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Right hemisphere activation during functional imaging studies of language has frequently been reported fol-
lowing left hemisphere injury. Few studies have anatomically characterized the specific right hemisphere
structures engaged. We used functional MRI (fMRI) with verbal fluency tasks in 12 right-handed patients
with left temporal lobe epilepsy (LTLE) and 12 right-handed healthy controls to localize language-related
activity in the right inferior frontal gyrus (RIFG). During the phonemic task, LTLE patients activated a signifi-
cantly more posterior region of the right anterior insula/frontal operculum than healthy controls (P = 0.02).
Activation of the left inferior frontal gyrus (LIFG) did not differ significantly between the two groups. This
suggests that, following left hemisphere injury, language-related processing in the right hemisphere differs from
that with a functionally normal left hemisphere. The localization of activation in the left and right inferior frontal
gyri was determined with respect to the anatomical sub-regions pars opercularis (Pop), pars triangularis (Ptr)
and pars orbitalis (Por). In the LIFG, both healthy controls (8 out of 12) and LTLE patients (9 out of 12) engaged
primarily Pop during phonemic fluency. Activations in the RIFG, however, were located mostly in the anterior
insula/frontal operculum in both healthy controls (8 out of 12) and LTLE patients (8 out of 12), albeit in distinct
regions. Mapping the locations of peak voxels in relation to previously obtained cytoarchitectonic maps of
Broca’s area confirmed lack of homology between activation regions in the left and right IFG. Verbal fluency-
related activation in the RIFG was not anatomically homologous to LIFG activation in either patients or
controls. To test more directly whether RIFG activation shifts in a potentially adaptive manner after left
hemisphere injury, fMRI studies were performed in a patient prior to and following anatomical left hemi-
spherectomy for the treatment of Rasmussen’s encephalitis. An increase in activation magnitude and posterior
shift in location were found in the RIFG after hemispherectomy for both phonemic and semantic tasks.
Together, these results suggest that left temporal lobe injury is associated with potentially adaptive changes
in right inferior frontal lobe functions in processing related to expressive language.
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Introduction

With the advent of neuroimaging tools in the 1980s, increas-
ing evidence has emerged for plasticity in the brain related
to language functions (reviewed, Demonet et al., 2005). Right
hemisphere activation during language tasks following dam-
age to the normal left hemisphere language network has
frequently been reported (see below). The ways in which right

hemisphere language processes following left hemisphere
damage differ from normal right hemisphere language func-
tions, however, have yet to be determined.

The right hemisphere forms an established part of the
normal language network and is engaged by a number
of functions primarily related to processing of general
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concepts/context (Federmeier and Kutas, 1999) or establish-
ing ‘global coherence’ (St George et al., 1999). This normal
right hemisphere language processing is thought to occur in
‘homologues’ of the left hemisphere language network
(Bookheimer, 2002; Knecht et al., 2003). However, detailed
functional-anatomical information is limited. Adaptive
reorganization of language functions following left hemi-
sphere damage has also often been attributed to homologue
regions in the right hemisphere (Weiller et al., 1995; Mimura
et al., 1998; Gold and Kertesz, 2000; Staudt et al., 2002;
Taylor and Regard, 2003; Thivard et al., 2005), particularly
the right inferior frontal gyrus (RIFG) (Thulborn et al., 1999;
Warburton et al., 1999; Perani et al., 2003). (Thiel et al., 2001).
Studies of language functions in ‘split-brain’ patients, how-
ever, have found differences in the language processing abili-
ties of the left and right hemispheres (Vargha-Khadem et al.,
1991; Stark and McGregor, 1997; Menard et al., 2000; Pulsifer
et al., 2004) reflected in subtle deficits in aspects of language
processing following left—but not right—hemispherectomy.
These findings suggest that, despite a potential for the right
hemisphere to compensate for left hemisphere damage, there
are differences in the ability of the two sides to process
aspects of language. In this study we aimed to characterize
functional-anatomical differences in the nature of normal
compared to potentially adaptively reorganized right hemi-
sphere language-related activation.

Verbal fluency tasks are frequently used in functional
imaging for language lateralization and have an established
role in the investigation of patients following stroke
(Warburton et al, 1999), with tumours (Rutten et al,
1999; Tucha et al, 1999) and suffering from temporal lobe
epilepsy (Lehericy et al., 2000; N’Kaoua et al., 2001; Adcock
et al., 2003; Woermann et al., 2003). Such tasks are sensitive
to relative shifts in activation to the right hemisphere after
left-sided injury. Patients with seizures originating in the left
temporal lobe, for instance, have been shown to have a greater

Table | LTLE patient demographics
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degree of right hemisphere involvement in language
(Rasmussen and Milner, 1977; Risse et al, 1997; Knecht
et al., 1998, 2003; Springer et al., 1999; Adcock et al., 2003;
Brazdil et al., 2003; Liegeois et al., 2004). This is thought to
result from long-term chronic epileptic activity affecting nor-
mal language organization within the left hemisphere
(Piccirilli et al., 1988; Brazdil et al., 2003; Janszky et al., 2003).

In order to better define the role of the RIFG in functional
reorganization of language following injury to the left lan-
guage network, we investigated verbal fluency performance in
patients with left temporal lobe epilepsy (LTLE) and in
healthy controls using functional MRI (fMRI). Our aims
were to determine first whether patients and controls activate
the same anatomical regions of RIFG during verbal fluency
performance and second whether regions engaged in the RIFG
during the tasks constitute anatomical homologues of those
recruited in the left inferior frontal gyrus (LIFG). A continued
contribution of the left temporal lobe may confound inter-
pretation of shifts in fMRI activation patterns. We therefore
also explored the language localization of language-related
activations following surgical removal of the left hemisphere
in a young patient with Rasmussen’s encephalitis. We aimed
to determine not only whether fluency-related activation in
this patient would engage the RIFG, but also to relate the
functional anatomy of any RIFG activation in this patient
to that in LTLE patients and in healthy controls.

Methods
Participants

Twelve preoperative right-handed patients with intractable LTLE
(seven males, mean age 33.4, range 15-53) who were being evaluated
by the Epilepsy Surgery Service at the Radcliffe Infirmary in
Oxford were studied using fMRI. Patient demographics are pre-
sented in Table 1. All patients had EEG changes consistent with
left temporal lobe onset of seizures. In a patient with an inferior

Patient Sex Age Ageat Early Duration ~ MRI diagnosis Verbal/ Amytal fMRI phonemic
onset complicated  (years) non-verbal IQ  language fluency LI
(years)  prolonged laterality
convulsion
| M 53 30 No 23 Left HS 98/110 Left 0.38
2 M 52 7 No 44 Left HS 84/89 Left 0.69
3 F 31 4 Yes 26 Left HS 86/91 Left 0.61
4 M 27 12 No 15 Left HS 75/82 Left 0.59
5 M 32 18 No 14 Left amygdala DNET 105/103 Left 0.20
6 M I5 0.1 No 15 Left amygdala dysplasia 94/76 Left 0.78
7 F 39 3 Yes 36 Left HS 110/109 Bilateral 0.54
8 M 35 2 Yes 33 HS 66/84 Left 0.72
9 M 38 I No 27 HS 107/99 Left 0.60
10 F 33 28 No 5 Normal MRI 105/119 Left 0.83
Il F 29 27 No 3 Grade Il glioma 105 Left 0.77
12 F 28 I Yes 17 MTS 103/100 Not done 0.0l
Mean 343 128 23.08 94.8/96.5 0.56

HS = hippocampal sclerosis; MTS = mesial temporal sclerosis; DNET = dysembryoplastic neuroepithelial tumour-.
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temporal glioma (Patient 11) EEG changes were localized to the
tumour region. Twelve healthy, right-handed, neurologically normal
controls (five males, mean age 31.17, range 24-37) also took part in
the study. Informed consent was obtained from all participants prior
to scanning according to the Declaration of Helsinki. The study was
approved by the Oxfordshire Research Ethics Committee.

Sodium amytal testing

Eleven of the twelve LTLE patients underwent amytal testing (Wada,
1949), a cerebral angiographic procedure during which the two
brain hemispheres are sequentially anaesthetized with sodium amytal
so that the contralateral hemisphere can be tested for language and
memory functions independently. Amytal testing was performed in
accordance with the Oxford protocol, previously described (Adcock
et al., 2003). Ten of the eleven LTLE patients were left hemisphere
dominant for language on amytal testing, and one had bilateral
language functions.

fMRI paradigm

LTLE patients and controls were scanned during standard 5 min
verbal fluency tasks (Adcock et al., 2003). During phonemic fluency
testing, subjects viewed 10 alternating 30 s blocks of a flashing
fixation cross (rest condition) and a letter of the alphabet (active
condition). Subjects were asked to silently generate words beginning
with the given letter for the duration of its presentation. For the
semantic fluency task, a category name (e.g. ANIMALS) was pre-
sented for 30 s during which subjects were asked to think of members
of that category (e.g. cats, birds, . ..). This was again alternated with
30 s rest blocks. Subjects completed a full run of the experiments out
loud using different sets of stimuli prior to scanning at which time
the number of words generated during each letter block was recorded
for behavioural analyses.

Imaging parameters

Blood oxygen level dependent (BOLD)-fMRI scans were acquired on
a 3 tesla Siemens-Varian whole-body MRI scanner using a birdcage
radio-frequency head volume coil. Subjects wore earplugs and MR-
compatible electrostatic headphones (MRC Institute for Hearing
Research, UK) to attenuate scanner noise and facilitate communica-
tion with the experimenter. Foam padding was placed around the
subject’s head to minimize movement. A sagittal localizer scan was
obtained to verify subject positioning and plan axial slice acquisition.
Single-shot echo-planar T,--weighted imaging was acquired con-
tinuously throughout the paradigm using the following acquisition
parameters: TR = 3 s, TE = 30 ms, voxel dimensions 3 X 4 X 5 mm,
5 mm slice thickness. Three-dimensional turbo flash T;-weighted
axial anatomical scans were also acquired for every subject using the
same slice prescription as used for functional imaging data after
completion of the fMRI tasks (TR = 12 ms, TE = 5 ms, slice thickness
=3 mm, 1.5 mm).

Image analysis

Data were analysed using the general linear model incorporated
in the FMRIB Expert Analysis Tool (FEAT) (www.fmrib.ox.ac.uk/fsl/
feat5/) (Worsley and Friston, 1995; Woolrich et al., 2001). The fol-
lowing pre-processing steps from within the FEAT tool were applied:
motion correction using MCFLIRT (Jenkinson and Smith, 2001;
Jenkinson et al., 2002); spatial smoothing using a Gaussian kernel
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of full-width half-maximum 5 mm; mean-based intensity normal-
ization of all volumes by a constant factor and high-pass temporal
filtering. Functional activation maps were generated using cluster
statistics performed on all voxels above a threshold of z = 2.3
(P<0.01).

Region of interest analysis

In addition to whole-brain cluster-based analysis for the calculation
of language lateralization a region of interest (ROI) analysis was
carried out for every subject using manually drawn masks of the
left and right IFG on a standard Montreal Neurological Institute
(MNI) 152 template. This mask was then used in FEAT to limit
voxel-wise statistical analyses to the area within the mask (P <
0.05). Spatial smoothing within RIFG and LIFG masks was set to
7 mm. This method is more sensitive to activation within small ROIs
as it reduces the stringency of multiple comparison corrections to
include only the number of voxels within the specified mask. The
resulting localized activation maps for every individual were regis-
tered to their T, structural image and the canonical standard space
brain. The BOLD signal change within the RIFG and LIFG masks was
calculated as a measure of activation changes and the coordinates
of the voxel with the highest z-score (the ‘peak voxel of activation’)
were recorded for all subjects within the RIFG and LIFG masks.

fMRI laterality index calculations

Left and right hemisphere masks were manually drawn on the stan-
dard MNI 152 brain incorporating the temporal, parietal and frontal
lobes. A laterality index (LI) was calculated by determining the
number of active voxels in the left compared to the right mask at
a range of statistical levels [LI = (L — R)/(L + R)] as previously
described (Adcock et al, 2003). This resulted in values ranging
from —1 to +1, with —1 indicating complete right hemisphere lan-
guage dominance, +1 representing complete left hemisphere domi-
nance and intermediate values reflecting varying degrees of laterality.
Nine of the twelve patients were left-lateralized on fMRI, consistent
with amytal, one patient was bilateral on fMRI but left hemisphere
dominant on amytal and one patient was left-dominant on fMRI
but bilateral on amytal. The patient with no available amytal results
was classified as bilateral on the basis of their fMRI LL
Voxel-count based laterality indices, although well suited to
calculations across large regions, are also highly dependent on sta-
tistical thresholding (e.g. Adcock et al., 2003). Measures of maximum
signal change within an ROI have been suggested as a more reliable
alternative. It is important to ensure with signal-based measures that
laterality calculations are not biased by high peaks of activation
within task-related but functionally non-essential regions (such as
occipital activation during fluency tasks). As our group activation
maps suggested dominant frontal lobe activation, we restricted our
signal change laterality calculation to the frontal lobes. Maximum
signal change was extracted from homologous left and right frontal
lobe masks created on the MNI standard brain template and an LI was
calculated using the above formula. All but one patient (Patient 11)
had bilateral frontal activation for both tasks using this measure
(mean 0.05, SD 0.21 during phonemic fluency; mean 0.13, SD 0.21
during semantic fluency). In the healthy control group, on the other
hand, 4 out of 12 had left-dominant frontal activation during
phonemic fluency (mean 0.21, SD 0.18), while 2 out of 12 had
left-dominant frontal activation during semantic fluency (mean
0.15, SD 0.17). All other controls had bilateral frontal LI values.
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No significant difference was observed between LTLE patients and
healthy controls in frontal lobe laterality during semantic fluency
(t = —0.162, P = 0.873) although a trend for less left-lateralized
activation in LTLE patients relative to controls was observed for
phonemic fluency (t = —1.946, P = 0.065).

Anatomical localization

We next located anatomical regions pars opercularis (Pop), pars
triangularis (Ptr) and pars orbitalis (Por) on each subject’s structural
image in the LIFG and RIFG to determine whether RIFG activation
was located in an anatomically homologous region to LIFG activa-
tion. This was done according to methods described by Foundas et al.
(1998, 2001). The anterior horizontal ramus and anterior ascending
ramus were located, forming the anterior and posterior borders of
Ptr. The area between the anterior ascending ramus and the anterior
subcentral sulcus was designated Pop. Both masks were bound
superiorly by the inferior frontal sulcus. In addition, the functional
location of peak activated voxels was related to Amunts et al.’s (1999)
cytoarchitectonic maps of BA 44 (Pop) and BA 45 (Ptr) available
from http://www.bic.mni.mcgill.ca/cytoarchitectonics/. Due to heavy
overlap between the two cytoarchitectonic regions, we used a low
amount of thresholding (3 out of 10) to aid classification.

Statistical analysis

Statistical analyses were performed using SPSS (v9.0). Multivariate
analyses of variance (MANOVA) were used to detect differences
between patient and control peak activation voxels in the ROIs. A
repeated-measures ANOVA was used to determine whether peak
voxels for semantic fluency differed from those obtained during
phonemic fluency. The mean location of the peak voxels of activation
in the RIFG, as well as 2 SDs from the mean, was determined in
LTLE patients and healthy controls to obtain a distribution of these
values in the two groups. Bayesian probability theorem testing was
then used to determine the likelihood of the peak voxel of activation
obtained in a patient following left hemispherectomy belonging
either to the distribution of the healthy control group or that of
the LTLE patient group.

Results
Behavioural data

LTLE patients generated significantly fewer words on average
than controls in both phonemic (¢ = 4.835, P < 0.001, mean
words) and semantic fluency (¢ = 7.387, P < 0.001) tasks
(Table 3).

Whole-brain activation patterns for

LTLE patients and healthy controls
Phonemic fluency task

In healthy controls, the phonemic fluency task significantly
activated the inferior frontal gyrus, insular cortex, premotor
regions and anterior cingulate gyrus on the left. Right hemi-
sphere activation involved the insula, inferior occipital gyrus
and anterior cingulate gyrus. Bilateral thalamic, putamen and
cerebellar activation was also observed (Fig. 1A and Table 2).
Increased activation in controls relative to patients was found
in the left thalamus and insular cortex (Fig. 1B).
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Phonemic fluency

Jup results

86066

LTLE patients

Semantic fluency

F LTLE patients > controls

Fig. I Group-level mixed-effects activation maps in healthy
controls and LTLE patients for phonemic (A—C) and semantic
(D-F) fluency tasks. Healthy controls engaged a left-lateralized
network involving left inferior frontal and insular cortex for
phonemic fluency (A) and left inferior parietal lobe, bilateral
lingual gyrus, putamen and anterior cingulate gyrus during
semantic fluency (D). Controls had significantly increased activity
relative to LTLE patients in the left thalamus and insula (B) for
the phonemic task and increased activity in left inferior frontal
cortex, left hippocampus, left inferior occipital, bilateral thalamus,
putamen and anterior cingulate regions for the semantic task (E).
Increased activity was observed during phonemic fluency in
LTLE patients relative to controls in right medial frontal gyrus
as well as bilateral posterior cingulate gyri and precuneus (C).
No regions of increased activity in LTLE patients

compared with controls during semantic fluency were

found (F).
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Table 2 Coordinates of peak clusters of activation for phonemic and semantic fluency tasks from

group mixed-effects analysis

Phonemic fluency

Semantic fluency

Coordinates (x, y, z) Region Coordinates (x, y, z) Region
Healthy controls
—40, 0, 26 L inferior frontal gyrus 20, —94, 2 R lingual gyrus
—40, 4, —12 L insular cortex —26, —64, 42 L inferior parietal gyrus
—-56, —4, 36 L premotor cortex —28, —10, 4 L putamen
—4, 16, 40 L anterior cingulate 30, -4, O R putamen
34, 16, —2 R insular cortex —10, 6, 42 L anterior cingulate
14, —100, -8 L inferior occipital gyrus —10, —96, -8 L lingual gyrus
—-30, -84, —12 R inferior occipital gyrus 44, 24, —12 R inferior frontal gyrus
8, 16, 36 R anterior cingulate —44, 20, —12 L inferior frontal gyrus
16, —16, 2 R thalamus
—14, —26, 14 L thalamus
—38, 48, 14 L middle frontal gyrus
—34, 16, -8 L insula
34, |6, -2 R insula
0, 18, 36 Bil anterior cingulate
LTLE patients
4, —56, 52 R precuneus —10, —80, 4 L lingual gyrus
—64, —36, 22 L superior temporal gyrus 2, 86, —6 R lingual gyrus
62, —22, 14 R superior temporal gyrus —34, 18, -6 L insular cortex
24, 30, 44 R middle frontal gyrus 0, 18, 36 Bil anterior cingulate
-8, 58, 32 L precuneus —44, 36, 8 L inferior frontal gyrus
2, 58, 32 R medial frontal lobe
12, —32, 4 R parahippocampal gyrus

Millimetre coordinates of activated brain regions reported in the Montreal Neurological Institute system for
verbal fluency tasks performed by LTLE patients and healthy controls.

In LTLE patients, the pattern of significant activation was
less left-lateralized (independent-samples: t = —2.49, P =
0.021) than in controls, with activation in the right middle
frontal, bilateral superior temporal gyrus, bilateral precuneus
and right parahippocampal gyrus (Table 2). Significantly
increased activation in LTLE patients compared to controls
was observed in the right medial frontal gyrus as well as
bilateral posterior cingulate gyri and precuneus (Fig. 1C).

Semantic fluency performance

During semantic fluency performance, controls activated a
similar network to that engaged during phonemic fluency
with activation predominantly in bilateral cerebellar, bilateral
inferior frontal, insular, thalamic and anterior cingulate
regions, with additional recruitment of left middle frontal
gyrus, bilateral lingual gyrus and left inferior parietal lobe
(Fig. 1D and Table 2). Healthy controls had significantly
increased activation in the left inferior frontal, left hippo-
campal, left inferior occipital, bilateral thalamus, putamen
and anterior cingulate regions relative to patients (Fig. 1E).

Data for two of the LTLE patients was affected by motion
artefact during the semantic fluency task and had to be
rejected. Group activation maps for the remaining 10 LTLE
patients revealed primarily left inferior frontal and insular
cortex, bilateral cerebellar, anterior cingulate and lingual

gyrus activation (Table 2). There were no regions of increased
activation in patients relative to controls (Fig. 1F).

We tested the extent to which relative shifts in functional
organization occur in the brain may depend on the nature and
timing of injury in this group. Differences in the localization
of RIFG activation might exist between patients with early and
late onset TLE. We compared hemispheric and frontal lobe
laterality indices for both fluency tasks in early (<9 years)
compared with late onset (>9 years) patients. The average
hemispheric LI in the early onset group was 0.67 (SD 0.09),
while the frontal lobe LI was —0.07 (SD 0.14) for phonemic
fluency. In the late onset group, these LIs were 0.48 (SD 0.3)
and 0.14 (SD 0.21), respectively. For semantic fluency, mean
hemispheric LI in the early onset group was 0.47 (SD 0.46)
and frontal lobe LI was 0.02 (SD 0.12), while in the late onset
group these respective LIs were 0.54 (SD 0.25) and 0.2
(SD 0.24). No differences were seen between these groups
in hemispheric LI during phonemic fluency (¢t = 1.315,
P = 0.218) or semantic fluency (f = 0.293, P = 0.208). A
trend was seen for differential frontal lobe laterality between
the groups during phonemic (t = —1.97, P = 0.077) but not
semantic fluency (t= —1.37, P = 0.208). The tumour patient
(Patient 11) in particular may differ from the TLE group as
a whole. This patient had experienced intractable temporal
lobe seizures for only 3 years due to a grade II glioma.
However, the tumour itself is likely to have been developing
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for several years before the onset of seizures. We examined
whether the mean signal change and LI measures in this
patient diverged from the mean values of the group as a
whole. All values lay within 2 SDs of the group means.

ROI activation analyses

Relative activation within RIFG

ROT analyses were used to better characterize the RIFG activa-
tion observed in both patients and controls. No significant
difference was found in BOLD signal change in the RIFG
between patients and controls either for phonemic fluency
(t = 0.680, P = 0.503) or semantic fluency (+ = —0.131,
P =0.897) (Table 3).

Localization of peak RIFG activation in LTLE patients

and healthy controls

To test whether LTLE patients and healthy controls activated
the same region of RIFG, the coordinates of the peak voxels
of activation during phonemic fluency performance were
compared (Table 4). LTLE patients activated a significantly
more posterior (y-axis) region of RIFG than healthy controls
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(F=6.304, P=0.02). There was no significant difference along
the x- or z-axis (P = 0.463 and 0.399, respectively). The dis-
tribution of peak locations for both groups is illustrated in
Fig. 2. There was no significant difference in the location of
peak voxels of activation between LTLE patients and healthy
controls in the LIFG (P = 0.106, 0.782 and 0.858 for x, y and
z directions, respectively).

Within the LTLE patient group, no significant difference
was found in the locations of peak RIFG voxels between
the phonemic and semantic fluency tasks (P = 0.402). In
the healthy control group, however, a significant difference
was found between the two tasks (F=7.277, P=0.021). Post
hoc t-tests revealed this difference to result from a shift in the
zdirection (= —2.515, P=0.029) in the semantic compared
with the phonemic condition.

The anatomical locations of peak voxel coordinates in the
RIFG were also compared between early and late onset
patients. No difference was seen in any direction between
the two groups during phonemic fluency (x: F = 0.068,
P =10.799; y: F=0.357, P = 0.563; z: F =0.047, P = 0.833)
or semantic fluency (x: F = 3.571, P = 0.101; y: F = 0.184,
P =10.681; zz F=0.343, P = 0.576).

Table 3 Mean signal changes within the inferior frontal gyrus using ROI analysis

Phonemic fluency

Semantic fluency

RIFG signal LIFG signal Fluency RIFG signal LIFG signal Fluency
change (%) change (%) score change (%) change (%) score
LTLE patient
I 0.30 0.44 5 0.23 0.23 8
2 0.31 0.72 6 —0.21 —0.21 5
3 0.13 0.47 6 0.42 0.42 5
4 —0.02 1.04 7 —0.06 —0.06 7
5 0.06 0.67 6 Not available* Not available* 9
6 —0.06 0.86 8 None —0.13 10
7 0.05 0.42 9 Not available* Not available* 9
8 0.01 0.98 7 —0.17 —0.17 7
9 0.12 0.44 8 0.17 0.17 5
10 —0.12 0.44 7 0.05 0.05 7
I 0.28 0.77 8 0.42 0.42 8
12 —0.13 0.08 I —0.75 —1.02 7
Mean (SD) 0.08 (0.16) 0.61 (0.28) 7.38 (1.61) 0.01 (0.37) —0.08 (0.41) 7.42 (1.93)
Healthy control
I —0.10 0.92 9 —0.15 0.7 12
2 0.10 0.98 12 0.26 0.93 12
3 0.10 0.47 I 0.27 0.26 12
4 0.14 0.86 9 —0.01 0.56 12
5 0.03 0.77 18 —0.06 0.5 13
6 0.24 0.77 13 —0.33 0.42 I
7 —0.07 0.82 I5 0.26 0.93 I
8 —0.37 0.82 10 0.33 0.73 I
9 0.15 0.52 8 —0.76 0.49 13
10 —0.16 0.30 13 0.11 0.48 I
I 0.01 0.30 12 0.12 0.37 14
12 0.29 1.60 12 —0.14 0.29 14
Mean (SD) 0.03 (0.18) 0.76 (0.35) 11.83 (2.79) —0.01 (0.31) 0.56 (0.22) 12.17 (1.1)

RIFG = right inferior frontal gyrus; LIFG = left inferior frontal gyrus; SD = standard deviation. *Due to motion artefact, data for two patients
could not be interpreted and were excluded. Patient 7 did not show any activation in the RIFG during the semantic fluency task. The results

for this patient were excluded from signal change analyses.
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Table 4 Coordinates of peak voxels of activation in LTLE patients and healthy controls in canonical (standard) space

Phonemic fluency

Semantic fluency

RIFG peak LIFG peak RIFG peak LIFG peak
(1. 2) (x y. 2) (x y. 2) (x y. 2)

Patient

| 28, 73, 38 71, 68, 48 25,72, 41 73, 69, 44

2 29, 75, 36 73, 69, 51 19, 73, 46 70, 68, 51

3 28, 75, 35 69, 79, 44 18, 70, 37 69, 75, 47

4 26,71, 38 70, 67, 45 25 70 38 70, 78, 44

5 22, 69, 37 67, 68, 44 Not available* Not available*
6 14, 73, 38 70, 67, 41 None 66, 69, 51
7 23,71, 36 65, 66, 50 Not available* Not available*

8 24, 65, 49 67, 67, 47 24,79, 44 66, 65, 49

9 28, 74, 35 69, 67, 48 29, 75, 35 68, 66, 49

10 22,70, 33 63, 66, 53 27,71, 36 63, 66, 51

I 24, 70, 38 71, 66, 42 18, 77, 50 63, 65, 50

12 20, 68, 48 74,79, 45 28, 73, 41 64, 68, 43

Mean (SD) 24,71.2,384 (43,3,5) 69.1, 69.1, 465 (3.2, 4.7, 6.7)  23.7,73.3,40.9 (4.3, 3.1, 5) 67.3, 69.2, 47.6 (3.5, 44, 3.2)

Control

| 15, 70, 45 72, 69, 52 15, 70, 46 71,70, 52

2 18, 83, 38 68, 68, 52 22,72, 52 65, 68, 53

3 19, 79, 45 69, 66, 47 28, 77, 38 61,78, 36

4 27,73, 36 68, 70, 53 17, 74, 35 64, 74, 45

5 28, 74, 34 68, 88, 49 23,75, 47 65, 70, 48

6 28, 77, 38 61,78, 36 29, 76, 41 69, 75, 46

7 17, 74, 34 68, 65, 48 21, 74, 47 67, 66, 49

8 27,72, 37 64, 67, 50 25, 74, 37 69, 82, 45

9 28, 74, 37 68, 66, 50 28, 72, 41 70, 66, 48

10 28, 72, 36 62, 75, 35 21, 77, 46 67, 67,51

I 17, 70, 37 65, 69, 51 26, 73, 37 72,70, 52

12 18, 82, 42 66, 64, 49 22,78, 36 66, 67, 49

Mean (SD) 225, 75,383 (5.5,43,38) 66.6,704,47.7 (3.1,6.9,59) 23.1,743,41.9 (44,24,55) 672,71.1,47.8 (3.2, 5.1, 4.6)

RIFG = right inferior frontal gyrus; LIFG = left inferior frontal gyrus; SD = standard deviation; *Due to motion artefact, data for two patients
could not be interpreted and were excluded. Patient 7 did not show any activation in the RIFG during the semantic fluency task. The results
for this patient were excluded from voxel location analyses. Coordinates are reported in millimetres using the Montreal Neurological

Institute system.

Relative localizations of RIFG and LIFG activations in
LTLE patients and healthy controls

We segmented the left and right inferior frontal gyri into
anatomical regions Pop, Ptr and Por on each subject’s struc-
tural image to test whether RIFG activation during verbal
fluency tasks was located in a region with precise anatomical
homology to the LIFG. During phonemic fluency, the peak
voxel of activation in the LIFG was located in Pop in 8 out of
12 healthy controls. In the RIFG, however, the peak voxels
were located primarily in the anterior insula/frontal opercu-
lum (8 out of 12). The peak voxels of activation in LTLE
patients were, likewise, located primarily in Pop in the
LIFG (9 out of 12). In the RIFG they were located in the
anterior insula/frontal operculum (8 out of 12) but more
posteriorly to healthy controls.

During semantic fluency performance, a similar pattern
was observed. In the healthy control group, the peak voxels
of activation were located in Pop in the LIFG in 6 out of 12,
with 2 out of 12 in Ptr. In the RIFG, 5 out of 12 clustered in the
anterior insula/frontal operculum and 3 out of 12 were found
in Pop. In the LTLE patient group, 4 out of 9 voxels in the

LIFG were located medial or lateral to the masks and could
not be confidently localized to an anatomical region, 2 out of 9
were located in Pop, 2 out of 9 in Ptr and only 1 out of 9
in anterior insula/frontal operculum. In the RIFG, however,
the peak voxels for 5 out of 9 LTLE patients were localized
to the anterior insula/frontal operculum. RIFG activation
did not, therefore, precisely mirror LIFG anatomically either
in patients or controls during either phonemic or semantic
fluency performance (Fig. 3).

Amunts et al. (1999) have highlighted discrepancies
between gross anatomy and underlying cytoarchitecture.
It is possible, therefore, that despite surface anatomical
differences left and right IFG activations could still be
functionally homologous. To test this question, we related
peak voxel locations in all subjects in the left and right IFG
to previously derived cytoarchitectonic maps of BAs 44
(pars opercularis) and BA 45 (pars triangularis) (Amunts
et al., 1999). The results of this comparison differed only
slightly from the surface anatomical observations: this
analysis also suggested that left and right activations do not
localize to the same regions of IFG. Classifying the location
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of voxels during phonemic fluency on the basis of the cytoar-
chitectonic maps, the peak voxels of 9 out of 12 controls
activated and 10 out of 12 patients activated pars opercularis
(BA 44). In the RIFG, cytoarchitectonic classification sug-
gested that at least half of subjects (7 out of 12 controls
and 6 out of 12 patients) engaged a region of insula/frontal

Fig. 2 The peak voxels of activation within the RIFG during
phonemic fluency were plotted on a 3D MNI standard space brain
for LTLE patients (blue) and healthy controls (yellow). The area
covered by two standard deviations from the mean activation for
both groups is represented in grey. The distribution of the peak
voxels of activation in the RIFG differed significantly between
the LTLE patient and control groups (P = 0.02) in the
anterior—posterior direction (y-axis), with patients activating a
more posterior region of the anterior insula/frontal operculum
to controls.
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operculum outside of classical BA regions engaged in the left
hemisphere. Semantic fluency findings were similar; in the
LIFG, 9 out of 12 controls and 8 out of 9 patients had
peak voxels located in BA 44 on the cytoarchitectonic
maps. In the RIFG, again, cytoarchitectonic mapping
revealed RIFG peaks to lie in anterior insula/frontal opercu-
lum in 5 out of 12 controls and 4 out of 9 patients, with a
further 3 out of 9 patients and 6 out of 12 controls engaging
BA 45.

Evidence for a shift in language-related
activation after left hemispherectomy

To test further whether, following left hemisphere injury,
the relative magnitude of RIFG activation increases, and
the location shifts posteriorly in a potentially adaptive
fashion, we performed fMRI studies on a patient with
Rasmussen’s encephalitis before and after surgical removal
of the left hemisphere.

Clinical history

Patient RC was diagnosed with Rasmussen’s encephalitis in
1993 at the age of 6, when he presented with intractable
epilepsy affecting the right limbs and face in addition to
cognitive decline. Within one year, he developed epilepsia
partialis continua (EPC) and a progressive right hemiparesis,
as a result of which he adopted a left-handed preference. EEG
showed continuous high voltage slow waves with continuous
spikes originating from the left frontoparietal electrodes.
MRI revealed high T, signal in the left frontal lobe consistent
with a focal encephalitis, and progressive left hemisphere
atrophy. The patient tested negatively for anti-GluR3 anti-
bodies. In 2000, following improvement in the patient’s

Fig. 3 The locations of peak voxels of activation during phonemic fluency for LTLE patients (blue) and healthy controls (red) with
respect to masks of anatomical regions pars opercularis (Pop) and pars triangularis (Ptr) in the left and right inferior frontal gyri. The left
and right hemisphere masks are shown from a similar angle to demonstrate the lack of correspondence between the anatomical locations

of the peaks in the two hemispheres.
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neuropsychological profile after plasmapheresis, fMRI
studies were performed to localize language functions using
phonemic and semantic fluency tasks. Due to RC’s young age
at the time of initial fMRI examination, the tasks were short-
ened to 3 min (6 alternating blocks of rest and active condi-
tions) for the preoperative session. In 2002, at the age of 14,
EPC recurred and RC’s cognitive abilities declined once more.
He subsequently underwent unilateral left carotid amytal test-
ing to determine if the right hemisphere would support lan-
guage and memory. There was no significant speech arrest,
minimal dysphasic errors and no important memory impair-
ment. He subsequently underwent a successful left anatomical
hemispherectomy. RC has been seizure-free since the opera-
tion. Postoperative fMRI was performed in 2004. As he was
16 at this time he completed the full 5 min adult versions of
the tasks.

Whole-brain activation results for the phonemic
fluency task

Preoperative fMRI activation maps for RC revealed a bilat-
erally distributed network of language-related activation
involving primarily bilateral inferior frontal and superior
temporal regions with phonemic and semantic fluency
tasks (Fig. 4). Postoperatively, activation was limited almost
exclusively to the RIFG (Fig. 4). Mean word generation scores
pre- and postoperatively were similar (on average four words
in 30 s).

ROI results

Examination of mean BOLD signal change in the RIFG for
both tasks revealed an increase postoperatively of 0.24% in the

Fig. 4 Whole-brain fMRI activation maps for patient RC during
phonemic (red) and semantic (blue) fluency tasks. Despite
engagement of a bilateral temporo-frontal network for verbal
fluency tasks preoperatively (A), postoperative activations for
both tasks involved primarily the right inferior frontal lobe (B).

N. L. Voets et al.

phonemic task (from preoperative 0.30% to postoperative
0.54%) and 0.21% in the semantic task (from preoperative
0.13% to postoperative 0.34%).

ROI activations related to semantic fluency and
picture naming performance

The locations of peak voxels of activation for both language
tasks performed by RC on preoperative and postoperative
scans were compared. Preoperatively, the peak voxels for let-
ter fluency and category fluency were located in Ptr and a
location just superior to Pop, respectively. Postoperatively,
the peak for phonemic fluency was located more medially
and posteriorly in the frontal operculum/anterior insula.
The peak voxel of activation for semantic fluency likewise
was shifted posteriorly and medially to a region of frontal
operculum/anterior insula.

Localization of RC’s activation with respect to
LTLE patients and healthy controls

Patient RC’s peak voxel for phonemic fluency was plotted
with respect to the LTLE patient and healthy control group
peaks (Fig. 5). We tested the relative likelihood that this peak
voxel of activation in the RIFG for RC clustered with either

44 4"
42 4
40 "
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36_'. H'Y N

g0 8

32
80

Fig. 5 The two ellipses depict two standard deviations from the
mean locations of activation determined on the basis of the peak
voxels of activation for healthy controls (green) and LTLE
patients (red). The blue sphere located below the LTLE patient
ellipse represents the location of the peak voxel of activation
observed in Patient RC following hemispherectomy during
phonemic fluency performance.
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the mean LTLE patient activation or that of the healthy
control group using Bayesian probability theorem testing.
The likelihood of RC’s peak voxel in the RIFG belonging
to the patient group (71%) was over 2-fold greater than
for belonging to the healthy control group (29%).

Discussion

Using fMRI with verbal fluency tasks, we found differential
engagement of the RIFG between LTLE patients and healthy
controls. This suggests firstly that verbal fluency following
left hemisphere damage does not rely on right hemisphere
regions normally engaged by the task but involves recruitment
of a more posterior RIFG site. Secondly, activation in the
RIFG in LTLE patients involved anatomical regions distinct
from those recruited in the LIFG. This shows that RIFG
regions involved in language processing following left
temporal lobe damage are not simple anatomical homo-
logues of LIFG language regions. RIFG activation in healthy
controls, likewise, was not anatomically homologous to
LIFG activation. Strengthening the interpretation of our
cross-sectional study, longitudinal observations in a patient
with Rasmussen’s encephalitis showed similar relative
changes in localization of activation in the RIFG after left
hemispherectomy.

Reorganization of language functions to
the RIFG following left temporal lobe
damage

Our results suggest that the RIFG plays a central role in the
reorganization of language functions following left hemi-
sphere injury. Although imperfect correlations between fMRI
and the ‘gold standard’ functional mapping technique—
intraoperative electrocortical stimulation mapping—were
recently reported (Roux et al., 2003), the right inferior frontal
sulcus was recently identified as forming part of a functionally
relevant right hemisphere compensatory network following
left temporal lobe resection (Noppeney et al., 2005). These
authors also determined that increased reading ability follow-
ing surgery was predicted by increased activity in this region.
Similarly, Thivard et al. (2005) found that LTLE patients
with atypical language LIs had higher scores on neuropsycho-
logical measures (particularly phonemic fluency, semantic
fluency and delayed verbal memory) than patients with nor-
mal LIs, suggesting that the right hemisphere in these patients
makes a positive contribution to language maintenance/
recovery following chronic left temporal lobe seizures. Thiel
et al. (2001) observed language-related activation in right
frontolateral regions in over half of their tumour patients,
but found no difference in performance measures on the
task between patients with dominant and patients with
non-dominant hemispheric activations, which they inter-
preted to suggest that right frontal activation performs a
compensatory role. Interestingly, although right frontal
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activations engaged primarily BAs 44 and 45 in these tumour
cases, almost half of the patients with right frontal activations
recruited ulterior sites, including the anterior insula.
Most recently, an elegant recent study by the same group
(Thiel et al., 2005) using both repetitive transcranial magnetic
stimulation (rTMS) and PET during verb generation found
that left-sided tumour patients with greater right-hemisphere
activation on PET were slowed by stimulation delivered over
the RIFG but not over the LIFG, while healthy controls and
left-lateralized patients were slowed by rTMS over LIFG, but
not RIFG. Our results, therefore, are consistent with the
emerging notion that the RIFG contributes to language pro-
cessing following left hemisphere injury (although using dis-
tinct cytoarchitectonic regions), and extend Noppeney et al.’s
(2005) findings by demonstrating that these effects occur
preoperatively in the context of chronic mesial temporal
lobe seizures.

Functional reorganization in the language network is highly
dependent on the nature of the lesion and its chronicity, as
well as individual factors (Liegeois et al., 2004). Thiel et al.
(2001) demonstrated right frontolateral activation during a
verb generation task in more than half of their sample
of tumour patients. However, this pattern was seen only in
patients with extensive tumours affecting the left prefrontal or
superior temporal regions suggesting that compensatory
functional shifts of language to the right hemisphere might
occur only in chronic disease states in which restoration of
the normal left hemisphere language network is not possible.
Despite absence of evidence in our study, language-related
activation changes seen in the adult brain also may differ from
those arising from injury early in development (Staudt et al.,
2001; Krageloh-Mann, 2004; Liegeois et al., 2004).

‘Reorganized’ functions do not co-localize
with ‘normal’ right hemisphere

language processes

The relationship between reorganized right hemisphere
language functions and normal right hemisphere processes,
however, remains unclear. In recent years a number of studies
have focused on uncovering the nature of right hemisphere
language processing following left hemisphere injury. Angrilli
et al. (2003) found differences not only in the functional
anatomy but also the temporal dynamics of impaired
language processing in post-stroke aphasics using electro-
encephalographic recordings during rhyming and semantic
tasks. Furthermore, there is typically a decline in right hemi-
sphere mediated visuo-spatial functions following relative
shifts in language from the left to the right hemisphere
(Helmstaedter et al., 1994; Loring et al., 1999). As the local-
ization of the mean RIFG activation in our LTLE patients
was distinct from that in healthy controls our results are
consistent with a functional difference in normal compared
with the potentially adaptive right hemisphere language
functions.
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Lack of anatomical homology between left
and right inferior frontal activations

Our second observation that RIFG activation did not appear
to anatomically, or cytoarchitectonically, mirror that seen in
the LIFG in either patients or controls challenges the notion
that right hemisphere language processing engages homo-
logues of the dominant left hemisphere both normally
(Bookheimer, 2002; Knecht et al, 2003) and following left
hemisphere injury (Thulborn et al., 1999; Warburton et al.,
1999; Perani et al., 2003). However, the exact functional anat-
omy underlying normal right hemisphere language processing
has not been described in detail. Differences have been found
in specialized language processing performed by the two
hemispheres (Bottini ef al, 1994; Richards and Chiarello,
1997; Federmeier and Kutas, 1999; Taylor and Regard,
2003; Deacon et al., 2004). For example, the RIFG is thought
to be primarily concerned with general semantic processes
such as constructing context (reviewed, Bookheimer, 2002;
Taylor and Regard, 2003). The LIFG, although also important
for semantic tasks, is additionally concerned with individual
word processing not found in the RIFG (Fiebach and
Friederici, 2004). A functional dissociation between phono-
logical and semantic processes has also been demonstrated
within the LIFG (Devlin et al, 2003), for which there is
no evidence in the RIFG. Differences in the nature of LIFG
and RIFG language processes may account for the lack of
homologous activations in our study.

Methodological considerations

Potential limitations of our study concern the resolution of
structural images, repeatability of peak voxel measures and
registration of peak voxels to a standard template. Although
anatomical boundaries may be easily defined on 3 and 1.5 mm
T, structural scans, increased variance is introduced using
such slice prescriptions compared with acquiring 1 mm iso-
tropic scans. As we acquired slices in the axial plane this may
have affected our ability to identify significant peak voxel
shifts in the z or inferior—superior, direction. However,
the y plane (anterior—posterior), in which we observed sig-
nificant differences in fMRI activation between our patient
and healthy control groups, should not have been affected
substantially.

Interpretation of our longitudinal results in patient RC
depends on the repeatability of the peak voxel activations.
There is no fully generalizable information concerning the
variation in localization of peak voxels in fMRI data across
scanning sessions. However, the inter-session variability in a
single set of fMRI data was recently shown to be comparable
to within-session variability (Smith et al., 2005). Examining
directly the question of repeatability of voxel localization,
repeat scanning of 10 healthy controls in this study revealed
no significant difference in the location of the peak voxels
of activation between the first and second scans during
phonemic fluency (repeated-measures ANOVA: F = 0.136
P =0.721).

N. L. Voets et al.

A potential third limitation concerns registration of
individual structural and EPI data to a standard template.
Chau and McIntosh (2005) recently highlighted limitations
associated with such spatial transformations. As these authors
point out, an identical point in standard space may corre-
spond to a different anatomical region on individual struc-
tural images. This is most obvious using the conventional
linear (as opposed to non-linear) registration methods. It
is not, however, possible to directly test differences in local-
ization between groups of subjects without transforming the
individual subject points into the same space. By performing
all our analyses and reporting coordinates in MNI space
we have avoided additional variance being introduced by
secondary registrations to Talairach space. In addition, we
compared the locations of peak voxels for phonemic fluency
in the LIFG in our healthy control subjects on individual
structural images and following transformation to the nor-
malized brain. Good correspondence was observed between
the anatomical locations of the peaks in the two spaces. None
of the peak voxels was located in a different anatomical region
of LIFG on the standard compared to the individual structural
brain in any subject.

Registration of peak voxels to the standard MNI template
was particularly difficult in patient RC following hemi-
spherectomy. For this reason, the anatomical locations of
peak voxels were described on his T; structural image in
native rather than in standard space.

Additional registration issues may result from structural
differences between the LTLE patient and healthy control
groups. Recent voxel-based morphometry (VBM) studies
have identified extra-temporal atrophy in patients with uni-
lateral TLE (Keller et al., 2002a, b, 2004; Bernasconi et al.,
2004). Cortical atrophy in the LTLE patients could result in
biased registration of functional data between the patient and
control groups. Although such registration issues may result
in changes in localization of activation in the left IFG as well as
in the right IFG, an independent-samples f-test failed to reveal
a difference between the average scaling applied in patients
(mean = 1.11) compared to controls (mean = 1.08)
(t = —0.957, P = 0.349). This suggests that there are no
gross registration differences between the two groups. As a
result, any structural differences are unlikely to have driven
the functional-anatomical difference we observed in RIFG
language-related activation.

Conclusions

The extent to which our findings extend to language process-
ing following left hemisphere injury more generally will need
to be investigated further. It is likely that activation within key
regions will depend on the specific left hemisphere regions
affected by pathology, the nature of pathology, the extent of
language impairment/recovery and the specific language
functions tested. The similarity between the results obtained
in preoperative LTLE patients and in our hemispherectomy
patient for both fluency tasks suggests, however, that these
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findings may have more widespread implications. These
results, for example, suggest the possibility of predicting lan-
guage outcome following left temporal lobectomy for epilepsy
on the basis of measuring not only the extent of preoperative
right hemisphere activation, but also its location.

Acknowledgements

We would like to thank the Medical Research Council
(P.M.M.), the Epilepsy Research Foundation (UK) (J.E.A.)
and private donors to the Cairns Fund (N.L.V.) for personal
support. Work in the FMRIB Centre is supported primarily by
the Medical Research Council. We would also like to thank
Mark Jenkinson, Brian Patenaude and Mark Woolrich for
analysis support.

References

Adcock JE, Wise RG, Oxbury JM, Oxbury SM, Matthews PM. Quantitative
fMRI assessment of the differences in lateralization of language-related
brain activation in patients with temporal lobe epilepsy. Neuroimage
2003; 18: 423-38.

Amunts K, Schleicher A, Burgel U, Mohlberg H, Uylings HB, Zilles K. Broca’s
region revisited: cytoarchitecture and intersubject variability. ] Comp
Neurol 1999; 412: 319-41.

Angrilli A, Elbert T, Cusumano S, Stegagno L, Rockstroh B. Temporal
dynamics of linguistic processes are reorganized in aphasics’ cortex: an
EEG mapping study. Neuroimage 2003; 20: 657—66.

Bernasconi N, Duchesne S, Janke A, Lerch J, Collins DL, Bernasconi A.
Whole-brain voxel-based statistical analysis of gray matter and white
matter in temporal lobe epilepsy. Neuroimage 2004; 23: 717-23.

Bookheimer S. Functional MRI of language: new approaches to under-
standing the cortical organization of semantic processing. Annu Rev
Neurosci 2002; 25: 151-88.

Bottini G, Corcoran R, Sterzi R, Paulesu E, Schenone P, Scarpa P, et al.
The role of the right hemisphere in the interpretation of figurative
aspects of language. A positron emission tomography activation study.
Brain 1994; 117: 1241-53.

Brazdil M, Zakopcan J, Kuba R, Fanfrdlova Z, Rektor I. Atypical hemispheric
language dominance in left temporal lobe epilepsy as a result of the
reorganization of language functions. Epilepsy Behav 2003; 4: 414-9.

Chau W, McIntosh AR. The Talairach coordinate of a point in the MNI space:
how to interpret it. Neuroimage 2005; 25: 408-16.

Deacon D, Grose-Fifer J, Yang CM, Stanick V, Hewitt S, Dynowska A.
Evidence for a new conceptualization of semantic representation in the
left and right cerebral hemispheres. Cortex 2004; 40: 467-78.

Demonet JF, Thierry G, Cardebat D. Renewal of the neurophysiology of
language: functional neuroimaging. Physiol Rev 2005; 85: 49-95.

Devlin JT, Matthews PM, Rushworth MF. Semantic processing in the left
inferior prefrontal cortex: a combined functional magnetic resonance
imaging and transcranial magnetic stimulation study. ] Cogn Neurosci
2003; 15: 71-84.

Federmeier KD, Kutas M. Right words and left words: electrophysiological
evidence for hemispheric differences in meaning processing. Brain Res
Cogn Brain Res 1999; 8: 373-92.

Fiebach CJ, Friederici AD. Processing concrete words: fMRI evidence against
a specific right-hemisphere involvement. Neuropsychologia 2004; 42:
62-70.

Foundas AL, Eure KF, Luevano LF, Weinberger DR. MRI asymmetries of
Broca’s area: the pars triangularis and pars opercularis. Brain Lang 1998; 64:
282-96.

Foundas AL, Weisberg A, Browning CA, Weinberger DR. Morphology of
the frontal operculum: a volumetric magnetic resonance imaging study
of the pars triangularis. ] Neuroimaging 2001; 11: 153-9.

Brain (2006), 129, 754-766 765

Gold BT, Kertesz A. Right hemisphere semantic processing of visual
words in an aphasic patient: an fMRI study. Brain Lang 2000; 73:
456-65.

Helmstaedter C, Kurthen M, Linke DB, Elger CE. Right hemisphere restitu-
tion of language and memory functions in right hemisphere language-
dominant patients with left temporal lobe epilepsy. Brain 1994; 117:
729-37.

Janszky J, Jokeit H, Heinemann D, Schulz R, Woermann FG, Ebner A. Epilep-
tic activity influences the speech organization in medial temporal lobe
epilepsy. Brain 2003; 126: 2043-51.

Jenkinson M, Smith S. A global optimisation method for robust affine
registration of brain images. Med Image Anal 2001; 5: 143-56.

Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the
robust and accurate linear registration and motion correction of brain
images. Neuroimage 2002; 17: 825—41.

Keller SS, Mackay CE, Barrick TR, Wieshmann UC, Howard MA, Roberts N.
Voxel-based morphometric comparison of hippocampal and extra-
hippocampal abnormalities in patients with left and right hippocampal
atrophy. Neuroimage 2002a; 16: 23-31.

Keller SS, Wieshmann UC, Mackay CE, Denby CE, Webb ], Roberts N.
Voxel based morphometry of grey matter abnormalities in patients
with medically intractable temporal lobe epilepsy: effects of side of seizure
onset and epilepsy duration. ] Neurol Neurosurg Psychiatry 2002b; 73:
648-55.

Keller SS, Wilke M, Wieshmann UC, Sluming VA, Roberts N. Comparison of
standard and optimized voxel-based morphometry for analysis of brain
changes associated with temporal lobe epilepsy. Neuroimage 2004; 23:
860-8.

Knecht S, Deppe M, Ebner A, Henningsen H, Huber T, Jokeit H, et al.
Noninvasive determination of language lateralization by functional tran-
scranial Doppler sonography: a comparison with the Wada test. Stroke
1998; 29: 82-6.

Knecht S, Jansen A, Frank A, van Randenborgh J, Sommer J, Kanowski M,
et al. How atypical is atypical language dominance? Neuroimage 2003; 18:
917-27.

Krageloh-Mann I. Imaging of early brain injury and cortical plasticity. Exp
Neurol 2004; 190 Suppl 1: S84-90.

Lehericy S, Cohen L, Bazin B, Samson S, Giacomini E, Rougetet R, et al.
Functional MR evaluation of temporal and frontal language dominance
compared with the Wada test. Neurology 2000; 54: 1625-33.

Liegeois F, Connelly A, Cross JH, Boyd SG, Gadian DG, Vargha-Khadem F,
et al. Language reorganization in children with early-onset lesions of the left
hemisphere: an fMRI study. Brain 2004; 127: 1229-36.

Loring DW, Strauss E, Hermann BP, Perrine K, Trenerry MR, Barr WB, et al.
Effects of anomalous language representation on neuropsychological
performance in temporal lobe epilepsy. Neurology 1999; 53: 260—4.

Menard A, Le Normand MT, Rigoard MT, Cohen H. Language development
in a child with left hemispherectomy. Brain Cogn 2000; 43: 332—-40.

Mimura M, Kato M, Kato M, Sano Y, Kojima T, Naeser M, et al. Prospective
and retrospective studies of recovery in aphasia. Changes in cerebral blood
flow and language functions. Brain 1998; 121: 2083-94.

N’Kaoua B, Lespinet V, Barsse A, Rougier A, Claverie B. Exploration of
hemispheric specialization and lexico-semantic processing in unilateral
temporal lobe epilepsy with verbal fluency tasks. Neuropsychologia
2001; 39: 635-42.

Noppeney U, Price CJ, Duncan JS, Koepp MJ. Reading skills after left anterior
temporal lobe resection: an fMRI study. Brain 2005; 128: 1377-85.

Perani D, Cappa SF, Tettamanti M, Rosa M, Scifo P, Miozzo A, et al. A fMRI
study of word retrieval in aphasia. Brain Lang 2003; 85: 357-68.

Piccirilli M, D’Alessandro P, Tiacci C, Ferroni A. Language lateralization in
children with benign partial epilepsy. Epilepsia 1988; 29: 19-25.

Pulsifer MB, Brandt J, Salorio CF, Vining EP, Carson BS, Freeman JM. The
cognitive outcome of hemispherectomy in 71 children. Epilepsia 2004;
45: 243-54.

Rasmussen T, Milner B. The role of early left-brain injury in determining
lateralization of cerebral speech functions. Ann N Y Acad Sci 1977; 299:
355-69.

102 ‘22 Arenige4 uo AlsPAIUN a1eIS BIUA|ASuUusd e /6.10°S feuinolplojxoureld//:dny woly papeojumoq


http://brain.oxfordjournals.org/
http://brain.oxfordjournals.org/

766 Brain (2006), 129, 754-766

Richards L, Chiarello C. Activation without selection: parallel right hemi-
sphere roles in language and intentional movement? Brain Lang 1997;
57: 151-78.

Risse GL, Gates JR, Fangman MC. A reconsideration of bilateral language
representation based on the intracarotid amobarbital procedure. Brain
Cogn 1997; 33: 118-32.

Roux FE, Boulanouar K, Lotterie JA, Mejdoubi M, LeSage JP, Berry I.
Language functional magnetic resonance imaging in preoperative
assessment of language areas: correlation with direct cortical stimulation.
Neurosurgery 2003; 52: 1335-45; discussion 1345-47.

Rutten GJ, van Rijen PC, van Veelen CW, Ramsey NF. Language area loc-
alization with three-dimensional functional magnetic resonance imaging
matches intrasulcal electrostimulation in Broca’s area. Ann Neurol 1999;
46: 405-8.

Smith SM, Beckmann CF, Ramnani N, Woolrich MW, Bannister PR,
Jenkinson M, et al. Variability in fMRI: a re-examination of inter-
session differences. Hum Brain Mapp 2005; 24: 248-57.

Springer JA, Binder JR, Hammeke TA, Swanson SJ, Frost JA, Bellgowan PS,
et al. Language dominance in neurologically normal and epilepsy subjects: a
functional MRI study. Brain 1999; 122: 2033-46.

St George M, Kutas M, Martinez A, Sereno MI. Semantic integration in
reading: engagement of the right hemisphere during discourse processing.
Brain 1999; 122: 1317-25.

Stark RE, McGregor KK. Follow-up study of a right- and a left-
hemispherectomized child: implications for localization and impairment
of language in children. Brain Lang 1997; 60: 222-42.

Staudt M, Grodd W, Niemann G, Wildgruber D, Erb M, Krageloh-Mann I.
Early left periventricular brain lesions induce right hemispheric organiza-
tion of speech. Neurology 2001; 57: 122-5.

Staudt M, Lidzba K, Grodd W, Wildgruber D, Erb M, Krageloh-Mann I.
Right-hemispheric organization of language following early left-sided brain
lesions: functional MRI topography. Neuroimage 2002; 16: 954-67.

Taylor KI, Regard M. Language in the right cerebral hemisphere: contribu-
tions from reading studies. News Physiol Sci 2003; 18: 257-61.

N. L. Voets et al.

Thiel A, Herholz K, Koyuncu A, Ghaemi M, Kracht LW, Habedank B,
et al. Plasticity of language networks in patients with brain tumors:
a positron emission tomography activation study. Ann Neurol 2001; 50:
620-9.

Thiel A, Habedank B, Winhuisen L, Herholz K, Kessler J, Haupt WF, et al.
Essential language function of the right hemisphere in brain tumor
patients. Ann Neurol 2005; 57: 128-31.

Thivard L, Hombrouck J, du Montcel ST, Delmaire C, Cohen L, Samson S,
et al. Productive and perceptive language reorganization in temporal
lobe epilepsy. Neuroimage 2005; 24: 841-51.

Thulborn KR, Carpenter PA, Just MA. Plasticity of language-related brain
function during recovery from stroke. Stroke 1999; 30: 749-54.

Tucha OW, Smely CW, Lange KW. Verbal and figural fluency in patients with
mass lesions of the left or right frontal lobes. J Clin Exp Neuropsychol 1999;
21: 229-36.

Vargha-Khadem F, Isaacs EB, Papaleloudi H, Polkey CE, Wilson J. Develop-
ment of language in six hemispherectomized patients. Brain 1991; 114:
473-95.

Wada J. A new method for the determination of the side of cerebral speech
dominance. A preliminary report on the intra-carotid injection of sodium
amytal in man. Med Biol 1949; 14: 221-2.

Warburton E, Price CJ, Swinburn K, Wise R]. Mechanisms of recovery from
aphasia: evidence from positron emission tomography studies. ] Neurol
Neurosurg Psychiatry 1999; 66: 155-61.

Weiller C, Isensee C, Rijntjes M, Huber W, Muller S, Bier D, et al. Recovery
from Wernicke’s aphasia: a positron emission tomographic study. Ann
Neurol 1995; 37: 723-32.

Woermann FG, Jokeit H, Luerding R, Freitag H, Schulz R, Guertler S, et al.
Language lateralization by Wada test and fMRI in 100 patients with
epilepsy. Neurology 2003; 61: 699-701.

Woolrich MW, Ripley BD, Brady M, Smith SM. Temporal autocorrelation in
univariate linear modeling of FMRI data. Neuroimage 2001; 14: 1370-86.

Worsley KJ, Friston KJ. Analysis of fMRI time-series revisited—again.
Neuroimage 1995; 2: 173-81.

102 ‘22 Arenige4 uo AlsPAIUN a1eIS BIUA|ASuUusd e /6.10°S feuinolplojxoureld//:dny woly papeojumoq


http://brain.oxfordjournals.org/
http://brain.oxfordjournals.org/

