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A B S T R A C T

Chronic exposure to seizures in patients with left hemisphere (LH) epileptic focus could favor higher activation
in the contralateral hemisphere during language processing, but the cognitive effects of this remain unclear. This
study assesses the relationship between asymmetry in hemispheric activation during language fMRI and per-
formance in verbal and non-verbal tasks. Whereas prior studies primarily used fMRI paradigms that favor frontal
lobe activation and less prominent activation of the medial or superior temporal lobes, we used a verbal com-
prehension paradigm previously demonstrated to activate reliably receptive language areas. Forty-seven patients
with drug-resistant epilepsy candidates for surgery underwent a multidisciplinary assessment, including a
comprehensive neuropsychological evaluation and an fMRI verbal comprehension paradigm. Patients were
distributed in two groups depending on laterality indexes (LI): typical hemispheric asymmetry (unilateral left
activation preponderance; n=23) and atypical hemispheric asymmetry (bilateral or unilateral right pre-
ponderance; n=24). Right-handedness and right hemisphere (RH) focus were significant predictors of typical
asymmetry. Patients with typical activation pattern presented better performance intelligence quotient and
verbal learning than patients with atypical hemispheric asymmetry (for all, p < 0.014). Patients with LH focus
had more frequently atypical hemispheric asymmetry than patients with RH focus (p= 0.05). Specifically, they
showed lower LI and this was related to worse performance in verbal and non-verbal tasks. In conclusion, an
increased activation of homologous RH areas for verbal comprehension processing could imply a competition of
cognitive resources in the performance of the same task, disrupting cognitive performance.

1. Introduction

Some 30% of patients with epilepsy have drug-resistant epilepsy
(Barr and Morrison, 2014), in which brain injury around eloquent
language areas can induce inter-hemispheric language reorganization
(Tzourio-Mazoyer et al., 2017). As a result, patients with epilepsy have

bilateral or right-hemispheric language lateralization more frequently
than the general population (Hamberger and Cole, 2011). This pattern
of language lateralization was defined as atypical in classic studies
based on the Wada test, considering left-hemispheric lateralization as
the typical pattern (Mateer and Dodrill, 1983).

Several factors have been proposed as possible mediators of this
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atypical pattern, such as age at epilepsy onset (Brázdil et al., 2003; Miró
et al., 2014), gender (Adcock et al., 2003; Helmstaedter et al., 1997),
handedness (Corballis et al., 2012), and location of seizure focus (Duke
et al., 2012). The explicative mechanism has not yet been fully ex-
plained (Piervincenzi et al., 2016).

Although a certain consensus exists about language reorganization
in patients with left hemisphere (LH) focus, the cognitive implications
of this remain unclear. Using the Wada test, atypical language later-
alization in patients with LH focus was related to decreases in non-
verbal functions, but preserved verbal abilities (Loring et al., 1999;
Strauss et al., 1990). Using an fMRI language paradigm, Berl et al.
(2005) showed that those with atypical hemispheric asymmetry had
lower scores in performance intelligence quotient (IQ) than those with
typical asymmetry, although performances in verbal tasks are similar.
However, Thivard et al. (2005) found better performance in verbal
fluency and delayed verbal memory in those with atypical patterns of
activation (considering that as a compensatory mechanism).

fMRI allows us to approach this problem in a non-invasive way
(Benjamin et al., 2017), although results are far from homogeneous due
to the high variability in the paradigms used (Tzourio-Mazoyer et al.,
2017). Among them, a single phonemic verbal fluency paradigm has
been one of the most frequently used. However, this paradigm could
favor left frontal lobe activation corresponding to Broca's area, and less
prominent activation of the medial or superior temporal lobes (Bonelli
et al., 2012). Verbal comprehension paradigms would provide better
information about semantic and syntactic processing (Ni et al., 2000),
so it is likely to show higher sensitivity in temporal lobe epilepsy (TLE)
– the most frequent type of drug-resistant epilepsy (Téllez-Zenteno and
Hernández-Ronquillo, 2012). Additionally, verbal comprehension
paradigms are a little less dependent on the active performance of the
patient, thus the patient only has to listen and understand a short story
and the task is carried out covertly. The non-excessive complexity of
this paradigm could avoid poor activation patterns as a result of un-
derperformance (Miró et al., 2014).

The current study assesses the relationship between asymmetry in
the hemispheric activation during an fMRI verbal comprehension
paradigm and performance in verbal and non-verbal tasks when con-
sidering possible mediator factors. According to the ‘crowding’ phe-
nomenon, higher right hemisphere (RH) activation during language
processing could imply a competition of cognitive resources in the
performance of the same task, disrupting cognitive performance (Jokeit
and Ebner, 2002). Considering that chronic epilepsy could imply a
progressive cognitive deterioration, and that previous studies have
found that cognitive variables are interrelated (Cano-López et al., 2017)
and depend on a functional brain network (Dinkelacker et al., 2015),
we hypothesize that higher RH activation during verbal comprehension
could disrupt performance in various cognitive domains. For that,
firstly, a positive relationship is expected between typical hemispheric
asymmetry and performance in verbal tasks, but also in non-verbal
tasks for which the RH is typically dominant, in the total sample. Sec-
ondly, in patients with LH focus, more frequent atypical asymmetry
than in patients with RH focus is hypothesized, and this will be related
to lower performance in verbal and non-verbal tasks. Finally, the role of
side of seizure focus, location of seizure focus, age at epilepsy onset,
seizure frequency, number of antiepileptic drugs (AEDs), gender, and
handedness on fMRI activation patterns, and the impact of these factors
and fMRI activation patterns on performance in verbal and non-verbal
tasks are examined.

This study contributes to understanding the relationship between
the asymmetry in fMRI activation and the cognitive profile of patients
who are candidates for epilepsy surgery, which could be useful in the
clinical management of such patients. Whereas prior studies primarily
used fMRI paradigms that favor frontal lobe activation and less pro-
minent activation of the medial or superior temporal lobes, we used a
verbal comprehension paradigm previously demonstrated to reliably
activate receptive language areas. Additionally, we include more

cognitive domains than previous studies to more comprehensively
analyse this issue.

2. Material and methods

2.1. Sample

The sample was composed of 47 adult patients with drug-resistant
epilepsy that were candidates for epilepsy surgery (mean age ± SD:
33.72 ± 12.15, range: 18–61).

2.2. Procedure

This study was conducted in the Epilepsy Unit at the Hospital Clínic
of Barcelona between 2008 and 2017 in accordance with the
Declaration of Helsinki. Informed consent was obtained from partici-
pants in the study.

Medical history provided characteristics of the patients such as
gender, age, level of education, handedness, age at epilepsy onset,
duration of epilepsy (years), frequency of seizures (seizures per month),
pre-surgical number of AEDs and type of AEDs.

Pre-surgical assessment included the diagnosis of drug-resistant
epilepsy, as well as the lateralization and location of the epileptogenic
area. Assessment was made by the multidisciplinary team staff mem-
bers based on an evaluation that included: seizure history and semi-
ology; neurologic examination; long-term video-EEG monitoring; 3-
Tesla magnetic resonance imaging (MRI); fluorodeoxyglucose (FDG)-
positron emission tomography (PET); single photon emission computed
tomography (SPECT); psychiatric assessment; language fMRI assess-
ment; and neuropsychological evaluation.

Considering this assessment, patients were divided into groups
based on the side of seizure focus –LH focus (80.9%) and RH focus
(19.1%), and the location of seizure focus –temporal (72.3%) and ex-
tratemporal (27.7%).

2.3. Neuropsychological assessment

2.3.1. IQ outcome
This was estimated by means the verbal subtests (vocabulary and

digit span) and performance subtests (block design and digit symbol) of
the Wechsler Adult Intelligence Scale-3rd Edition (Wechsler et al.,
1997). Z-scores of each subtest were computed.

2.3.2. Executive functions
The Trail Making Test (TMT; Reitan and Wolfson, 1985) was used to

measure various executive functions (working memory, attention,
planning and set shifting) that require motor skills and visual-spatial
processing. In part A, participants were requested to draw a line to
connect 25 circles with successive numbers and in the correct order,
while in part B letters and numbers had to be linked. Z-scores for both
parts were computed.

2.3.3. Logical memory
Evaluated by means Logical Memory I and II subtests of the

Wechsler Memory Scale-3rd Edition (Wechsler, 1997), consisting of
immediate and delayed recall of two short stories. Z-scores of im-
mediate and delayed logical memory were computed.

2.3.4. Verbal learning and memory
The Rey Auditory Verbal Learning Test (Rey, 1964) was used to

evaluate the patient's ability to encode, consolidate, and retrieve verbal
information. It consisted of five trials of learning a list of 15 words.
Verbal learning was computed by summing the total number of cor-
rectly reproduced words over the five learning trials, and long-term
verbal memory was computed as the total number of correctly recalled
words 30min after the list presentation. These scores were transformed
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into z-scores following the normative data.

2.3.5. Visual memory
Evaluated using the Visual Reproduction I and II subtests of the

Wechsler Memory Scale-Revised (Wechsler, 1987). Participants were
instructed to draw geometric designs from memory after seeing them
for a brief period of time. Z-scores of immediate and delayed visual
memory were computed.

2.3.6. Naming functions
The Boston Naming Test (Kaplan et al., 2001) was used to assess

visual confrontation naming. Semantic and phonemic cues were pro-
vided in the case of no response or incorrect response. The total score
was computed as the number of cards correctly named without pho-
nemic cues and with 60 being the maximum score, and it was trans-
formed into z-scores following the normative data of Aranciva et al.
(2012).

2.3.7. Phonemic fluency
The total number of words generated in one minute for the letters F,

A, and S was obtained (Spreen and Benton, 1977). The total score was
computed as the sum of all admissible words for the three letters, and it
was transformed into z-scores following the normative data of
Tombaugh et al. (1999).

2.3.8. Semantic fluency
Participants were asked to think of the names of as many animals

that they could in one minute (Rosen, 1980). The total score was
computed as the sum of admissible words for this semantic category,
and it was transformed into z-scores following the normative data of
Tombaugh et al. (1999).

2.4. Language fMRI acquisition and analyses

The study was performed at the Magnetic Resonance Image Core
Facility at IDIBAPS located in the Diagnostic Imaging Centre at Hospital
Clinic (CDIC) using the blood-oxygen level-dependent (BOLD) fMRI
signal. All scans were performed on a 3 T Siemens MAGNETOM TIM
Trio scanner (Siemens Medical Systems, Germany), using an 8-channel
head coil for radio frequency transmission and signal reception. Each
subject underwent a 3D structural scan high-resolution T1-weighted
MPRAGE sequence. Acquisition consisted of a set of 240 adjacent sa-
gittal images with a slice thickness of voxel size 1x1x1 mm, using a
spoiled gradient echo sequence (TR:2300ms, TE:298ms, NEX:1, flip
angle: 90°, FOV: 256×256). fMRI images were acquired in the axial
plane with an EPI sequence (TR:3000ms, TE: 30ms, flip angle: 90°,
pixel matrix: 3.75×3.75mm, slice thickness: 3 mm).

We used an fMRI adaptation of the logical memory test of the
Wechsler Memory Scale-3rd Edition (Wechsler, 1997) to analyse brain
activation during verbal comprehension. The experimental design was
an AB ‘boxcar’ with the 30-s verbal comprehension task (A) alternating
with 30 s of control task (B) for a total of six cycles (over 3min). In the
verbal comprehension task, participants were instructed to listen and
understand a short story, while the control task consisted of listening to
the language content of the story digitally backwards. After the ac-
quisition, participants were asked about the story to control their per-
formance in the task.

Data were analysed using statistical parametric mapping (SPM 12;
Wellcome Trust Centre for Imaging Neuroscience, http://www.fil.ion.
ucl.ac.uk/spm/). Scans from each subject were realigned using the
mean image as a reference to remove any minor motion-related signal
change, and coregistered with the anatomical image. The resulting data
set was segmented, and scans were spatially normalised into standard
space (3×3×3mm; Montreal Neurology Institute, MNI coordinates)
and spatially smoothed with a Gaussian kernel of 8mm FWHM.

After data pre-processing, statistical analyses were performed at the

single-subject level using the general linear model implemented in SPM
(Friston et al., 1994). Condition-specific effects were estimated by
creating boxcar functions of task against control. Statistical para-
metrical maps were created and thresholded using a p-value of 0.001,
uncorrected for multiple comparisons (T value> 3.26). The contrast
image (verbal comprehension relative to baseline) for each subject was
then entered into a second level one-sample t-test to analyse activations
in the ROIs. The ROIs included superior temporal gyrus (Brodmann's
area (BA) 22), middle temporal gyrus (BA 21), temporal pole (BA 38),
angular gyrus (BA 39) and auditory cortex (BA 41) in both hemispheres.
Selection of ROIs was based on lesion and imaging data implicating
them in language processing (Ahmad et al., 2003), and was supported
by SPM maps, which are not based on a priori assumptions, using Wake
Forest University (WFU) PickAtlas Tool Version 2.4 (http://fmri.
wfubmc.edu/software/PickAtlas) software (Maldjian et al., 2003). We
report all ROIs activations corrected for multiple comparisons [family
wise error (FWE)], p < 0.05. Parametrical maps were inspected for
their validity and all participants activated ROIs. Using these para-
metrical maps, we computed the sum of the activated voxels in the ROIs
volumes.

Laterality indexes (LIs) that reflect the interhemispheric difference
between voxel counts in left and right homologous ROIs were calcu-
lated for each ROI using the bootstrap method of the SPM toolbox
(Wilke and Lidzba, 2007). Activation was considered ‘left-sided’ if the
LI was> 0.2; ‘right-sided’ if the LI was smaller than −0.2; and bilateral
if the LI ranged between 0.2 and −0.2 (Ahmad et al., 2003; Lee et al.,
2010). Asymmetry in the hemispheric activation was categorised as:
‘typical’ -unilateral left preponderance (LI > 0.2) and ‘atypical’-bi-
lateral (LI between −0.2 and 0.2) or unilateral right preponderance
(LI < −0.2), as in previous studies that include the same paradigm
(Chaudhary et al., 2017; Gaillard et al., 2007) or other auditory para-
digms that require verbal comprehension (Berl et al., 2005). Thus, the
higher LI, the higher degree of LH activation.

2.5. Statistical analyses

The Kolmogorov-Smirnov test was carried out to examine the nor-
mality of the data. t-tests for independent samples were then performed
for between-group comparisons based on the asymmetry in the hemi-
spheric activation (typical or atypical) on demographic (age) and epi-
lepsy-related variables (age at epilepsy onset, epilepsy duration,
number of AEDs and frequency of seizures per month), according to
Levene's test for equality of variance. The chi-square test was used to
study the differences between these groups in categorical variables such
as gender, educational level, handedness, epilepsy type (comparing the
frequency of frontal lobe epilepsy (FLE), TLE, parietal lobe epilepsy,
occipital lobe epilepsy and multifocal epilepsy), location of seizure
focus (temporal or extratemporal), side of seizure focus, etiology of the
pathology (comparing the frequency of hippocampal sclerosis (HS),
focal cortical dysplasia, tumor, gliosis, heterotopia, general atrophy,
encephalocele, encephalomalacia, subcortical lesions and non-specific
pathology), presence of HS versus all other pathologies, frequency of
use of each type of AED, seizure type, and presence of psychiatric dis-
orders.

To check the impact of the side of seizure focus and the location of
seizure focus on LI, univariate ANOVAs were carried out in the total
sample. Univariate ANOVAs were also performed in the subgroup of
TLE, including the presence of HS as between-subject factor. Secondary
analyses were carried out to evaluate the differences in age at epilepsy
onset, gender, and handedness depending on the side of seizure focus,
the location of seizure focus or the presence of HS (in TLE subgroup),
using chi-square test or t-test for independent samples where appro-
priate. When significant differences in these variables were found, they
were included as covariates in the previous ANOVAs.

To evaluate the possible predictors of LI, hierarchical regressions
were carried out, including LI as a dependent variable, and two separate
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blocks of independent variables (block 1: gender and handedness; and
block 2: side of seizure focus, age at epilepsy onset, seizure frequency
and number of AEDs).

To analyse the impact of the asymmetry in the hemispheric acti-
vation (typical or atypical) and the side of seizure focus (LH or RH
focus) on cognitive performance, univariate ANOVAs were carried out
in the total sample, including the hemispheric activation and the side of
seizure focus as between-subject factors, and cognitive scores as de-
pendent variables. These ANOVAs were repeated in the subgroup of
TLE, including also the presence of HS as a between-subject factor.

Spearman correlations were performed to establish the association
between LI and cognitive performance in the total sample, in groups
based on the location of seizure focus, and in groups based on the side
of seizure focus. Multiple testing correction controlling the False
Discovery Rate (FDR) was applied in these correlations (Benjamini and
Yekutieli, 2001). The FDR was set to 0.10, which implies that the
proportion of significant associations which are actually false dis-
coveries is limited no>10%, as in other neuropsychological studies
(Gallagher et al., 2014).

To evaluate the role of possible predictors of cognitive performance,
hierarchical regressions were carried out on the total sample, including
cognitive scores as dependent variables and three separate blocks of
independent variables (block 1: gender and handedness; block 2: side of
seizure focus, location of seizure focus, and age at epilepsy onset; and
block 3: LI).

Statistical analysis was carried out using SPSS 22.0 and two-tailed
tests with p set to 0.05 considered as significant.

3. Results

3.1. fMRI results

Significant activation was demonstrated in the bilateral superior
temporal gyrus, middle temporal gyrus and angular gyrus, as well as in
the right temporal pole and auditory cortex during the verbal com-
prehension fMRI paradigm (Fig. 1 and Table 2).

3.2. Characteristics of patients based on LI and LI predictors

Using LI classification criteria, 23 patients had left-sided activation
(48.9%), 19 patients had right-sided activation (40.4%) and 5 patients
had bilateral activation (10.6%). Thus, patients were distributed into
two groups of hemispheric asymmetry (Table 1): typical (48.9%) and
atypical (51.1%).

No significant differences between these groups were found in age,
age at epilepsy onset, epilepsy duration, number of AEDs, and fre-
quency of seizures. Additionally, there were no significant differences
between these groups in gender, educational level, handedness, epi-
lepsy type, etiology of the pathology, presence of HS versus all other
pathologies, frequency of use of each type of AED, seizure type and
presence of psychiatric disorders. However, a significant difference was
found for the side of seizure focus, with a higher proportion of patients
with LH focus having atypical hemispheric asymmetry. Accordingly,
patients with LH focus have lower LI than patients with RH focus (F
(1,46)= 6.31, p= .016, n2p= 0.12; LI=−0.06 ± 0.08 versus
LI= 0.42 ± 0.17, respectively). Groups with LH and RH focus did not
differ in age at epilepsy onset, gender, nor handedness.

A significant difference was also found for the location of seizure
focus, with a higher proportion of patients with an extratemporal focus
having atypical hemispheric asymmetry. These groups did not differ in
age at epilepsy onset and gender, but in the group of patients with an
extratemporal focus, there was a higher proportion of left-handedness
patients (76.9%) than in the group with temporal focus (29.4%)
(χ2= 8.68, p=0.003). For that, to analyse the effect of the location of
seizure focus on LI, handedness was included as covariate, and no
significant effects were found (F(1,46)= 2.40, p= 0.13, n2p= 0.05), so

the location of seizure focus was not included as possible predictor of LI
in the regression analysis. Additionally, in the subgroup of 34 patients
with TLE, patients without HS (n= 18) tended to have higher LI than
those with HS (n=16) (F(1,33)= 3.40, p=0.07, n2p= 0.10;
LI= 0.28 ± 0.51 versus LI=−0.05 ± 0.53, respectively). These
patients did not differ in age at epilepsy onset, gender, nor handedness.

In the total sample, higher LI was predicted by right-handedness and
RH focus, while age at epilepsy onset, seizure frequency, number of
AEDs and gender were not significant predictors (Table 3).

3.3. Cognitive performance depending on asymmetry in hemispheric
activation and side of seizure focus

Significant effects of ‘asymmetry in the hemispheric activation’ were
found in the digit symbol task and verbal learning in the total sample,
patients with typical hemispheric asymmetry having better perfor-
mance in both tasks (F(1,41)= 7.03, p=0.01, n2p= 0.16, and F
(1,42)= 6.56, p= 0.014, n2p= 0.14, respectively) (Fig. 2).

These significant effects remained in the subgroup of patients with
TLE (n=34) (for all, p < 0.032). Additionally, in this subgroup, pa-
tients without HS (n=18) had higher scores in delayed logical memory
and long-term verbal memory than those with HS (n=16) (F
(1,33)= 4.46, p=0.04, n2p= 0.16 and F(1,33)= 4.98, p=0.034,
n2p= 0.15, respectively). Given the limited patients in our study with an
extratemporal focus (n= 13), we cannot analyse the effect of the
asymmetry in the hemispheric activation on cognitive performance in
this subgroup.

No significant effects of the side of seizure focus on any cognitive
task were found.

3.4. LI, cognitive performance, and predictor factors

Positive associations were found between LI and immediate logical
memory (r=0.30, p=0.04), delayed logical memory (r=0.36,
p=0.01), block design (r=0.36, p=0.018), digit symbol (r=0.53,
p < 0.0001), TMT A (r=0.34, p= 0.026), immediate visual memory
(r=0.37, p= 0.01), delayed visual memory (r=0.32, p= 0.028), and
verbal learning (r=0.36, p=0.02) (Fig. 3). All correlations passed
FDR multiple testing correction.

In the subgroup of patients with TLE (n= 34), LI was also sig-
nificantly related to immediate logical memory (r=0.32, p=0.05),
delayed logical memory (r=0.37, p= 0.03), digit symbol (r=0.48,
p=0.005), immediate visual memory (r=0.33, p= 0.05), and de-
layed visual memory (r=0.34, p=0.05). Only the association be-
tween LI and digit symbol remained significant with FDR < 0.10 in
this subgroup (Fig. S1). In patients with extratemporal focus (n=13),
LI was not related to performance in any cognitive task.

In the subgroup of patients with LH focus (n= 38), higher LI was
related to better performance in immediate logical memory (r=0.32,
p=0.05), delayed logical memory (r=0.36, p=0.027), digit symbol
task (r=0.45, p=0.009), verbal learning (r=0.43, p=0.01), long-
term verbal memory (r=0.36, p= 0.03), and immediate visual
memory (r=0.38, p=0.02). Only correlations between LI and digit
symbol task, verbal learning and immediate visual memory passed FDR
multiple testing correction in this subgroup (Fig. S2). In patients with
RH focus (n= 9), LI was positively related to performance in TMT A
(r=0.70, p=0.04), but this correlation did not survive at
FDR < 0.10.

Hierarchical regressions (Table 4) revealed that female gender and
higher LI were significant predictors of better performance in delayed
logical memory and in TMT A. RH focus and higher LI significantly
predicted higher long-term verbal memory scores. Additionally, female
gender was a significant predictor of better performance in the block
design task, and higher LI was a significant predictor of better perfor-
mance in digit symbol task. Handedness, location of seizure focus and
age at epilepsy onset did not predict cognitive performance. No
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predictors were found for other cognitive tasks.

4. Discussion

The current study indicates that typical asymmetry in the hemi-
spheric activation in a verbal comprehension paradigm is related to
better cognitive performance in patients with epilepsy. Patients with LH
focus have more frequently atypical hemispheric asymmetry, showing
lower LI than patients with RH focus, and this is related to worse
cognitive performance. Right-handedness and RH focus are significant
predictors of typical hemispheric asymmetry, and LI, side of seizure
focus and gender significantly predict cognitive performance.

fMRI verbal comprehension paradigm was effective to activate re-
liably receptive language areas, according to previous studies (Thivard
et al., 2005; Ives-Deliperi et al., 2013). Patients with typical and aty-
pical asymmetry in the hemispheric activation did not differ in gender
and age at epilepsy onset. Previous studies are inconsistent, some of
them found that women (Helmstaedter et al., 1997) and patients with
early age at epilepsy onset (Brázdil et al., 2003) were more likely to
show atypical language lateralization in Wada tests. Other fMRI studies
have found no differences based on gender (Adcock et al., 2003) or age
at epilepsy onset (Thivard et al., 2005; Janszky et al., 2006). It has even
been suggested that shifts in language lateralization can occur in ado-
lescence or adulthood (Hertz-Pannier et al., 2002). Although this rea-
soning remains speculative, our results suggest that the adult brain may
be more plastic than commonly thought, and repeated seizures could
imply slowly progressive structural disturbances, contributing to
greater RH activation during language processing due to the damage in
the LH. According to previous studies, patients with LH focus had

significantly lower LI (Adcock et al., 2003; Janszky et al., 2003), in-
dependently of the age at epilepsy onset, gender, and handedness.

Patients with an extratemporal focus had more frequently atypical
hemispheric asymmetry, but also more frequently left-handedness than
patients with a temporal focus. When handedness was controlled, no
differences in LI were found depending on the location of seizure focus.
Previous studies have found that left TLE may have more wide-ranging
consequences on distributed language processing areas than left FLE
(Duke et al., 2012). Given the limited patients in our study with FLE, we
cannot exclude a specific frontal seizure focus effect on LI. Conse-
quently, our group of patients with extratemporal focus included dif-
ferent epilepsy types, which could explain the lack of differences found.
In fact, Berl et al. (2005) also found no differences in LI between pa-
tients with temporal and extratemporal focus. Additionally, patients
with TLE with HS tended to have lower LI than those without HS and,
consequently, more atypical asymmetry during verbal comprehension
processing, according to previous studies (Duke et al., 2012; Weber
et al., 2006). Mesial TLE with HS is a particularly severe focal epilepsy
syndrome associated with high degree of intractability with AEDs
(Wieser and ILAE Commision on Neurosurgery of Epilepsy, 2004), and
may be more closely associated with disturbances of cortical function
than other forms of focal epilepsy (Weber et al., 2006). In this sense, a
mesial temporal focus may have an indirect effect on consolidation of
language networks trough altered verbal memory processing (Duke
et al., 2012).

Right-handedness and RH focus significantly predicted higher LI
(and, consequently, higher LH activation), according to previous stu-
dies examining the role of handedness (Corballis et al., 2012), side of
seizure focus (Adcock et al., 2003; Janszky et al., 2003) or both

Fig. 1. Structural axial images fused with the activation maps in ROIs during an fMRI verbal comprehension paradigm in two patients. Patient A had a RH epileptic
focus and presented typical hemispheric asymmetry (LI= 0.80). Patient B had a LH epileptic focus and presented atypical hemispheric asymmetry (LI=−0.65).
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Table 1
Characteristics of the total sample (mean ± SD or %) and groups with typical and atypical hemispheric asymmetry.

Characteristics Total Typical asymmetry Atypical asymmetry p

Age 33.72 ± 12.15 35.26 ± 13.57 32.25 ± 10.69 0.40
Gender 0.65
Female 22 (46.8%) 10 (43.5%) 12 (50.0%)
Male 25 (53.2%) 13 (56.5%) 12 (50.0%)

Educational level 0.11
Primary education 23 (48.9%) 9 (39.1%) 14 (58.3%)
Secondary education 7 (14.9%) 2 (8.7%) 5 (20.8%)
Lower-university education 10 (21.3%) 8 (34.8%) 2 (8.3%)
University education 7 (14.9%) 4 (17.4%) 3 (12.5%)

Handedness 0.24
Right 25 (53.2%) 13 (56.5%) 12 (50.0%)
Left 20 (42.6%) 8 (34.8%) 12 (50.0%)
Ambidextrous 2 (4.3%) 2 (8.7%) 0 (0.0%)

Epilepsy type 0.24
FLE 8 (17.0%) 1 (4.3%) 7 (29.2%)
TLE 34 (72.3%) 20 (87.0%) 14 (58.3%)
PLE 1 (2.1%) 0 (0.0%) 1 (4.2%)
OLE 1 (2.1%) 1 (4.3%) 0 (0.0%)
Multifocal 3 (6.4%) 1 (4.3%) 2 (8.3%)

Location of seizure focus 0.03
Temporal 34 (72.3%) 20 (87.0%) 14 (58.3%)
Extratemporal 13 (27.7%) 3 (13.0%) 10 (41.7%)

Side of seizure focus 0.05
RH 9 (19.1%) 7 (30.4%) 2 (8.3%)
LH 38 (80.9%) 16 (69.6%) 22 (91.7%)

Age at epilepsy onset 11.91 ± 11.02 9.70 ± 8.82 14.13 ± 12.66 0.18
Epilepsy duration 21.83 ± 13.86 25.57 ± 16.19 18.09 ± 10.07 0.07
Etiology of pathology 0.20
HS 17 (36.2%) 8 (34.8%) 9 (37.5%)
Focal cortical dysplasia 10 (21.3%) 6 (26.1%) 4 (16.7%)
Tumor 2 (4.2%) 1 (4.3%) 1 (4.2%)
Gliosis 3 (6.4%) 0 (0.0%) 3 (12.5%)
Heterotopia 3 (6.4%) 3 (13.0%) 0 (0.0%)
General atrophy 4 (8.5%) 1 (4.3%) 3 (12.5%)
Encephalocele 1 (2.1%) 0 (0.0%) 1 (4.2%)
Encephalomalacia 1 (2.1%) 0 (0.0%) 1 (4.2%)
Subcortical lesions 1 (2.1%) 0 (0.0%) 1 (4.2%)
Non-specific pathology 5 (10.6%) 4 (17.4%) 1 (4.2%)

Presence of HS 0.85
Yes 17 (36.2%) 8 (34.8%) 9 (37.5%)
No 30 (63.8%) 15 (65.2%) 15 (62.5%)

Number of AEDs 2.75 ± 0.84 2.64 ± 0.66 2.86 ± 0.99 0.38
Type of AEDs
Levetiracetam 20 (42.6%) 12 (52.2%) 8 (33.3%) 0.19
Lacosamide 19 (40.4%) 8 (34.8%) 11 (45.8%) 0.44
Carbamazepine 14 (29.8%) 6 (26.1%) 8 (33.3%) 0.59
Eslicarbazepine 6 (12.8%) 4 (17.4%) 2 (8.3%) 0.35
Sodium valproate 5 (10.6%) 3 (13.0%) 2 (8.3%) 0.60
Lamotrigine 3 (6.4%) 1 (4.3%) 2 (8.3%) 0.58
Perampanel 1 (2.1%) 0 (0.0%) 1 (4.2%) 0.32
Clobazam 14 (29.8%) 9 (39.1%) 5 (20.8%) 0.17
Zonisamide 3 (6.4%) 1 (4.3%) 2 (8.3%) 0.58
Clonazepam 3 (6.4%) 2 (8.7%) 1 (4.2%) 0.53
Oxcarbazepine 11 (23.4%) 6 (26.1%) 5 (20.8%) 0.67
Phenobarbital 5 (10.6%) 1 (4.3%) 4 (16.7%) 0.16
Topiramat 7 (14.9%) 3 (13.0%) 4 (16.7%) 0.73
Phenytoin 3 (6.4%) 0 (0.0%) 3 (12.5%) 0.08
Pregabalin 5 (10.6%) 2 (8.7%) 3 (12.5%) 0.67
Retigabine 1 (2.1%) 0 (0.0%) 1 (4.2%) 0.32

Seizures per month 15.68 ± 16.67 12.45 ± 14.40 18.63 ± 18.39 0.22
Seizure type 0.36
SPS 4 (8.5%) 2 (8.7%) 2 (8.3%)
CPS 18 (38.3%) 9 (39.1%) 9 (37.5%)
GTCS 4 (8.5%) 1 (4.3%) 3 (12.5%)
SPS+CPS 6 (12.8%) 5 (21.7%) 1 (4.2%)
SPS+GTCS 1 (2.1%) 0 (0.0%) 1 (4.2%)
CPS+GTCS 9 (19.1%) 5 (21.7%) 4 (16.7%)
SPS+CPS+GTCS 5 (10.6%) 1 (4.3%) 4 (16.7%)

Psychiatric disorder 0.85
Yes 17 (36.2%) 8 (34.8%) 9 (37.5%)
No 30 (63.8%) 15 (65.2%) 15 (62.5%)

Note. CPS: complex partial seizure, FLE: frontal lobe epilepsy, GTCS: secondary generalized seizures, HS: hippocampal sclerosis, ILE: insular epilepsy, LH: left
hemisphere, OLE: occipital lobe epilepsy, PLE: parietal lobe epilepsy, RH: right hemisphere, SPS: simple partial seizure, TLE: temporal lobe epilepsy.
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(Stewart et al., 2014). Surprisingly, seizure frequency was not related to
LI. A possible explanation could be that it is the chronic exposure to
seizures, rather than their frequency, that is related to LI.

fMRI activation pattern had implications on cognitive performance:
patients with typical hemispheric asymmetry perform better in the digit
symbol task and in verbal learning in the total sample and in the sub-
group of patients with TLE. As expected, in this subgroup, patients with
HS had worse performance in verbal memory than those without HS
(Miller et al., 1993).

Despite these meaningful distinctions when classifying asymmetry
patterns, the degree of asymmetry may have clinical implications
(Bonelli et al., 2012), and so we analysed the relationships between LI
and cognitive scores and found that higher LI was associated with better
scores in a wide variety of verbal and non-verbal tasks, such as im-
mediate and delayed logical memory, block design, digit symbol, TMT
A, immediate and delayed visual memory, and verbal learning in the
total sample. The relationship between LI and performance in digit
symbol remained in the subgroup of patients with TLE, while no sig-
nificant relationships were found in the subgroup of patients with an
extratemporal focus. In healthy participants, atypical fMRI activation
patterns have also been related to poor performances in verbal memory
and spatial domains (Mellet et al., 2014). Contrarily, Thivard et al.
(2005) found higher verbal memory in patients with epilepsy with
atypical hemispheric asymmetry than in those with typical asymmetry,
although the first group was composed of only seven patients and this
limits any conclusions. As far as we know, no studies have analysed the
potential role of the location of seizure focus in the relationships be-
tween LI and cognitive performance. Our results suggest that atypical
hemispheric asymmetry in receptive language areas during verbal

comprehension may be related to cognitive dysfunction mainly in pa-
tients with TLE. It should be noted that this group includes patients
with HS, and the hippocampus is integrated into different cognitive
systems by multiple reciprocal connections (Eichenbaum et al., 1996),
so functional disturbances originating in the hippocampus could affect
language networks, and this could be related to a variety of cognitive
impairments not directly related to the temporal lobe. However, due to
the small number of patients with an extratemporal focus, our findings
should be interpreted with caution.

The fact that, in our study, LI was related to verbal functions and
non-verbal functions emphasises that cognitive variables are inter-
related (Cano-López et al., 2017), depending on a functional brain
network (Dinkelacker et al., 2015). Chronic epilepsy could imply an
additional indirect impairment of functional compensation in non-epi-
leptic areas, being the explicative mechanism of progressive cognitive
deterioration in these patients (Elger et al., 2004). In fact, chronic
epilepsy lasting more than two decades is related to a worsening in
cognitive functions (Jokeit and Ebner, 2002).

Considering that patients with LH focus presented lower LI than
those with RH focus, we analysed these groups separately. In patients
with RH focus, no significant relationships between LI and cognitive
performance were found, although this group was composed of only
nine patients and this limited the establishment of any firm conclusions.
In patients with LH focus, higher LI was related to better scores in digit
symbol, verbal learning, and immediate visual memory. Using the
Wada test, Strauss et al. (1990) found that patients with atypical lan-
guage dominance and early age at epilepsy onset performed more
poorly than those with typical dominance on a wide variety of non-
verbal tasks, despite the preservation of verbal functions. In contrast,
we found worse performances in non-verbal tasks, as well as in verbal
functions in patients with LH focus and atypical hemispheric asym-
metry. The later age at epilepsy onset of our sample could imply that
greater RH activation during language processing was less adaptive in
terms of cognitive performance.

In line with our results, Berl et al. (2005) found that adults and
children with LH focus and typical hemispheric asymmetry had higher
performance IQ than those with atypical asymmetry. However, our
sample only included adult patients in order to reduce variability, and
we assessed visual memory and executive functions apart from IQ and
verbal domains. Our findings suggest that atypical hemispheric asym-
metry during verbal comprehension, which is more frequent in patients
with LH focus, could imply a competition of cognitive resources in the
performance of the same task, disrupting cognitive performance, even
in non-verbal tasks, for which the RH is typically dominant. This phe-
nomenon was described as ‘crowding’, and occurs when ‘one hemi-
sphere tries to do more than it had originally been meant to do’
(Teuber, 1974). This effect implicitly assumes two separate lesions in

Table 2
fMRI activation peaks for the main effects of verbal comprehension in the total sample in ROIs shown corrected for multiple comparisons (FWE) p < 0.05.

Z-score Corrected p-value (FWE) Coordinates (x, y, z) in MNI space Region

4.68 0.001 −54, −1, −13 Left superior temporal gyrus (BA 22)
4.49 0.002 −54, −10, −7 Left superior temporal gyrus (BA 22)
5.46 0.0001 48, −19, −7 Right superior temporal gyrus (BA 22)
4.75 0.001 54, −4, −13 Right superior temporal gyrus (BA 22)
3.79 0.031 57, −19, −7 Right superior temporal gyrus (BA 22)
4.18 0.007 −54, −46, 2 Left middle temporal gyrus (BA 21)
3.95 0.018 60, −37, −1 Right middle temporal gyrus (BA 21)
3.92 0.020 54, −4, −19 Right middle temporal gyrus (BA 21)
4.62 0.001 54, 8, −19 Right temporal pole (BA 38)
4.56 0.002 −57, −49, 11 Left angular gyrus (BA 39)
4.29 0.005 −54, −58, 14 Left angular gyrus (BA 39)
3.80 0.030 −39, −55, 20 Left angular gyrus (BA 39)
4.96 0.0001 63, −49, 14 Right angular gyrus (BA 39)
4.22 0.006 42, −34, 5 Right auditory cortex (BA 41)

MNI space, coordinates related to a standard brain defined by the Montreal Neurological Institute (MNI); BA, Brodmann's area.

Table 3
Hierarchical regression analyses investigating the effect of gender, handedness,
side of seizure focus and age at epilepsy onset on LI.

LI (indicating typical hemispheric asymmetry)

Std β p Δ R2 p Adj. R2 F p

Block 1 0.06 0.28 0.02 1.44 0.25
Gender −0.11 0.49
Handedness 0.40 0.02⁎

Block 2 0.21 0.01⁎ 0.21 2.78 0.03⁎

Side of seizure
focus

0.38 0.02⁎

Age at epilepsy
onset

−0.26 0.12

Seizure
frequency

0.08 0.63

Number of AEDs −0.14 0.39

⁎ p < 0.05.
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patients with LH focus and atypical hemispheric asymmetry: one
structural (in the LH) and the other functional (in the RH) (Satz et al.,
1985). Although this remains speculative, our results suggest that the
atypical hemispheric asymmetry during verbal comprehension in these
patients could reflect variations in the global organization of the brain
instead of exclusively in the organization of language.

It should be noted that patients with drug-resistant epilepsy may be
impaired on multiple cognitive domains, which can be driven by im-
portant factors unrelated to hemispheric asymmetry during verbal
comprehension. RH focus was also a significant predictor of better long-
term verbal memory performance, according to previous studies that
consistently have associated verbal memory deficits with left TLE (for
review, see Tramoni-Negre et al., 2017). Additionally, gender was a
significant predictor of performance in delayed logical memory, in the
TMT A, and in the block design task (with higher scores in women than
men, independently of fMRI activation). Berger et al. (2017) found si-
milar gender differences in verbal tasks in patients with LH focus.
However, block design and TMT A requires visual and motor abilities,
and in studies with healthy participants, men presented higher scores
than women in these type of tasks (Boghi et al., 2006), in contrast with
our results. As far as we know, no studies have examined gender dif-
ferences in performance of this task in patients with epilepsy. Even after
controlling for gender, handedness, side of seizure focus, location of
seizure focus and age at epilepsy onset, higher LI was a significant
predictor of performance in logical memory, long-term verbal memory,
TMT A and digit symbol task.

Our study has limitations. Firstly, although all the patients pre-
sented drug-resistant epilepsy, the group was quite diverse in terms of
the exact localisation of epileptic focus. Secondly, large sample sizes
could provide more information about groups, thereby ensuring sta-
tistical power. Thirdly, the fMRI paradigm was carried out covertly,
and, although participants were asked about the story after the acqui-
sition, no records on this performance were available, so performance
in the neuropsychological assessment was used as an approximate
measure of task adherence and general motivation. Fourthly, there are
important challenges associated with concluding language lateraliza-
tion based on a single paradigm (Seghier, 2008), since some patients
may have typical asymmetry on one language paradigm, but atypical
asymmetry on another paradigm that involves a different language
network depending on the location of the pathology. In this sense, the
lack of healthy controls to determine LI in this study should be noted as
a limitation. Finally, our results should be taken with caution, since
cognitive performance could be influenced by important factors such as
the amount of inter-ictal discharge activity on the day of testing (for
review, see Drane et al., 2016).

5. Conclusions

Using a verbal comprehension paradigm that reliably activates re-
ceptive areas, typical hemispheric asymmetry is related to better

Table 4
Hierarchical regression analyses investigating the effect of gender, handedness,
side of seizure focus, location of seizure focus, age at epilepsy onset and LI on
cognitive performance.

Block design

Std β p Δ R2 p Adj. R2 F p

Block 1 0.13 0.07 0.08 2.85 0.07
Gender 0.33 0.03⁎

Handedness 0.03 0.85
Block 2 0.15 0.07 0.18 2.79 0.03⁎

Side of seizure focus 0.18 0.25
Location of seizure focus −0.20 0.21
Age at epilepsy onset 0.15 0.34

Block 3 0.04 0.15 0.20 2.75 0.03⁎

LI 0.24 0.15

Digit symbol

Std β p Δ R2 p Adj. R2 F p

Block 1 0.04 0.49 −0.01 0.73 0.49
Gender 0.22 0.14
Handedness −0.15 0.37

Block 2 0.19 0.05⁎ 0.12 2.05 0.10
Side of seizure focus 0.10 0.51
Location of seizure focus −0.25 0.12
Age at epilepsy onset 0.10 0.47

Block 3 0.16 0.01⁎ 0.28 3.64 0.01⁎

LI 0.48 0.01⁎

TMT A

Std β p Δ R2 p Adj. R2 F p

Block 1 0.09 0.16 0.04 1.91 0.16
Gender 0.35 0.03⁎

Handedness −0.22 0.26
Block 2 0.09 0.26 0.07 1.63 0.18
Side of seizure focus −0.10 0.54
Location of seizure focus −0.27 0.11
Age at epilepsy onset 0.12 0.45

Block 3 0.10 0.03⁎ 0.16 2.36 0.05⁎

LI 0.39 0.03⁎

Delayed logical memory

Std β p Δ R2 p Adj. R2 F p

Block 1 0.13 0.05⁎ 0.09 3.26 0.05⁎

Gender 0.36 0.02⁎

Handedness −0.04 0.81
Block 2 0.08 0.26 0.12 2.18 0.08
Side of seizure focus 0.04 0.81
Location of seizure focus −0.14 0.37
Age at epilepsy onset 0.26 0.09

Block 3 0.12 0.02⁎ 0.21 3.01 0.02⁎

LI 0.37 0.02⁎

Long-term verbal memory

Std β p Δ R2 p Adj. R2 F p

Block 1 0.07 0.25 0.02 1.43 0.25
Gender 0.29 0.06
Handedness −0.20 0.29

Block 2 0.13 0.17 0.08 1.68 0.17
Side of seizure focus −0.39 0.02⁎

Location of seizure focus −0.25 0.15
Age at epilepsy onset 0.28 0.10

Block 3 0.13 0.02⁎ 0.20 2.66 0.03⁎

LI 0.43 0.02⁎

⁎ p < .05.

Fig. 2. Performance in Digit symbol task and verbal learning (z-scores) de-
pending asymmetry in hemispheric activation during verbal comprehension.
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cognitive performance, not only in language-related cognitive functions
but also in non-verbal functions in patients with drug-resistant epilepsy.
Additionally, we found that patients with LH focus can have more
preponderant RH activation during verbal comprehension, and that
could imply a competition of cognitive resources in the performance of
the same task and a disruption in cognitive performance. These findings
emphasise the need to consider cognitive functions as related processes
and network dependent, and could be useful in the clinical management
of these patients.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.nicl.2018.09.010.
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