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ARTICLE INFO ABSTRACT

Article history: In patients with temporal lobe epilepsy (TLE), assessment of language lateralization is important as anterior
Received 3 April 2013 temporal lobectomy may lead to language impairments. Despite the widespread use of fMRI, evidence of its
Received in revised form 31 May 2013 usefulness in predicting postsurgical language performance is scant.

Accepted 1 July 2013

Available online 11 July 2013 We investigated whether preoperative functional lateralization is related to the preoperative language perfor-

mance, peri-ictal aphasia, and can predict language outcome one year post-surgery.
We studied a total of 72 TLE patients (42 left, 30 right), by using three fMRI tasks: Naming, Verb Generation
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Both left and right TLE patients show decreased left lateralization compared to controls.

Lateralization correlates with language performance before surgery. In left TLE, decreased left lateralization
correlates with better fluency performance. In right TLE, increased left lateralization during the Naming
task correlates with better naming.

Left lateralization correlates with peri-ictal aphasia in left TLE patients.

Lateralization correlates with language performance after surgery. In a subgroup of left TLE who underwent
surgery (17 left), decreased left lateralization is predictive of better naming performance at 6 and 12 months
after surgery.
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The present study highlights the clinical relevance of fMRI language lateralization in TLE, especially to predict

language outcome one year post-surgery. We also underline the importance of using fMRI tasks eliciting frontal

and anterior temporal activations, when studying left and right TLE patients.

© 2013 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

In patients with temporal lobe epilepsy (TLE), anterior temporal lo-
bectomy (ATL) leads to effective treatment of seizures in 60-80% of
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left TLE (LTLE) patients show a significant decline in naming abilities
(Davies et al., 1998; Stafiniak et al., 1990), persisting for up to one
year (Langfitt and Rausch, 1996). A decline in verbal fluency has also
been reported in 12-17% of LTLE patients (Helmstaedter et al., 2003).
Postoperative language deficits have been occasionally reported also
in right TLE (RTLE) patients (Bonelli et al., 2012; Helmstaedter et al.,
2003; Rausch et al., 2003; Schwarz and Pauli, 2009). One critical factor
in estimating the risk of postoperative language decline is the degree
to which language processes are lateralized, typically to the left hemi-
sphere (Wada and Rasmussen, 1960). Functional MRI (fMRI) is helpful
in determining language lateralization and estimating the risk of post-
operative decline (Berl et al., 2005; Bonelli et al., 2012; Sabsevitz et al.,
2003; Wood et al., 2011), and is widely considered to be a valid nonin-
vasive alternative to intracarotid amobarbital (Wada test; Kloppel and
Biichel, 2005; Dym et al., 2011).

fMRI studies confirm and extend Wada test findings, revealing that
LTLE patients typically have less left-lateralized language with respect
to healthy controls in both frontal and temporal regions (Adcock et al.,
2003). As regards RTLE patients, some studies have reported normal
left lateralization (Adcock et al., 2003; Thivard et al., 2005), while others
reported decreased lateralization, associated with additional recruit-
ment of right frontal (Maccotta et al., 2007; Wong et al., 2009) and
right temporal areas (Berl et al.,, 2005; Powell et al., 2007), depending
on the fMRI task employed.

A number of studies have examined the relationship between fMRI
activations and preoperative language performance in TLE patients
(Berl et al., 2005; Bonelli et al., 2011, 2012; Noppeney et al., 2005;
Wong et al., 2009), but little attention has been given to the relationship
with lateralization. Berl et al. (2005) showed that in LTLE patients de-
creased left lateralization during response naming is associated with
better naming and fluency performance, whereas in RTLE patients greater
left-lateralization predicts better fluency scores (Berl et al., 2005).

Language functions are affected in TLE especially during seizures
(Privitera and Kim, 2010). In LTLE, ictal and postictal language impair-
ments (peri-ictal aphasia) occur in 75-82% of LTLE patients (Gabr et
al., 1989; Koerner and Laxer, 1988) and are associated with left lan-
guage dominance on the Wada test (Ramirez et al,, 2008). LTLE patients
without peri-ictal aphasia are therefore more likely to have atypical (i.e.
bilateral or right) language dominance, but no fMRI data are available to
date to substantiate this hypothesis.

Despite the established clinical relevance of language fMRI in
presurgical evaluation in TLE, only a few studies have investigated its
role in predicting postsurgical deficits. In preoperative LTLE patients,
fMRI left-lateralization during semantic decision (Sabsevitz et al.,
2003) and fluency (Bonelli et al., 2012) tasks was predictive of naming
decline after ATL. However, in these studies, language was only assessed
the first 6 months after surgery, while functional reorganization may
continue over a longer time. Moreover, these studies relied on single
language tasks, making it impossible to establish whether a paradigm
may be more useful than others to predict postoperative deficits.

Evidence linking language lateralization to pre- and postoperative
performance is therefore rather limited. It remains to be established
whether commonly used tasks, such as fluency and naming, show later-
alization differences that reflect varying levels of language performance.
Moreover, no data are available regarding the value of preoperative
fMRI in predicting outcome one year after surgery, when cognitive per-
formance is generally more stable (Helmstaedter et al., 2003; Stafiniak
et al, 1990), but some patients still show word-finding difficulties
(Langfitt and Rausch, 1996). Finally, if stronger left-lateralization is
confirmed to correlate with both peri-ictal aphasia and greater postop-
erative naming decline, peri-ictal aphasia itself might become a clinical
index of postsurgical risk.

To address these issues, we used three language tasks commonly
used in clinical fMRI: Naming, Verb Generation (VGen) and Verbal
Fluency. We studied a total of 72 patients with TLE (42 LTLE and 30
RTLE), testing whether preoperative fMRI lateralization correlates

with language performance before surgery. Second, we tested the
hypothesis that LTLE patients with peri-ictal aphasia have stronger left
lateralization in comparison to those without peri-ictal aphasia. Most
importantly, in a subgroup of LTLE patients who underwent surgery (17
LTLE) we tested whether decreased left lateralization is associated with
a favorable fluency and naming outcome 6 and 12 months after surgery.

2. Materials and methods
2.1. Participants

We studied patients with refractory TLE undergoing presurgical
structural and functional imaging between 2007 and 2012 at the
Fondazione IRCSS Istituto Neurologico Carlo Besta, Milano, Italy. Data
from 72 Italian, right-handed unilateral TLE patients (42 LTLE and 30
RTLE) were retrospectively analyzed (Table 1). All imaging and clinical
data were acquired and managed according to standard clinical proce-
dures approved by the local institutional review board. In all patients,
the epileptogenic zone was localized to the temporal lobe by clinical
data, inter-ictal and ictal video-EEG, structural MRI and neuropsycholog-
ical assessment. Handedness was determined with a standardized ques-
tionnaire (Oldfield, 1971). The LTLE and RTLE groups did not differ in age,
sex, years of education, age at onset of epilepsy, epilepsy duration or in
the percentage of seizure-free outcome (Engel's class I) after surgery
(all p-values > 0.1). Fifteen native Italian-speaking subjects (median
age 32 years, range 25-45 years, 9 females, mean education 16 years,
all right handed) with no history of neurological or psychiatric disease
were recruited as controls.

A subgroup of 46 patients underwent left (28) or right (18) ATL.
The epileptogenic zone, as determined on the basis of anatomo-
electro-clinical correlations, and comprising the whole extent of the an-
atomic lesion (when identified on MRI), was removed. A maximum of
6.0 cm of the anterior lateral right temporal lobe or 4.5 cm of the left
temporal lobe was resected. The cortical resection was performed “en
bloc”, including, whenever necessary, the mesial temporal structures.

During presurgical evaluation, all patients underwent a preoperative
battery of language fMRI tasks and standard neuropsychological assess-
ment, which was repeated on the same patients 6 and 12 months after
ATL. No patient underwent the Wada test.

2.2. Clinical assessment of peri-ictal language disturbances
For LTLE patients, the presence or absence of language disturbance

during the ictal and postictal periods was evaluated by expert examiners
through video-EEG recordings (21/42 cases): patients' spontaneous

Table 1
Demographic and clinical data of TLE patients.
LTLE RTLE
(n=42) (n = 30)
Median (SD) age, years 39 (10.3) 36 (9.7)
Age range, years min-max 20-58 21-57

Sex, M/F 20/22 16/14

Mean education (SD), years 11.6 (3.6) 115 (3.9)
Mean age at onset (SD), years 17.3 (11.0) 14.0 (7.9)
Mean epilepsy duration (SD), years 21.2 (16.0) 24.2 (13.6)
MRI:

- Hippocampal Sclerosis 10 12

- Hippocampal Sclerosis + temporal lobe atrophy 14

and blurring

- Focal cortical dysplasia without Hippocampal 1 2

Sclerosis

- Glial-neural tumors (e.g. ganglioglioma, DNET) 9 3

- Other (e.g. gliosis) 7 2

- MRI normal 1 2
No. of patients in class I after surgery * 27/29 (93%) 15/20 (75%)

@ According to the Engel's classification (Engel et al., 1993). Follow-up period at least
3 months (median 31, range 6-77 months).
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speech, naming of objects presented by the examiner (“what is this?” >a
pen), their answers to simple questions (e.g. “where are we now?”) and
to commands (e.g. “open your mouth”) were tested. Secondarily gener-
alized seizures were not considered reliable because of the widespread
diffusion of the epileptic discharge. When video-EEG data was not avail-
able, the presence or absence of language disturbances was evaluated
through anamnestic information only if considered reliable (17/42
cases). Peri-ictal aphasia was identified when patients showed language
deficits during the ictal phase only whenever contact with the external
environment was maintained; otherwise, language was assessed during
the post-ictal phase. Patients were considered not aphasic if they did not
have any overt language deficits in the ictal and post-ictal phases. Pa-
tients without reliable data on language function during seizures were
not considered (4/42 cases). All case histories were independently
reviewed upon consensus of 3 neurologists (F.V., G.D., F.D.) blinded to
the fMRI results.

Non-parametric Mann-Whitney U tests were used to determine
whether LTLE patients with peri-ictal aphasia (n = 28) had a higher
laterality index (LI, see below) than patients without peri-ictal aphasia
(n = 10).

The sample of RTLE patients with peri-ictal language disturbance
(n = 5), with lateralization data on a single fMRI task (n max = 4)
and postoperative neuropsychological scores (n = 1) was too small
to obtain reliable data, thus data were not reported.

2.3. Neuropsychological testing

Standard neuropsychological evaluation was performed before
surgery and in the same patients at 6 and 12 months after surgery
(Giovagnoli et al, 2005). This included the Boston Naming Test
(Kaplanetal,, 1983), letter and semantic verbal fluency tests. Normative
data are available in Italian for the fluency tests (Novelli et al., 1986), but
not for the Boston Naming Test, therefore a more conservative compar-
ison has been made with a normative 60-64 year-old group with less
than 12 years of education (Welch et al., 1996). Individual scores
were compared to normative data using independent-sample ¢-tests.

In the subgroup of patients who underwent ATL, language perfor-
mance change following surgery was calculated by subtracting the
preoperative score from the postoperative score. Patients were classi-
fied as showing decline on the Boston Naming Test when change was
equal to or larger than 5 points (Davies et al.,, 1998). A clinically
meaningful decline on the fluency tasks was defined as a change of
>1 SD (Bonelli et al., 2012).

Preoperative scores of LTLE and RTLE patients, as well as changes
in language scores at 6 and 12 months after surgery in LTLE only,
were correlated with preoperative fMRI data.

2.4. MR data acquisition

Subjects were imaged on a Siemens Magnetom Avanto 1.5 T scan-
ner, using an eight-channel phased-array head coil. Head movement
was minimized with decompression cushions. A series of 100 functional
volumes was acquired through a gradient-echo echo-planar sequence
(TR = 4000 ms and TE = 52 ms). Twenty-five 4 mm oblique axial
slices with 2 x 2 mm in-plane voxel size, aligned to the bicommissural
plane, were acquired in interleaved order. Anatomical images were
acquired with a magnetization-prepared gradient-echo volumetric
T1-weighted sequence (1 mm? isotropic voxels, TR = 1640 ms and
TE = 2 ms). To confirm the attained coverage of the anterior-inferior
temporal lobe, masks generated by SPMS8's first level analysis function
(see below) were summed across participants and the proportion of
cases for which each voxel yielded measureable signal was calculated.
As shown in Inline Supplementary Fig. S1, the lateral temporal gyri,
particularly the superior and middle ones, were relatively free from
dropout, however the most anterior ~1 cm of the temporal pole was
affected by dropout in the majority of cases.

Inline Supplementary Fig. S1 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.07.001.

2.5. fMRI tasks

Three language tasks were administered following a blocked
design: Naming, Verb Generation (VGen) and Verbal Fluency (see
Inline Supplementary Material for the description of each task). Stim-
uli were delivered visually using a back-projector and aurally using
MRI-compatible headphones. All participants practiced each task be-
fore scanning.

Due to the retrospective nature of the present study, not all pa-
tients performed the three tasks; see Inline Supplementary Table S1
for details.

Inline Supplementary Table S1 can be found online at http://dx.
doi.org/10.1016/j.nicl.2013.07.001.

2.6. Data analysis

FMRI data were analyzed using the SPM8 software (Wellcome Trust
Center for Neuroimaging Department, London, UK) running under
Matlab 7 (Mathworks, Natick, MA). After movement and slice-timing
correction, functional images were co-registered with the correspond-
ing anatomical scans, transformed into Montreal Neurological Institute
(MNI) space and smoothed using an isotropic Gaussian kernel (FWHM
8 mm).

At the first level, condition-specific effects were estimated based
on reference functions consisting of deconvolution of the task boxcars
convolved with the canonical hemodynamic response function. Six
movement regressors were also included as nuisance covariates.

For the second-level group analysis, individual contrast images were
entered into a one-sample t-test to examine the effects across each group
(LTLE patients, RTLE patients and controls) and activations were reported
at a significance level of p < 0.01 false-discovery rate (FDR) corrected,
with an additional extent threshold of 10 voxels. Two-sample t-tests
were then used to examine effects between groups, and activations
were reported at a significance level of p < 0.005 uncorrected, with an
extent threshold of 10 voxels.

2.7. Regions-of-interest (ROI) analysis

Anatomical ROIs corresponding to the inferior frontal gyrus, lateral
temporal gyri (superior, medial and inferior temporal gyri, extending
to the posterior temporal lobe) and temporal pole were selected from
the Anatomical Automatic Labeling (AAL) atlas (Tzourio-Mazoyer et al.,
2002) according to their relevance for language processing (Gaillard et
al., 2004). In particular, the frontal area is a key-region in language later-
alization, and the antero-medial temporal area is the target region for
surgical resection.

For each ROI, the percentage of activated voxels was calculated
at different thresholds: t>1, t>2, t>3, t>4 (e.g. Arora et al,,
2009; Rosazza et al., 2009). Lateralization of fMRI activations was
calculated using the laterality index (LI) formula: LI = [(Xjeft — Xright) /
(Xright + Xiefe)]. Statistical analyses (including correlations, see below)
were performed using the mid-range threshold t > 2, corresponding to
voxel-level p < 0.05 uncorrected; as shown in the Results section, this
threshold yielded an adequate compromise between detection of activ-
ity and minimization of spurious correlations. For t > 1 (corresponding
to voxel-level p < 0.14) activations appeared excessively large and
contaminated by artifacts, for t >3 (corresponding to voxel-level
p < 0.003) the voxel counts were insufficient to support the calculation
of stable lateralization ratios (Inline Supplementary Fig. S2). The thresh-
old t > 2 is also considered the most stable laterality measure in Arora et
al. (2009). To explore the stability of the main findings with respect to
threshold choice, the correlations at 6 and 12 months after surgery for
LTLE patients were also calculated for t>1 and >3 (see below).
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Absolute values and LIs were analyzed with non-parametric Mann-
Whitney U tests, as data were not always normally distributed. A direct
comparison between patients and controls was performed.

Inline Supplementary Fig. S2 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.07.001.

2.8. Correlations between fMRI activations and neuropsychological
performance

To examine the relationship between fMRI activations and language
performance, robust linear regressions were performed between lan-
guage scores and LIs (determined on the percentage of activated voxels
att > 2) in frontal and temporal ROIs and conducted separately for LTLE
and RTLE patients. In order to restrict the analyses to the most informa-
tive correlations, the Boston Naming scores were used for the correla-
tion analyses in all fMRI tasks, as the Boston Naming test shows the
strongest language decline after surgery. In addition, for the Fluency
fMRI task, the sum of the verbal fluency scores (semantic + letter flu-
ency scores) collected outside the scanner was used for the correlation
analysis, as it is the exact corresponding language score (Bonelli et al.,
2012).

We tested for: 1. Correlations between LIs (from each of the three
tasks) and their corresponding preoperative language scores for LTLE
and RTLE patients; 2. Correlations between Lls and changes in the cor-
responding language scores 6 and 12 months after surgery only in
LTLE patients. The RTLE group was too small to support reliable corre-
lational analyses on postoperative data.

Finally, to determine the predictive power of the fMRI LIs beyond the
baseline language score, a series of linear regression analyses were
performed (Binder et al., 2008; Bonelli et al., 2010). The first variables
entered in all analyses were preoperative scores, then the fMRI LIs
were added to test whether fMRI LIs add significant predictive value
in language at 6- and 12- months after surgery.

3. Results
3.1. fMRI results

The overall activation pattern was left-lateralized in controls and
patients for all tasks (Fig. 1 and see Inline Supplementary Table S2 for
location of the activation peaks for fMRI contrasts of interest). Differences
among tasks were mainly located in the temporal lobe. The Naming task
(Fig. 1a) elicited activations in the anterior and posterior temporal re-
gions, including the middle part of the superior temporal sulcus. In the

CONTROLS

VGen task (Fig. 1b) activations were observed mainly in the posterior lat-
eral temporal regions and in the Fluency task (Fig. 1c) activations in the
temporal lobe were limited.

Inline Supplementary Table S2 can be found online at http://dx.
doi.org/10.1016/j.nicl.2013.07.001.

As regards differences between groups, during the Naming task the
LTLE patients showed less activation than controls exclusively in the left
anterior temporal lobe (Fig. 2a), while the contrast LTLE > controls did
not reveal any significant difference. During the VGen task the RTLE pa-
tients showed greater activation than controls in the right hemisphere,
in particular in the posterior temporal and middle frontal areas
(Fig. 2b), while the contrast controls > RTLE revealed limited clusters
of activation in the left frontal and temporal lobe.

As regards differences between tasks, the Naming > VGen contrast
for the LTLE group produced bilateral differences in the anterior-middle
temporal regions (Fig. 2c), revealing a bilateral engagement of the tem-
poral lobes for the Naming task, while the VGen > Naming contrast re-
vealed limited activations in the occipital regions and in the perisylvian
areas (see Inline Supplementary Fig. S4a). The VGen > Naming contrast
for the RTLE group revealed right hemisphere activations in the posterior
temporal region and in the middle frontal region (Fig. 2d). The reverse
Naming > VGen contrast revealed a significant cluster of activation in
the left anterior temporal lobe (see Inline Supplementary Fig. S4b).

3.2. ROI analysis and laterality index (LI)

As regards fMRI hemispheric activity, ROI analysis showed de-
creased left frontal activation in all patients and right hemisphere re-
cruitment in particular in LTLE patients during the Naming task and in
RTLE patients during the VGen task (see Inline Supplementary Fig. S2
and associated text in the Inline Supplementary Material).

As regards lateralization, for the Naming task, the LIs showed de-
creased left-lateralization for LTLE patients in the frontal (t = —1.96,
p = .05) and temporal (t = 2.13, p <.05) ROIs compared to controls,
which persisted at different thresholds (Fig. 3). The RTLE patients did
not differ from controls.

Similarly, on the VGen task, LTLE patients showed weaker left-
lateralization in the frontal (t = 2.6, p <.05) and temporal (t = 2.1,
p <.05) ROIs compared to controls. Surprisingly, RTLE patients
displayed even weaker left-lateralization than controls in both frontal
(t = 3.3, p<.005) and temporal (t = 2.9, p <.01) ROIs, independent
of threshold choice.

For the Fluency task, patients did not differ from controls in the
frontal ROI, whereas in the temporal ROI both LTLE and RTLE patients

Fig. 1. Group average activation maps for healthy controls, LTLE and RTLE patients (p < .01, FDR corrected) during the Naming, Verb Generation (VGen) and Fluency tasks.
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GROUP COMPARISON

TASK COMPARISON

€) LTLE: Naming > VGen

Fig. 2. Direct comparisons between groups and tasks (p < .005 uncorrected). a) During Naming, LTLE patients showed less activation than controls solely in the left anterior temporal lobe.
b) During Verb Generation (VGen), RTLE patients showed greater activation than controls in the posterior temporal lobe, particularly on the right side. c) The Naming > VGen contrast for
the LTLE group revealed bilateral differences in temporal and frontal activity. d) The VGen > Naming contrast for the RTLE group revealed greater right hemisphere activity in the posterior

temporal region.

showed decreased left-lateralization (t =2, p<.05 and t = 2.6,
p < .05) persisting at all thresholds.

For both LTLE and RTLE patients, left lateralization was lower for the
temporal than the frontal ROIs in the Naming task, while in the VGen
task the LIs were similar between the frontal and temporal ROIs.

No correlations were found between fMRI LIs and age of onset of
epilepsy in any task.

3.3. Language lateralization correlates with language performance before
surgery

3.3.1. Neuropsychological performance
Before surgery, LTLE and RTLE patients generally had significantly
lower scores than normative data on language tasks (Table 2).

3.3.2. Correlation between fMRI activations and preoperative performance

Linear regressions between fMRI language Lls and corresponding
neuropsychological scores were performed for the three fMRI tasks
(Table 3).

For LTLE patients, in the Fluency task, LI in the frontal ROI correlat-
ed negatively with fluency score (r = —0.48, p < 0.05), indicating
that decreased left-lateralization was associated with better fluency
performance (see Inline Supplementary Fig. S3a).

Inline Supplementary Fig. S3 can be found online at http://dx.doi.
org/10.1016/j.nicl.2013.07.001.

For RTLE patients, in the Naming task, LI in the frontal ROI correlated
positively with the Boston Naming score (r = 0.64, p < 0.05), as well as
in the Fluency task the temporal ROI correlated positively with the Bos-
ton Naming score (r = 0.57, p < 0.05), both evidence indicating that

Naming Verb Generation (VGen) Fluency
10 1.0 1.0
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Fig. 3. Dependence of the laterality indices (LI) on the statistical threshold, shown separately for each ROI and task. The Ll is threshold-dependent, but differences among groups are robust
with respect to threshold choice; t > 2 was chosen for statistical analyses (see text for details). Superscript “*” denotes statistically significant difference between groups. LI showed a gen-

erally weaker left-lateralization for LTLE and to less extent for RTLE than controls in all tasks.
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Table 2

Preoperative, 6 and 12-month follow-up performance on the language tests, the number and percentage (in bold) of LTLE and RTLE patients who showed a clinically significant
decline after surgery. The number of patients who performed the tests (N) with mean and standard deviation (SD) of the scores is reported for each test. The p-values represent

the comparison with respect to normative data.

LTLE RTLE Normative data
N Mean (SD) p-value N Mean (SD) p-value Mean (SD)
Boston Naming test
Preoperative 41 43.6 + 8.8 <.02 27 46.7 + 7.2 n.s. 498 + 54
6 month follow-up 26 39.6 + 11.3 <.0003 13 482 + 7.6 n.s.
N (%) declining at 6 months 10 (38%) 0
12 month follow-up 24 425+ 11.2 <.03 15 492 + 72 n.s.
N (%) declining at 12 months 5 (21%) 1(7%)
Semantic Fluency
Preoperative 39 334 + 106 <.0001 28 363 £ 9.0 <.03 40.62 + 7.8
6 months follow-up 25 33.7 £ 121 <.01 17 328 £ 9.7 <.003
N (%) declining at 6 months 4 (16%) 4 (24%)
12 months follow-up 22 338 + 11.8 <.01 18 344 + 85 <.01
N (%) declining at 12 months 2 (9%) 3 (18%)
Phonemic Fluency
Preoperative 39 26.1 + 106 <.0001 26 280 + 114 <.02 33.96 + 9.1
6 month follow-up 25 27.1 £ 9.7 <.01 16 272 + 129 <.05
N (%) declining at 6 months 2 (8%) 1 (6%)
12 month follow-up 22 30.2 + 8.1 .072 17 284 + 11.6 0.07
N (%) declining at 12 months 2 (9%) 2 (12%)

stronger lateralization towards the left hemisphere was associated with
better language performance (see Inline Supplementary Figs. S3b and
S4b). Instead, in the VGen task, LI in the temporal region correlated neg-
atively with the Boston Naming score (r = — 0.55, p < 0.05), indicating
that in this task stronger left-lateralization was associated with worse
language performance (see Inline Supplementary Fig. S3c).

Inline Supplementary S4 can be found online at http://dx.doi.org/
10.1016/j.nicl.2013.07.001.

3.4. Left lateralization correlates with peri-ictal aphasia in LTLE patients

LTLE patients without peri-ictal aphasia showed weaker left-
lateralization than those with perictal aphasia (Table 4). The effect
was significant for the frontal region in the Fluency and Naming tasks
(Z= —-23,p<.05and Z = —1.9, p = 0.05, respectively) and there
was a trend for the temporal region in the Fluency task (Z = —1.87,
p = .065). The number of LTLE patients who declined on naming at 6
and 12 months after surgery was higher in the group of aphasics than
in the group of non-aphasics, even though the difference was not statis-
tically significant. The two groups did not differ in age of onset and du-
ration of epilepsy, and there were no differences in the preoperative
neuropsychological language scores.

Table 3

3.5. Decreased left lateralization correlates with better language outcome
after surgery in LTLE

3.5.1. Neuropsychological performance

After surgery, LTLE patients showed a decline in naming abilities,
relative to their preoperative scores. In particular, 38% of cases had clin-
ically significant decreased scores at 6 months and 21% at 12 months
after surgery. For the Fluency tests, 8-16% of LTLE patients showed a
clinically significant decline at 6 months and 9% at 12 months after sur-
gery, relative to their preoperative scores (see Table 2).

For RTLE patients, the group means before and after surgery were
not significantly different for the language tasks. Interestingly, on the
Semantic Fluency test, four RTLE patients (24% of cases) had clinically
significant decreased scores at 6 months and 3 cases (21% of cases) at
12 months after surgery, relative to their preoperative scores. One
RTLE patient significantly declined on all language tests administered
at 6 and 12 months after surgery.

3.5.2. Correlation between preoperative fMRI activations and postsurgical
language performance in LTLE

Linear regressions between fMRI LIs and changes in neuropsycho-
logical scores after 6 and 12 months from ATL were performed for the
three tasks.

Correlations between fMRI language Lls in the frontal and temporal ROIs (from the Naming, the Verb Generation (VGen) and the Fluency tasks) and the preoperative language
scores. The Boston Naming scores were used in the correlation analyses for all fMRI tasks. In addition, for the Fluency fMRI task, the verbal fluency scores were used in the corre-
lation analysis, as they are the exact corresponding language score. In bold the significant correlations.

Frontal LI Temporal LI
fMRI tasks Language score N r p r p
LTLE Naming Naming 30 —0.05 ns. —0.23 0.23
VGen Naming 27 —0.02 n.s. 0.13 n.s.
Fluency Naming 21 —0.36 0.1 —0.04 n.s.
Fluency Fluency 21 —048 0.02 —-0.17 n.s.
RTLE Naming Naming 15 0.63 0.01 —0.10 n.s.
VGEN Naming 17 —0.46 0.1 —0.58 0.01
Fluency Naming 15 0.1 n.s. 0.57 0.03
Fluency Fluency 15 0.02 n.s. 031 0.26
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Table 4

Language manifestation in LTLE patients (N = 42). Language manifestations were classified as a) peri-ictal aphasia or b) no peri-ictal aphasia. Patients were not considered when
video-EEG was not available and anamnestic data unreliable (see text). For each group, the number and percentage of patients, the corresponding laterality index (LI) in the Flu-
ency, Naming and Verb Generation (VGen) tasks, and the percentage of patients with naming decline at 6 and 12 months after surgery are reported.

Language No. of No. of patients Fluency Fluency Naming Naming VGen VGen % of patients with

manifestation patients with VEEG (%) frontal temporal frontal temporal frontal temporal naming decline at
(%) LI (N) LI (N) LI (N) LI (N) LI (N) LI (N) 6 and 12 months

a) Peri-ictal aphasia 28/42 (67%) 16/21 (76%) 0.65 (17) 0.47 (17) 0.50 (21) 0.32 (21) 0.45 (21) 039 (21)  47% 27%

b) No peri-ictal aphasia 10/42 (24%) 5/21 (24%) 0.26 (7) 0.25 (7) 0.29 (8) 0.32 (8) 0.37 (5) 0.41 (5) 29% 17%

Removed 4/42 (10%)

a) vs. b) p <0.05 p = .061 p = 0.05 n.s. n.s. n.s. n.s.

As reported in Table 5, in LTLE decreased left lateralization in the
frontal ROI was significantly correlated with better naming outcome
6 months after ATL for the Naming task (r = —0.50, p < 0.05), and
there was a strong trend for the VGen task (r = —0.48, p = 0.08)
and the Fluency task (r = —0.45, p = 0.08). In Fig. 4 the most im-
portant correlations are reported. Decreased left lateralization in the
frontal ROI was significantly correlated with better fluency outcome
6 months after ATL for the Fluency task (r = —0.52, p < 0.05).

Twelve months after ATL, lateralization was related only to naming
decline (Fig. 5): greater decline in naming was associated with stronger

frontal left-lateralization in all fMRI tasks (Naming: r = —0.66,
p <.005; VGen: r = —0.52, p = .056; Fluency: r = —0.73, p < .005;)
and stronger temporal left-lateralization in the VGen task (r = —0.58,

p < 0.05). Correlations at 6 and 12 months after surgery were confirmed
also for t > 1 and t > 3 (see Inline Supplementary Table S3).

Inline Supplementary Table S3 can be found online at http://dx.
doi.org/10.1016/j.nicl.2013.07.001.

While the RTLE group was too small to perform correlational analy-
ses, four patients declined postoperatively on a single or multiple lan-
guage tasks (Table 2). Three patients displayed atypical lateralization:
two of them showed decreased left frontal lateralization during the
Naming task, and a case who declined on all tasks showed left-frontal
and right-temporal lateralization during the Naming task and a bilateral
pattern during the VGen task. Their Engel's classification was class I for
two patients and class II for the other two cases, without any particular
event in their clinical history.

3.6. Multifactorial prediction of language outcome

Linear regression analyses were performed with postoperative
language outcome as dependent variable (6- and 12-month outcome
in separate analyses) and with preoperative score, fMRI frontal and
temporal LIs as independent variables for all three fMRI tasks (see
Table 6).

In the group of patients who performed the Naming task (n = 17),
the preoperative language score (Boston Naming test) accounted for
83% and 63% of the variance in outcome at 6- and 12-months after
surgery, respectively. When the fMRI LIs were included as well,

Table 5

these values increased to 91 and 82%, with frontal LI making a signif-
icant contribution at 6 and 12 months (p < .0005), and the temporal
LI only at 6 months (p = .05).

In the group of patients who performed the VGen task (n = 14), the
preoperative language score (Boston Naming test) accounted for 43%
and 38% of the variance in outcome at 6- and 12-months after surgery,
respectively. When the fMRI LIs were included as well, these values
increased to 79 and 80%, although fMRI LI did not make significant
contributions.

In the group of patients who performed the Fluency task (n = 16),
the preoperative language score (Boston Naming test) accounted for
87% and 86% of the variance in outcome at 6- and 12-months after
surgery, respectively. When the fMRI LIs were included as well, these
values increased to 89 and 93%, with frontal LI making a significant con-
tribution at 12 months (p < .05).

When the Fluency task was associated to its corresponding fluen-
cy scores, the preoperative score accounted for 66% and 79% of the
variance in outcome at 6- and 12-months after surgery, respectively.
When the fMRI frontal LI was included as well, these values increased
to 76 and 84%, with frontal LI making a significant contribution at
6 months (p <.05) and with a strong trend at 12 months (p = .08).
Here, the temporal LI was not included, as the frontal areas are the
only regions typically considered informative for a fluency task.

4. Discussion

The purpose of this study was to characterize the language fMRI ac-
tivation pattern in patients with LTLE and RTLE, investigating whether
lateralization is related to naming and fluency performance before sur-
gery, to peri-ictal aphasia, and whether it can predict language outcome
6 and 12 months after surgery. The findings can be summarized in four
main points:

1) Both LTLE and RTLE patients show decreased left-lateralization
with respect to controls;

2) Lateralization correlates with language performance before surgery;

3) Left lateralization correlates with peri-ictal aphasia in LTLE patients;

For LTLE patients, correlations between fMRI language LIs in the frontal and temporal ROI (from the Naming, Verb Generation (VGen) and Fluency tasks) and post- vs. pre-operative
changes on language scores, assessed 6 and 12 months after surgery. The Boston Naming outcome was used in the correlation analyses in all fMRI tasks, as the Boston Naming test
shows the strongest language decline after surgery in LTLE patients. In addition, for the Fluency fMRI task, the verbal fluency outcome was used in the correlation analysis, as it is the

exact corresponding language score. In bold the significant correlations and trends.

Language outcome 6 months after ATL

Language outcome 12 months after ATL

fMRI tasks Language outcome LI N r p N r p
Naming Naming Frontal 17 —0.50 0.04 17 —0.66 0.004
Temporal —0.26 0.29 —0.29 0.26
VGen Naming Frontal 14 —0.46 0.10 14 —0.52 0.056
Temporal —048 0.08 —0.58 0.04
Fluency Naming Frontal 16 —0.45 0.08 15 —0.73 0.003
Temporal —0.09 n.s. —0.29 n.s.
Fluency Fluency Frontal 16 —0.52 0.03 15 —-0.37 0.16
Temporal —0.32 0.2 —0.38 0.16
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Fig. 4. Relationship between fMRI laterality indices (LIs) for the frontal and temporal ROIs and post- vs. pre-operative changes on naming scores, assessed 6 months after surgery in
LTLE patients. These are the most important correlations, as reported in Table 5. In LTLE, decreased left-lateralization in the Naming tasks was associated with better naming per-
formance 6 months after ATL and there was a strong trend for the VGen task and the Fluency task.

4) Decreased left lateralization correlates with better language per-
formance after surgery in a subgroup of LTLE patients.

4.1. Reduced left lateralization in LTLE and RTLE patients

LTLE and RTLE patients showed decreased left-lateralization for lan-
guage compared to controls (Fig. 3); this was most evident in LTLE pa-
tients during the Naming task, and in RTLE patients during the VGen
task.

In LTLE patients, atypical (decreased) lateralization has been widely
reported in Wada test and fMRI studies (Adcock et al., 2003; Powell et
al., 2007; Springer et al,, 1999; Thivard et al.,, 2005). Chronic epileptic
activity as well as its pathological cause are known to have deleterious
effects on left hemisphere language processing and can induce a partial
shift of language-related areas to the right hemisphere (Berl et al., 2005;
Janszky et al., 2003; Weber et al., 2006a).

Here, the three fMRI tasks produced different lateralization patterns
in LTLE patients compared to controls, with important implications for
presurgical planning. In particular, the Naming and VGen tasks revealed
decreased left lateralization in both frontal and temporal regions in LTLE
patients compared to controls (Fig. 3), due to a combination of reduced
ipsilateral and greater contralateral activations (see Inline Supplemen-
tary Fig. S2), which, to our knowledge, has not been reported in litera-
ture (e.g. Adcock et al.,, 2003; Powell et al., 2007; Thivard et al., 2005).

RTLE patients showed decreased left lateralization in particular dur-
ing the VGen task, where right posterior temporal activations were ob-
served (Fig. 2b and d). Patients with RTLE have generally received less
attention in previous studies, since language dominance is expected to
be lateralized to the left hemisphere and right ATL is deemed to pose
minor risks. However, Wada test studies have occasionally reported in-
creased incidence of atypical language dominance in RTLE patients as
compared to normal subjects, ranging from approximately 7% to 30%

of cases (Deblaere et al., 2004; Helmstaedter et al., 1997; Lehéricy et
al., 2000; Rutten et al., 2002); this finding was also confirmed by some
fMRI studies (Springer et al., 1999; Thivard et al., 2005). Paradoxical re-
cruitment of right frontal and temporal regions has also been observed
in fMRI studies (Berl et al., 2005; Cunningham et al., 2008; Vitali et al.,
2011; Wong et al.,, 2009). In contrast to LTLE, atypical language domi-
nance in RTLE is suggestive of higher risk of postsurgical language defi-
cits. In our study, four RTLE patients declined one year after surgery
(Table 2) and three of them displayed atypical dominance in the Nam-
ing task. This suggests that the assessment of language lateralization
may be also indicated for this group.

4.2. Lateralization correlates with language performance before surgery

In LTLE, decreased left frontal lateralization during the verbal (letter
and semantic) fluency task was associated with better verbal (letter and
semantic) fluency performance (Table 3 and see Inline Supplementary
Fig. S3a). This correlation is expected, given that the shift towards the
right hemisphere decreases the interference between language areas
and left hemispheric epileptic focus. This is also consistent with the
only, to our knowledge, existing fMRI evidence of decreased inferior
frontal lateralization correlating with better verbal IQ (Berl et al., 2005).

In RTLE patients, increased frontal left-lateralization during the
Naming task and increased temporal left-lateralization during the Flu-
ency task was associated with better preoperative naming performance
(Table 3 and see Inline Supplementary Fig. S3b). These correlations are
expected, given that left lateralization keeps the language areas away
from interference by the right hemispheric epileptic focus (see Inline
Supplementary Fig. S4b). However, during the VGen task, decreased
left lateralization was observed (Fig. 2b and d) and associated with bet-
ter preoperative naming performance (Table 3 and see Inline Supple-
mentary Fig. S3¢). The right posterior temporal regions are normally
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Fig. 5. Relationship between fMRI laterality indices (LIs) for the frontal and temporal ROIs and post- vs. pre-operative changes on naming scores, assessed 12 months after surgery
in LTLE patients. These are the most important correlations, as reported in Table 5. In LTLE, decreased left lateralization in all fMRI tasks was associated with better naming 12

months after ATL.
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Table 6
Multifactorial prediction models of language outcome in LTLE patients. The fMRI LIs are
significant predictors of language outcome at 6 and 12 months after ATL.

R2  Model p-value Predictor p-value

First Second

Naming
6-month language outcome

Preoperative Boston Naming test score 0.83 <.0001 <.0001

Add fMRI frontal LI and temporal LI 0.91 <.0001 <.005 =.05
12-month language outcome

Preoperative Boston Naming test score 0.63 <.0001 <.0001

Add fMRI frontal LI and temporal LI 0.82 <.0001 <.005 ns.
Verb generation
6-month language outcome

Preoperative Boston Naming test score 0.43 <.008 <.008

Add fMRI frontal LI and temporal LI 0.79 <.002 n.s n.s
12-month language outcome

Preoperative Boston Naming test score 0.38 <.02 <.02

Add fMRI frontal LI and temporal LI 0.80 <.003 n.s. n.s.
Fluency
6-month language outcome

Preoperative Boston Naming test score 0.87 <.0001 <.0001

Add fMRI frontal LI and temporal LI 0.89 <.0001 n.s. n.s.
12-month language outcome

Preoperative Boston Naming test score 0.86 <.0001 <.0001

Add fMRI frontal LI and temporal LI 0.93 <.0001 <.05 n.s.
Fluency
6-month language outcome

Preoperative fluency score 0.66 <.0001 <.0001

Add fMRI frontal LI 0.76 <.0001 <.03
12-month language outcome

Preoperative fluency score 0.79 <.0001 <.0001

Add fMRI frontal LI 0.84 <.0001 =.08

involved in semantic-lexical processing (Binder et al., 2009; Hickok and
Poeppel, 2007; Tomasino et al., 2011), but here are more activated in
RTLE patients than in controls: this might be a compensatory mecha-
nism related to language, recruited to cope with the pathology. Alterna-
tively, it might be related to a more general attentional-executive
dysfunction (Bocquillon et al., 2009; Messas et al., 2008; Stella and
Maciel, 2003). This increased activation is not expected in RTLE, given
that a shift toward the right hemisphere should increase interference
by epileptic activity. A possible explanation of this apparently paradox-
ical phenomenon is that interference is actually minimal, as the tempo-
ral activations are very posterior, close to the planum temporalis and
supramarginal gyrus: increased ipsilateral activation may be more effi-
cient than shift to the contralateral hemisphere.

The sample of RTLE patients who completed the language tests after
ATL was too small to perform correlation analyses, therefore further
research is necessary to establish the most suitable task for predicting
postsurgical deficits.

4.3. Left lateralization correlates with peri-ictal aphasia in LTLE patients

LTLE patients without peri-ictal aphasia had significantly decreased
frontal lateralization, while those with peri-ictal aphasia had typical left
frontal lateralization. This suggests that in LTLE patients with peri-ictal
aphasia, the left hemispheric focus keeps interfering with the frontal
areas, whereas in patients without peri-ictal aphasia, recruitment of
contralateral regions eludes this interference. In the latter group, a
more bilateral activation pattern tended to be associated with lower
risk of naming performance decline (Table 4). Previous studies have
shown that ictal and postictal language dysfunction is correlated to lan-
guage dominance, as determined by the Wada test (Gabr et al., 1989;
Janszky et al,, 2003; Koerner and Laxer, 1988; Privitera et al., 1996).
To our knowledge, this is the first study demonstrating a relationship
between fMRI lateralization and peri-ictal language disturbances.

4.4. Decreased left lateralization correlates with better language
performance after surgery in a subgroup of LTLE patients

The neuropsychological assessment revealed that after surgery 38%
of LTLE patients declined in naming performance at 6 months, and 21%
at 12 months (Table 2), in line with previous reports (Bonelli et al,
2012; Langfitt and Rausch, 1996). Fluency was less affected by surgery:
~9% of LTLE and ~18% of RTLE patients showed a significant decline in
verbal fluency 12 months after ATL, in line with previous studies
(Bonelli et al., 2012; Helmstaedter et al., 2003). However, a previous
study revealed that the decline in verbal fluency persists at least
for up to 10 years after surgery for ~17% of LTLE and RTLE patients
(Helmstaedter et al., 2003). In RTLE patients, postoperative attentional-
executive deficits are also reported, which may also contribute to lan-
guage deficits (Helmstaedter et al., 2003; Rausch et al., 2003). The decline
in verbal fluency has generally been less considered than the decline in
naming, but it suggests a cognitive loss, persisting several years after
surgery and it is worth examining more closely.

As regards the prediction of language decline, in LTLE patients
stronger preoperative left lateralization was predictive of naming de-
cline at 6 and 12 months after ATL with all fMRI tasks (Table 5, Figs. 4
and 5). Left lateralization on the Fluency task was also predictive of
poorer fluency outcome only at 6 months.

fMRI lateralization was shown to have a consistent predictive power
beyond the baseline language score in each fMRI task (Table 6), as re-
ported by Binder et al. (2008). Preoperative performance accounted
for ~68% of the variance in postoperative language performance at 6
and 12 months after surgery in the three fMRI tasks, and fMRI explained
an additional ~16% of this variance.

The correlation at 6 months confirms the results by Sabsevitz et al.
(2003) and Bonelli et al. (2012), showing that if language is lateralized
to the left hemisphere, it is likely to be compromised after ATL, while if
lateralization is decreased and language is supported by both left and
right hemispheres, left ATL should not lead to significant language
deficits. Our investigation extends these findings through the use of
three fMRI paradigms, showing that all the three fMRI tasks can predict
naming deficits at 12 months after ATL. In addition, our results suggest
that the fMRI Naming task, which elicits anterior temporal activations
and is more related to naming, has a more consistent predictive value,
considering the correlations at 6 and 12 months (Table 5) and its signif-
icant predictive power beyond the neuropsychological baseline score
(Table 6). Importantly, correlations at 6 and 12 months after surgery
remained significant also when different thresholds were used (see
Inline Supplementary Table S3), demonstrating that the results are
robust with respect to threshold choice. Finally, here we considered a
longer clinical follow-up, exceeding all previous investigations we are
aware of.

4.5. Clinical implications and limitations

The key findings of this study reveal the clinical importance of de-
creased left language lateralization, which differs for LTLE and RTLE
patients.

In LTLE, the shift toward the right hemisphere is an efficient
means of preserving language by relocating it away from the epileptic
focus. For the first time decreased left lateralization has been shown
to be a global benefit in LTLE, being related to better preoperative lan-
guage performance (in the Fluency task), to less peri-ictal language
disturbances, and to better postoperative language performance, 6
and 12 months after surgery. The presence of peri-ictal language dys-
function in LTLE may indicate left dominance, associated to higher
risk of postoperative deficits.

In RTLE, the occasionally-observed shift toward the right hemi-
sphere, close to the epileptic focus and surgical resection, is suggestive
of higher risk of postsurgical language deficits. Generally, postoperative
language deficits, when observed, are not as marked as in LTLE patients
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and are also less predictable (Rausch et al., 2003). Therefore, language
fMRI is suggested even in presurgical evaluation of RTLE patients.

This study shows that lateralization can vary according to the fMRI
task employed, as previously reported (Gaillard et al., 2004), there-
fore at least two fMRI tasks are recommended to assess language lat-
eralization in LTLE and RTLE patients. In particular, fMRI tasks such as
Naming are useful to explore the network supporting naming pro-
cesses because they elicit both frontal and anterior temporal areas.

An important question regards whether frontal or temporal activity
is a more reliable substrate in the prediction of postsurgical language
deficits. In our study frontal regions predicted naming deficits for all
fMRI tasks, while temporal regions predicted naming deficits only in
the VGen task. In addition, frontal regions predicted fluency deficits,
and generally appeared more stable than temporal regions in predicting
language outcome. A possible explanation for this observation is that
frontal activity is more easily detected in comparison to activity in
antero-lateral temporal regions, which can be masked by susceptibility
artifacts, therefore frontal lateralization is statistically more robust than
temporal lateralization. Another possible explanation is that the
Naming task included an auditory condition, which could be better
suited to activate bilateral temporal networks. Overall, frontal regions
appear more stable to predict language deficits, but also result to be in
close connection with temporal areas (Maccotta et al., 2007). Our re-
sults suggest that temporal activations in particular in the more anterior
area should be considered carefully in the preoperative assessment,
even if no study has demonstrated yet that resection of activated voxels
is correlated with language decline.

The present study has a number of limitations. First, our findings re-
late to a relatively small sample of patients and require confirmation in
larger groups. We only included right handed participants, and the sam-
ple size did not allow us to fully investigate the influence of other poten-
tially important factors, such as age of onset and duration of epilepsy.
This limitation is common with other studies in this area (e.g., Powell
et al., 2007; Sabsevitz et al., 2003). Second, patients and controls did
not differ in age (p > 0.1), while controls had higher educational level
than patients (p <.001). Even if we cannot exclude an influence
of this factor on fMRI language tasks, education level did not have ef-
fects on medial temporal lobe activation in an episodic memory task
(Yousem et al., 2009). Third, we did not record in-scanner behavioral
data, since the Fluency and VGen tasks were performed silently and
the Naming task was only assessed qualitatively in terms of whether
patients performed the task verbalizing the required words. However,
Weber et al. (2006b) showed that task performance affected volume
of activation but much less lateralization; moreover, this limitation is
in common with several studies (Binder et al., 2008; Bonelli et al.,
2012; Sabsevitz et al., 2003; Wong et al., 2009). Another limitation is
the signal distortion and dropout in the anterior inferior temporal
lobes, in particular the temporal poles and basal cortex overlying
the petrous bone. Due to this limitation, our results on temporal pole ac-
tivations should be interpreted with caution and future work using
optimized acquisition schemes is necessary (Binney et al., 2010). Fur-
ther, the surgeon planned the extent of resection taking into account
the fMRI maps and this might have influenced the results (Binder et
al, 2011). Finally, correlation between post-operative outcome and
resected volumes was not investigated; future work will need to evalu-
ate the effects of resection volume, measured on segmented post-
operative structural scans, on post-operative performance.

5. Conclusions

This study confirms the importance of preoperative fMRI in
predicting language outcome one year after ATL and highlights the clin-
ical relevance of decreased language lateralization. In LTLE decreased
left lateralization seems to be an effective compensatory mechanism
which protects language functions by shifting them away from interictal

and ictal epileptic activity before surgery, and protects from postsurgical
naming deficits for up to one year after surgery.

In RTLE the occasionally-observed decreased left-lateralization
may lead to an increased risk of postsurgical deficits. Finally, our re-
sults suggest that all fMRI tasks have a good predictive value for nam-
ing performance at 12 months for LTLE patients. The use of more than
one fMRI task eliciting frontal as well as anterior temporal activations
such as the Naming task is strongly advised, when studying both LTLE
and RTLE patients.
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