measures. Each sphere represents a language 
region as captured by the Automated Anatomical Labeling atlas (blue = frontal lobe, green = parietal, red = temporal). (A) Lateral view 
of the left hemisphere showing the streamline count measures for each lobe considered. (B) Lateral view of the right hemisphere. (C) 
Transversal plane of the brain. (D) Anterior view of the brain. ANG, angular gyrus; Heschl, Heschl's gyrus; IFGoper, inferior frontal gyrus, 
pars opercularis; IFGor, inferior frontal gyrus, pars orbitalis; IFGtr, inferior frontal gyrus, pars triangularis; IPL, inferior parietal lobule; IPS, 
intraparietal sulcus; ITG, inferior temporal gyrus; MFG, middle frontal gyrus; MFGor, middle frontal gyrus, orbital; MTG, middle temporal 
gyrus; PrecG, precentral gyrus; RolOper, Rolandic operculum; SFG, superior frontal gyrus; SFGor, superior frontal gyrus, orbital; SMA, 
supplementary motor area; SMG, supramarginal gyrus; STG, superior temporal gyrus; TPOmid, temporal pole, middle; TPOsup, temporal 
pole, superior.
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statistical analyses focused on these 38 WM-derived struc-
tural (STL) measures, along with the lobe and hemisphere 
language LIs and relevant subgroups described above.

2.6  |  Statistical analyses

Statistical analyses included χ2 tests, independent samples 
t-tests, or Mann–Whitney U-tests, as appropriate, to test 
for group differences in sample demographic and clinical 
epilepsy parameters (IBM SPSS v29; Table 1). Independent 
sample t-tests compared HP and LTLE groups on lobe and 
hemisphere functional LIs and each ROI structural (STL) 
measure.

We performed Partial Least Squares Multi-Group 
Analyses (PLS-MGA, SmartPLS 440) to examine whether 
LIs were influenced by the integrity of structural WM path-
ways (intralobar STL measures) and whether these influ-
ences differed between Typ and Atyp subgroups of LTLE 
patients and HPs. PLS-MGA models (groups permutation, 
1000 bootstrapped samples) provided means of modeling 
and quantifying relationships between multiple indepen-
dent variables (STL measures) and a dependent variable 
(each lobe or hemisphere LI), allowing for both direct and 
indirect (mediated) effects on the dependent variable. The 
measured streamline counts associated with each separate 
lobe (intralobar STL measures referred to in this context as 
indicators: 10 frontal, 6 temporal, 3 parietal) were decom-
posed to form three lobe-specific latent factor (LF) mea-
sures of WM structure (referred to as frontal STL LF [FLF], 
temporal STL LF [TLF], or parietal STL LF [PLF], with 
separate left and right hemisphere forms of each). These 
STL LFs were modeled as predictors of the VG-based lobe 
(or hemisphere) LI measures with PLS-MGA models run 
separately for each LI. The PLS-MGA models tested for 

group differences in the following metrics: (1) weighted 
coefficients (β1 – β2) quantifying the direct effect of the 
lobe (FLF, TLF, PLF) on each lobe-based language LI and 
(2) weighted coefficients (β1 – β2) quantifying the indirect 
(mediated) effects of the lobe STL LFs on each lobe-based 
language LI. A significant group difference in the direct or 
indirect coefficient (permutation Bonferroni [perm bon-
f]-p < .05) indicated a reliable impact of the LF on the LI, 
with a positive value indicating that a unit change in the in-
dependent variable (LF) was associated with a unit change 
in the dependent variable (the LI). The direct coefficients 
tested the LF direct influence on lobe or hemisphere LI, 
whereas indirect coefficients captured sequenced relation-
ships among the LFs in their influence on the LI. Together, 
these coefficients clarified the causal chain from LF to 
LI, highlighting the impact of WM structure on the lobe 
or hemisphere LI. In each LI model, the direct effects of 
the epileptogenic left temporal lobe (TLF), the left frontal 
lobe (FLF), and the left parietal lobe (PLF) on the LI were 
analyzed in the presence of two mediating influences (left 
TLF → left FLF → LI; left TLF → left PLF → LI). HPs and pa-
tients differed by years of education (p < .002). Accordingly, 
all PLS-MGA models were executed with years of educa-
tion modeled as a weighted (covariate) vector, yielding co-
efficients accounting for this factor.

3   |   RESULTS

The demographic and clinical epilepsy characteristics of 
the sample are shown in Table 1. HPs and the LTLE group 
did not statistically differ on any of the lobe or hemisphere 
functional LIs. A comparison of the three language LI 
measures between the subgroups revealed that the lobe or 
hemisphere LI values did not differ across the Typ LTLE 

T A B L E  2   PLS-MGA model results comparing HP/LTLE, typical/atypical groups for the prediction of lobe-based frontal language LI.

Typ HPs vs. Typ LTLE Atyp HPs vs. Atyp LTLE

β1 – β2 Permutation p β1 – β2 Permutation p

Frontal LI model, based on R2 adjusted .011 .943 .378 .236

Direct path coefficients

Frontal left STL → frontal LI −.333 −.185 −.263 .757

Parietal left STL → frontal LI .096 .161 −.374 .385

Temporal left STL → frontal LI .791 <.001 .069 .920

Indirect path coefficients

Parietal left STL → frontal left STL → frontal LI −.076 .411 −.214 .214

Temporal left STL → parietal left STL → frontal LI −.003 .952 −.720 .001

Temporal left STL → frontal left STL → frontal LI −.135 .377 .060 .918

Temporal left STL → parietal left STL → frontal left STL → frontal LI .011 .427 −.130 .127

Note: Bolded values indicate a statistically significant difference in the beta values of the two groups.
Abbreviations: Atyp, atypical; HP, healthy participant; LI, laterality index; LTLE, left temporal lobe epilepsy; STL, streamline count measure; Typ, typical.
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and HP subgroups. The LI values did significantly differ 
between the Atyp LTLE and HP subgroups on the tempo-
ral lobe LI (t11 = 4.10, perm bonf-p < .001; see Figure S1).

Regarding the streamline measures, the HP group pos-
sessed higher STL counts than the LTLE group (Table S1) 
for the left superior temporal pole ROI (HPs = 1.12 × 103, 
LTLE = .83 × 103, t = 2.73, perm bonf-p = .007) and 
the left middle temporal pole ROI (HPs = .89 × 103, 
LTLE = .54 × 103, t = 3.63, perm bonf-p < .001).

We ran correlations between age at epilepsy onset 
and duration of epilepsy, and intralobar and hemisphere 

LI measures. Only one emerged as significant, involving 
weaker frontal LI left-sided laterality in association with 
longer duration (p = .036).

4   |   PLS -MGA RESULTS

4.1  |  Frontal LI model

In the PLS-MGA frontal LI model, a significant differ-
ence was observed between the typical HP and LTLE 

F I G U R E  2   PLS-MGA path diagram representing differences between the atypical groups for the frontal lobe laterality index (LI) model. 
The large circles represent the streamline count measure (STL) latent factors, one for each lobe (frontal, temporal, parietal) for both the 
right and left hemispheres. Each STL latent factor is derived from its corresponding outer loadings, represented by the small circles. These 
outer loadings were obtained from the decomposition of observed region of interest streamlines used to construct the latent factors. On each 
arrow connecting a latent factor to its corresponding outer loadings, the difference in that outer loading between healthy participants and 
left temporal lobe epilepsy is indicated. Arrows connecting the STL latent factors display the associated coefficients (β1 – β2, with significant 
coefficients in bold; see Table 2 for permutation Bonferroni p-values). ANG, angular gyrus; FLF, frontal latent factor; Heschl, Heschl's gyrus; 
IFGoper, inferior frontal gyrus, pars opercularis; IFGor, inferior frontal gyrus, pars orbitalis; IFGtr, inferior frontal gyrus, pars triangularis; 
IPL, inferior parietal lobule; ITG, inferior temporal gyrus; MFG, middle frontal gyrus; MFGor, middle frontal gyrus, orbital; MTG, middle 
temporal gyrus; PLF, parietal latent factor; PrecG, precentral gyrus; RolOper, Rolandic operculum; SFG, superior frontal gyrus; SFGor, 
superior frontal gyrus, orbital; SMA, supplementary motor area; SMG, supramarginal gyrus; STG, superior temporal gyrus; TLF, temporal 
latent factor; TPOmid, temporal pole, middle; TPOsup, temporal pole, superior.
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subgroups in the direct path coefficient from the left tem-
poral STL LF to the frontal LI (Table 2). The value associ-
ated with HPs was significantly higher than in the LTLE 
group (perm bonf-p < .001, β1 – β2 = .791), indicating that 
the frontal LI is influenced by the temporal left STL LF 
to a greater extent in typical HPs than the typical LTLE 
group.

Regarding the frontal LI model differences between the 
atypical subgroups, no direct path coefficients were sig-
nificant. A significant difference, however, in the indirect 
path coefficient emerged, indicating that the influence of 
the left temporal STL LF on the frontal LI was mediated 
by the left parietal STL LF (Figure 2). The HP value was 
smaller than in LTLE (perm bonf-p = .001: β1 – β2 = −.72), 
indicating that this more complex set of effects on the 
frontal LI was stronger in atypical LTLE patients com-
pared to atypical HPs.

4.2  |  Temporal LI model

In the PLS-MGA temporal lobe LI model, a significant dif-
ference between the typical groups was found in two direct 
path coefficients (Table 3). The first reflected a stronger 
influence for the left parietal STL LF on the temporal LI 
in the LTLE group. The value for HPs was smaller than 
in LTLE (Figure 3; perm bonf-p = .034, β1 – β2 = −.615), 
suggesting that the influence or predictive strength of the 
left parietal STL LF on the temporal LI was significantly 
higher in typical LTLE patients compared to typical HPs. 
The second significant direct path coefficient for the tem-
poral lobe LI model involved prediction by the left tem-
poral STL LF (Table 3). This coefficient was significantly 
higher in HPs than LTLE, indicating that the left temporal 

STL LF's influence on the temporal lobe LI was stronger 
in HPs (perm bonf-p = .019, β1 – β2 = .657).

4.3  |  Parietal LI model

In the PLS-MGA parietal lobe LI model comparing the atyp-
ical groups, a significant direct path coefficient emerged in-
volving prediction of the parietal lobe LI by the left parietal 
STL LF, with the coefficient significantly higher in the HPs 
than LTLE (Table 4; perm bonf-p = .40, β1 – β2 = .729).

The comparison of the atypical groups also demon-
strated a significant indirect path coefficient, revealing 
that the influence of the left temporal STL LF on the pa-
rietal LI was mediated by the left parietal STL LF. This 
mediating effect was stronger in the atypical LTLE group 
(Figure 4; perm bonf-p = .029, β1 – β2 = −.438).

4.4  |  Hemisphere LI model

Lastly, in the PLS-MGA hemisphere LI model, a signifi-
cant difference between the typical groups was found 
in the direct path coefficient from the left temporal STL 
LF to the hemisphere LI (Table 5). The value in HPs was 
higher than for the LTLE subgroup (perm bonf-p = .001, 
β1 – β2 = .850).

The comparison of the atypical groups also demon-
strated a significant indirect path coefficient, indicating 
that the influence of the left temporal STL LF on the 
hemisphere LI was mediated by the left parietal STL 
LF. This mediating effect was stronger in the atypical 
LTLE than HP group (Table  5; perm bonf-p = .027, β1 
– β2 = −.439).

T A B L E  3   PLS-MGA model results comparing HP/LTLE, typical/atypical groups for the prediction of lobe-based temporal language LI.

Typ HPs vs. Typ LTLE Atyp HPs vs. Atyp LTLE

β1 – β2 Permutation p β1 – β2 Permutation p

Temporal LI model, based on R2 adjusted −.287 .008 −.339 .403

Direct path coefficients

Frontal left STL → temporal LI .102 .773 −.275 .629

Parietal left STL → temporal LI −.615 .034 .231 .682

Temporal left STL → temporal LI .657 .019 −.545 .411

Indirect path coefficients

Parietal left STL → frontal left STL → temporal LI .045 .576 −.027 .954

Temporal left STL → parietal left STL → temporal LI .035 .194 −.122 .704

Temporal left STL → frontal left STL → temporal LI .064 .712 −.261 .738

Temporal left STL → parietal left STL → frontal left STL → temporal LI −.009 .260 .096 .674

Note: Bolded values indicate a statistically significant difference in the beta values of the two groups.
Abbreviations: Atyp, atypical; HP, healthy participant; LI, laterality index; LTLE, left temporal lobe epilepsy; STL, streamline count measure; Typ, typical.



      |  1607CITRO et al.

5   |   DISCUSSION

We combined task fMRI and structural diffusion met-
rics to determine the influence of WM integrity on func-
tional measures of lobe-based and hemispheric language 
laterality. In the setting of left temporal lobe pathology, 
the present results implicated the structural connectivi-
ties of language regions in the left parietal lobe as key 
mediators of adaptive alterations in both typical and 
atypical patterns of language laterality. Among typically 
organized LTLE patients, these adaptive left parietal 
connectivities helped maintain canonical left temporal-
biased language processing asymmetries. In contrast, in 
atypically organized LTLE patients these parietal struc-
tural connectivities helped support bilateral or right 

hemisphere-biased language processing in the frontal 
and parietal lobes.

Functional language representations may exhibit dis-
tinct distributions across the two hemispheres, and tasks 
such as verb generation, even in the absence of pathology, 
may produce individual differences in the distribution of 
activation patterns (lateralities) across the hemisphere of 
each lobe of the brain.1 Accordingly, we did not assume 
that language asymmetries in healthy individuals would 
necessarily follow the canonical left hemisphere domi-
nance pattern,41 nor that their structural basis would be 
identical to typically organized LTLE patients. This led us 
to compare the WM structural basis of typical and atypi-
cal language laterality patterns in LTLE patients as well as 
HPs. We used frequency distributions in HPs to identify 

F I G U R E  3   PLS-MGA path diagram representing differences between the typical groups for the temporal lobe laterality index (LI) 
model. Figure 2 serves as a reference for the description of the path model. ANG, angular gyrus; FLF, frontal latent factor; Heschl, Heschl's 
gyrus; IFGoper, inferior frontal gyrus, pars opercularis; IFGor, inferior frontal gyrus, pars orbitalis; IFGtr, inferior frontal gyrus, pars 
triangularis; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; MFG, middle frontal gyrus; MFGor, middle frontal gyrus, orbital; 
MTG, middle temporal gyrus; PLF, parietal latent factor; PrecG, precentral gyrus; RolOper, Rolandic operculum; SFG, superior frontal gyrus; 
SFGor, superior frontal gyrus, orbital; SMA, supplementary motor area; SMG, supramarginal gyrus; STG, superior temporal gyrus; STL, 
streamline count measure; TLF, temporal latent factor; TPOmid, temporal pole, middle; TPOsup, temporal pole, superior.
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T A B L E  4   PLS-MGA model results comparing HP/LTLE, typical/atypical groups for the prediction of lobe-based parietal language LI.

Typ HPs vs. Typ LTLE Atyp HPs vs. Atyp LTLE

β1 – β2 Permutation p β1–β2 Permutation p

Parietal LI model, based on R2 adjusted −.084 .221 −.441 .087
Direct path coefficients

Frontal left STL → parietal LI −.428 .280 −.113 .904
Parietal left STL → parietal LI .194 .513 .729 .040
Temporal left STL → parietal LI .004 .995 .009 .981

Indirect path coefficients
Parietal left STL → frontal left STL → parietal LI −.124 .250 .018 .852
Temporal left STL → parietal left STL → parietal LI −.034 .303 −.438 .029
Temporal left STL → frontal left STL → parietal LI −.156 .350 −.049 .856
Temporal left STL → parietal left STL → frontal left STL → parietal LI .022 .151 −.003 .913

Note: Bolded values indicate a statistically significant difference in the beta values of the two groups.
Abbreviations: Atyp, atypical; HP, healthy participant; LI, laterality index; LTLE, left temporal lobe epilepsy; STL, streamline count measure; Typ, typical.

F I G U R E  4   PLS-MGA path diagram representing the atypical groups for the parietal lobe laterality index (LI) model. Figure 2 serves as 
a reference for the description of the path model. ANG, angular gyrus; FLF, frontal latent factor; Heschl, Heschl's gyrus; IFGoper, inferior 
frontal gyrus, pars opercularis; IFGor, inferior frontal gyrus, pars orbitalis; IFGtr, inferior frontal gyrus, pars triangularis; IPL, inferior 
parietal lobule; ITG, inferior temporal gyrus; MFG, middle frontal gyrus; MFGor, middle frontal gyrus, orbital; MTG, middle temporal gyrus; 
PLF, parietal latent factor; PrecG, precentral gyrus; RolOper, Rolandic operculum; SFG, superior frontal gyrus; SFGor, superior frontal 
gyrus, orbital; SMA, supplementary motor area; SMG, supramarginal gyrus; STG, superior temporal gyrus; STL, streamline count measure; 
TLF, temporal latent factor; TPOmid, temporal pole, middle; TPOsup, temporal pole, superior.
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atypical patterns of lobe- (and hemisphere)-based lan-
guage activation asymmetries. Mean VG LIs for each lobe 
showed no reliable differences between HPs and LTLE 
patients. Subgroup analysis, however, revealed a higher 
percentage of atypical language asymmetries in LTLE 
compared to HPs across all three lobe-based LI measures. 
This is consistent with prior reports from language-based 
fMRI studies.42–44 We reported the relative differences in 
lateralities among the lobes for typically and atypically 
organized HPs and LTLE patients. Only for the temporal 
lobe LI in atypical patients was an HP/LTLE difference ob-
served, with the atypical patients appearing more bilateral 
and right hemisphere biased.

We used PLS-MGA modeling to examine subgroup dif-
ferences in the degree to which lobe-based functional LIs 
depended on the structural integrity of language-related, 
lobe-based WM tracts (as indexed by WM diffusion 
streamlines). Our PLS-MGA models revealed that fron-
tal, temporal, parietal, and hemispheric language asym-
metries in our HP/LTLE subgroups were conditioned by 
different WM structural influences.

Our findings for typically organized LTLE patients 
demonstrate that literature reports on normative func-
tional laterality indices may obscure significant differ-
ences between LTLE/HP groups in the underlying WM 
structural support for language laterality. In the setting 
of left temporal lobe seizure pathology, frontal, temporal, 
and hemisphere LIs are less conditioned by left temporal 
lobe WM connections. Moreover, temporal lobe LIs in 
typically organized LTLE patients were subject to an addi-
tional structural connectivity influence that did not appear 
strong in HPs. Namely, temporal lobe language asymme-
tries were mediated by the structural connectivities of the 

language ROIs of the left parietal lobe. In the setting of a 
dysfunctional left temporal lobe, this report of an adap-
tive role for left parietal language-related structural con-
nections depicts an important structural reorganization in 
typically organized LTLE patients. These data indicated 
that these left parietal lobe structural connections are 
working to maintain the typical left hemisphere-biased 
language processing in the temporal lobes. It is import-
ant to note that typical left hemisphere-biased language 
processing in the frontal and parietal lobes as reflected 
in their LIs (also in the hemisphere LI) was not subject 
to this left parietal lobe structural mediation. Given that 
the typically organized LTLE and HP groups showed no 
differences in any of the lobe and hemisphere LIs, these 
data suggest that in LTLE this left parietal mediation is 
adaptive and crucial to maintaining a left-biased language 
processing in the temporal lobe but is not needed to main-
tain left-biased processing in the frontal lobe or the hemi-
spheres as a whole.

Regarding individuals with atypically organized lan-
guage, in LTLE but not HPs both the frontal and parietal 
functional LIs appeared to be dependent upon left tem-
poral lobe structural connectivities that were mediated 
by the structural connectivities of the language regions 
in the left parietal lobe. In the setting of a dysfunctional, 
epileptogenic temporal lobe, these data indicate that the 
structural connections of the ipsilateral, left parietal lobe 
play a critical role in the redistribution of language pro-
cessing across the frontal and parietal lobes, providing 
the structural support for potentially adaptive functional 
reorganization.

This is the first report highlighting the significant 
role of left parietal lobe structural mediation for the 

T A B L E  5   PLS-MGA model results comparing HP/LTLE, typical/atypical groups for the prediction of lobe-based hemisphere 
language LI.

Typ HPs vs. Typ LTLE Atyp HPs vs. Atyp LTLE

β1 – β2 Permutation p β1 – β2 Permutation p

Hemisphere LI model, based on R2 adjusted −.039 .822 .401 .159

Direct path coefficients

Frontal left STL → hemisphere LI −.004 .996 −.717 .304

Parietal left STL → hemisphere LI −.359 .218 −.159 .609

Temporal left STL → hemisphere LI .850 .001 .305 .798

Indirect path coefficients

Parietal left STL → frontal left STL → hemisphere LI −.016 .874 −.103 .387

Temporal left STL → parietal left STL → hemisphere LI .083 .166 −.439 .027

Temporal left STL → frontal left STL → hemisphere LI .025 .904 −.363 .249

Temporal left STL → parietal left STL → frontal left 
STL → hemisphere LI

.007 .634 −.067 .179

Note: Bolded values indicate a statistically significant difference in the beta values of the two groups.
Abbreviations: Atyp, atypical; HP, healthy participant; LI, laterality index; LTLE, left temporal lobe epilepsy; STL, streamline count measure; Typ, typical.
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distribution of language processing across the hemi-
spheres in both typical and atypical LTLE patients. The 
importance of the parietal lobe in language processing 
was initially emphasized by Geschwind,45 and later con-
firmed by diffusion and fMRI studies. For instance, the 
inferior parietal lobule is part of an extended network 
involving many language functions.46–48 Our findings 
regarding the influential role of parietal streamlines in 
the formation of language laterality clarified that in the 
setting of LTLE, left parietal structural pathways play a 
role in both typically organized and reorganized, atypi-
cal forms of language processing. This involvement of 
the left parietal lobe in typically organized LTLE may be 
part of the adaptive plasticity that allows for the mainte-
nance of cognitive functions, such as language.49 As the 
left parietal lobe may be a region less affected by tem-
poral lobe seizures, it may possess the WM structural 
reserve that drives adaptive language reorganization. 
Moreover, our data indicate that in LTLE, left parietal 
lobe WM pathways provide abnormal structural support 
for atypical language processing, implicating their role 
in forming noncanonical language asymmetries (bilat-
eral or right hemisphere biased). Therefore, our data add 
to the literature showing that microstructural changes 
in WM pathways are not only limited in the ictal tem-
poral lobe50 in left TLE but also extend to other cerebral 
lobes.51

In summary, we have demonstrated the dependency 
of LTLE language representations on specific WM struc-
tural connectivities, with this dependency varying by 
lobe and the pattern of language laterality (typical or 
atypical). Among typically organized LTLE patients, the 
frontal LI showed an abnormal direct dependence on 
left temporal structural connectivities, but the parietal 
LI showed no abnormal direct or indirect structural de-
pendence. Among atypically organized LTLE patients, 
the frontal, parietal, and hemisphere LIs were influ-
enced by left parietal structural effects, but the temporal 
LI was not. Accordingly, our data confirm that language 
organization shifts are not monolithic, as different rela-
tionships between structure and function were observed 
for each lobe. Our data highlight that disease-specific 
pressures influence the structural basis of both typical 
and atypical language lateralization. The clinical impli-
cation is that it is important to know whether the specific 
structural WM substrates, upon which language domi-
nance depends, are targeted by the surgical procedure. 
At many epilepsy centers, patients may be excluded 
from left TL surgery due to perceived risks to language 
related to the presence of typical left hemisphere dom-
inance for language. Our data demonstrated that when 
lobe-based functional measures are used in conjunction 
with lobe-based diffusion measures, evidence can be 

obtained to show not just that cortical reorganization 
of language has occurred (e.g., involving strong left pa-
rietal mediation of language), but that there are also 
structural supports for such reorganization. With such 
evidence in hand, epilepsy centers can show that risks 
from surgery are mitigated, thereby opening up the sur-
gical procedure to individuals who might otherwise re-
fuse or be denied the procedure.

Our study has limitations. The use of specific 
language-related ROIs may have missed potentially 
relevant WM structural changes outside these areas. 
We only focused on intralobar WM, not interlobar WM 
streamlines. The sample included only LTLE patients, 
lacking generalizability to right TLE and other epilepsy 
types. Future studies need to focus on the structure/
function relationships in other types of epilepsy. The 
small sample size and the absence of genetic/familial 
data on left-handedness (e.g., influences of language 
laterality12) may have limited our findings' applicability. 
We did not assess neurocognitive language competen-
cies. Thus, the compensatory benefit of the structural 
influences on language that we describe need to be clar-
ified. Lastly, our results speak more to understanding 
the structural supports for different forms of language 
organization, and do not address the likelihood of post-
surgical deficits.

6   |   CONCLUSIONS

The failure to account for the status of extratemporal 
structural connectivities may help explain why the tech-
niques used to establish hemispheric language dominance 
(IAP, fMRI)24 demonstrate a weak ability to predict lan-
guage outcomes following epilepsy surgery. We are the 
first to report that key structural connectivity involving 
the left parietal lobe (n.b., untouched by TLE surgery) 
has a fundamental influence on the maintenance of nor-
mal language laterality patterns, as well as the formation 
of atypical and potentially adaptive language lateralities. 
Successful prognosis of language skills after temporal lobe 
surgery will require modeling these structural influences. 
Longitudinal studies are needed to test whether the struc-
tural influences we report here can reliably predict lan-
guage outcomes after TLE surgery.
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