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Abstract—Objective: To investigate the degree of language dominance in patients with left and right hemisphere seizure
foci compared to normal volunteers using a fMRI reading comprehension task. Methods: Fifty patients with complex
partial epilepsy, aged 8 to 56 years and 33 normal volunteers, aged 7 to 34 had fMRI (1.5 T) and neuropsychological
testing. Participants silently named an object described by a sentence compared to a visual control. Data were analyzed
with region of interest (ROI) analysis based on t maps for inferior frontal gyrus (IFG), midfrontal gyrus (MFG), and
Wernicke area (WA). Regional asymmetry indices (AIs) were calculated [(L � R)/(L � R)]; AI �0.20 was deemed left
dominant and AI �0.20 as atypical language. Results: Left hemisphere focus patients had a higher likelihood of atypical
language than right hemisphere focus patients (21% vs 0%, �2 � 0.002). Left hemisphere focus patients, excluding those
with atypical language, had lower regional AI in IFG, MFG, and WA than controls. Right hemisphere focus patients were
all left language dominant and had a lower AI than controls in WA and MFG, but not for IFG. AI in MFG and WA were
similar between left hemisphere focus/left language patients and right hemisphere focus patients. Patients activated more
voxels than healthy volunteers. Lower AIs were attributable to greater activation in right homologous regions. Less
activation in the right-side WA correlated with better verbal memory performance in right focus/left hemisphere-dominant
patients, whereas less strongly lateralized activation in IFG correlated better with Verbal IQ in left focus/left hemisphere-
dominant patients. Conclusions: Patients had lower asymmetry indices than healthy controls, reflecting increased recruit-
ment of homologous right hemisphere areas for language processing. Greater right hemisphere activation may reflect
greater cognitive effort in patient populations, the effect of epilepsy, or its treatment. Regional activation patterns reflect
adaptive efforts at recruiting more widespread language processing networks that are differentially affected based on
hemisphere of seizure focus.
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Patients with localization-related epilepsy may ex-
hibit intra- or interhemispheric functional reorgani-
zation of language processing.1,2 fMRI, an established
method to identify language networks,3,4 can mea-
sure regional language lateralization.5,6 Studies in
adults and children using reading comprehension,5,7

listening comprehension,8-10 and single-word lexical
processing11-14 identify a distributed network that is
highly lateralized. The areas “activated” encompass
“receptive” language processing along the left supe-
rior temporal sulcus extending to the supramarginal
gyrus (Brodmann area [BA] 21,22, 39), and “expres-
sive” language processing in the left inferior frontal
gyrus (BA 44,45, 47) and left middle frontal gyrus
(BA 9,46). fMRI studies stressing verbal fluency and
semantic decision targeted at frontal language net-
works confirm that 94 to 96% of healthy right-
handed adult volunteers are left dominant for
language.15,16

Several of these language paradigms have been
used to determine the dominant hemisphere for lan-
guage in patients considered for epilepsy surgery,
principally as a noninvasive version of the intraca-
rotid amobarbital test. As a consequence, most prior
fMRI studies in patients with epilepsy aimed to opti-
mize paradigms and strategies for determining hemi-
sphere dominance for language.10,17-21 These studies
also confirm a higher incidence of atypical language
dominance, approximately 25%, in epilepsy popula-
tions compared to healthy control groups.15,21-23 Re-
latively few studies, however, have examined the
effect of localization-related epilepsy on regional
brain activation patterns associated with language
processing.15,21,24,25

Based on the hypothesis that a left-sided seizure
focus disrupts the normal representation of language
functions, we predicted that patients with a left sei-
zure focus would (1) exhibit a higher likelihood of
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atypical language representation than right hemi-
sphere seizure focus patients and normal controls
and (2) show greater right hemisphere activation
and less marked hemisphere dominance. Further-
more, left hemisphere focus patients who were left
hemisphere dominant for language would be less
strongly lateralized for language dominance com-
pared to healthy controls. In contrast, patients with
a right hemisphere seizure focus would not exhibit
atypical language dominance and would be as
strongly lateralized for language dominance as
healthy controls. Finally, we investigated the rela-
tionship between language lateralization and facility
of cognitive skills by correlating brain activation
with neuropsychological measures. Whereas prior
studies primarily targeted frontal language net-
works, we performed our study using a task previ-
ously demonstrated to activate reliably both
temporal lobe language processing areas and frontal
lobe language-processing areas.5,21

Methods. Subjects. Patients. Fifty patients (26 adults, 24
children) with complex partial seizures ranging in age from 8 to
56 years (mean 22.9 years) were evaluated with an fMRI reading
paradigm as approved by the institutional review board of the
National Institute of Neurologic Disorders and Stroke, NIH. In-
formed consent was obtained from adult patients and from par-
ents of pediatric patients. Assent was obtained from minors.
Forty-nine patients were native English speakers; one was fluent
in English that had been acquired before age 5. Twenty-three
were male and 27 female. Mean seizure onset age was 10.2 years
(range 0.5 to 36). Forty patients were right handed, eight left
handed, and two ambidextrous. Seizure focus was based on ictal
and interictal EEG, MRI, and clinical characteristics. Thirty-four
patients had left hemisphere focus and 16 patients had a right
hemisphere focus. A temporal lobe focus was identified in 43 pa-
tients, extratemporal neocortical focus in five patients (four fron-
tal, one parietal), and a frontotemporal focus in one. One patient
had independent frontal and temporal foci in the same hemi-
sphere. Structural MRI (1.5 T, Signa, General Electric Medical
Systems, Milwaukee, WI) was normal in 21 (one later found to
have microscopic dysplasia following resection, two had transient
T2 temporal neocortical signal changes following initial seizure
presentation), 19 had mesial temporal sclerosis (MTS), five had a
mesial temporal low-grade tumor, three had mesial temporal dys-
plasia, and two had temporal lobe vascular malformations.

Normal controls. Thirty-three volunteers (21 adults, 12 chil-
dren) who had normal neurologic examinations and normal struc-
tural MRI were studied with the same fMRI paradigm. The mean
age for all normal volunteers was 22 years (range 7 to 43). Seven-
teen were male and 16 were female. All normal volunteers were
native English speakers and right handed as measured by the
Edinburgh Handedness Inventory.26 Data on 30 patients and the
normal volunteers were reported previously.21

Neuropsychological testing. Neuropsychological testing re-
sults were obtained from a patient’s referring medical center.
Measures varied among referral sources. They were included in
this analysis if data were recorded for at least 15 patients. Do-
mains included intellectual functioning, memory, and language.
Intellectual assessment was conducted with the age-appropriate
Wechsler scale (Wechsler Adult Intelligence Scale, Third Edition
or Wechsler Intelligence Scale for Children, Third Edition. The
mean Full Scale IQ (FSIQ) for patients (n � 38) was in the aver-
age range (93 � 18) but ranged from the mentally retarded to
superior range (55 to 138). Immediate verbal memory was mea-
sured by the Wechsler Memory Scale, Third Edition for adults and
the Wide Range Assessment of Memory and Learning for children.
Immediate verbal memory was average (ss � 9) for the sample
(n � 26), ranging from below average to above average (4 to 15).
Both children and adults were given the Boston Naming Test and
Controlled Oral Word Association. Raw scores were converted to
age-normed standardized scores. Naming was low average for the

group (n � 25) with a mean standard score of 82 (SD � 23).
Fluency (n � 21) was also low average with a mean standard score
of 82 (SD � 31). Overall, patients’ cognitive functioning fell in the
average range. Specific measures on the healthy volunteers are
unavailable; however, all but one of the adult volunteers held a
college degree, and most held graduate degrees. Children were
likely comparable to our subsequent pediatric study populations
where the mean IQ is 115.26,27

MRI scanning. Scanning parameters have been described
previously and are briefly reviewed. Whole-brain fMRI was con-
ducted on a conventional 1.5-T scanner (Signa, General Electric
Medical Systems).5 Gradient-recalled echo–planar images were
collected using TE (echo time) � 40 milliseconds, FOV (field of
view) � 22 � 22 cm, acquisition matrix � 64 � 64, and interscan
interval (repetition time [TR]) � 4000 milliseconds. During each
functional scan, a brain volume composed of 20 contiguous 5-mm
thick axial slices was selected to provide coverage of the entire
brain (voxel size 3.4375 � 3.4375 � 5 mm).

After functional imaging, anatomic images were collected us-
ing a three-dimensional fast spoiled gradient echo (SPGR) se-
quence (TE � 3.5 milliseconds, TR � 10.1 milliseconds, inversion
time [TI] � 600, flip angle 20 degrees, number of excitations
[NEX] � 1, slice thickness � 5 mm, FOV � 24 � 24, acquisition
matrix � 256 � 256). Images were collected parallel to the ante-
rior commissure–posterior commissure plane. Foam padding and
an adjustable cotton strip were used to limit head motion within
the coil.

Ninety-six sequential echo-planar volumes were collected dur-
ing functional image data acquisition (total scanning duration � 6
minutes, 24 seconds). The functional study employed a block de-
sign composed of six epoch cycles; each cycle consisted of an exper-
imental task (reading an object description) alternated with a
visual control task (viewing letter-sized black boxes). The stimuli
were presented through a MacIntosh computer using Superlab
software onto a rear projection screen positioned at the end of the
scanner bed.

Experimental paradigm. In the experimental condition, read
response naming (RRN), study participants were instructed to
read silently a sentence describing an object and think to them-
selves a single word matching the description (e.g., “What is a
long yellow fruit?” Answer: “banana.”) Stimuli have been de-
scribed previously5 and were selected from the Peabody Picture
Vocabulary Test28 and the One Word Expressive Picture Vocabu-
lary Test.29 There were eight sentences per epoch. Control stimuli
consisted of eight different patterns of letter-sized squares that
were displayed one at a time and were matched for sentence
length and horizontal degree of visual angle subtended. Patients
were instructed to perform the task silently and not to move. The
same experimental paradigm was used for all patients without
adjusting for individual ability. Item difficulty was designed so
that 85% of task items could be readily answered by a 10 year old.
Item difficulty was based on normative and pilot screening data.

Individual image processing and region of interest (ROI) analy-
sis. Our data processing and ROI analysis methods have been
reported in detail previously, including a description of our ROIs,
choice of threshold, and criteria for activation and lateraliza-
tion.21,30 They are validated in relation to invasive methods of
language lateralization and are comparable to other fMRI studies
for determining language dominance in epilepsy popula-
tions.5,10,19,21-23,31 The three ROIs included inferior frontal gyrus
(IFG), midfrontal gyrus (MFG), and Wernicke area (broadly de-
fined) (WA) in the temporal/inferior parietal lobe. Motion was
assessed by measuring the signal change for all voxels across the
experimental run.21,32

Further analysis was performed using an IDL-based auto-
mated program that generated individual t maps (t � 4.0) compar-
ing control and task conditions on a voxel by voxel basis.33 Voxels
that exceeded the statistical threshold were deemed “activated.”
ROIs were drawn on individual participants maps based on ana-
tomic landmarks while blinded to activation patterns; voxels ex-
ceeding the t threshold were automatically counted in the region
previously described.5 A minimum of four voxels in a region and at
least a four-voxel difference between hemispheres were required
as part of the lateralization criteria to guard against spurious
activation as data were unfiltered and not clustered.5,21 Regional
asymmetry indices (AIs) were calculated from number of activated
voxels, with AI � [(L � R)/(L � R)], and language dominance
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defined as �AI� �0.20. An AI �0.20 shows left hemisphere lan-
guage dominance. Laterality for a patient was considered present
when one or more regions had an AI �0.20. An AI between 0.20
and �0.20 was deemed bilateral activation. A study was also
considered bilateral if two regions had opposite AI laterality.
Atypical language dominance included patients with bilateral or
right language (AI� �0.20).

For the initial analysis, the following were performed. 1) Voxel
counts and AIs among the three ROIs were compared between
normal volunteers and patients using a multiple analysis of vari-
ance (MANOVA). 2) Further analysis was conducted taking into
account location of hemisphere dominance for language and sei-
zure focus. We divided the patient groups between right and left
hemisphere seizure focus and determined the presence of atypical
language dominance, regional AIs, and voxel counts. 3) Next,
based on our fMRI criteria for atypical language and side of sei-
zure focus, we placed patients into four groups: we divided the left
focus patients between those with left focus left language domi-
nance (LF/LL) and those with left focus but atypical language
dominance (LF/AL) and separated the right seizure focus group
between right focus and left language dominance (RF/LL) and
right focus with atypical language dominance (RF/AL). We then
compared the LF/LL group to the RF/LL group to determine
whether a left hemisphere seizure focus has deleterious effects on
language processing despite preservation of typical left language
dominance. 4) Finally, we examined the effect of lobe of seizure
origin on language laterality. Correlation analyses were conducted
with voxel count and absolute AI values and neuropsychological
data from patients.

Results. Mean regional AIs and voxel numbers are pre-
sented in table 1 for normal volunteer and patient data.
Typical activation maps for the task in healthy adults and
children have been previously reported.5,21 Adult and child
activation patterns were similar. There were no differences
between adults and children (F � 1.103, p � 0.05) in
number of voxels activated or AI; therefore, groups were
not separated by age for subsequent analyses. There were
no differences in motion measures between children and
adults.

Normal/patient comparisons. All but one normal vol-
unteer was left language dominant for all ROIs examined.
This one subject was left language dominant for frontal

regions but bilateral for WA. There were differences in
number of voxels activated and AI between patient and
normal volunteers (p � 0.001) (see table 1). Patients had
lower AI for IFG (p � 0.05), MFG (p � 0.001), and WA (p �
0.0001). The number of activated voxels in left hemisphere
regions were not different between patients and controls
for IFG or WA, but there was a trend for MFG (p � 0.08).
However, patients had more voxels activated than normal
volunteers for right hemisphere regions in IFG (p � 0.01),
MFG (p � 0.001), and WA (p � 0.001) (figure 1). Patients
moved less (the mean, median, and SD of change in signal
intensity during the experimental run) than normal volun-
teers for all motion parameters (p � 0.0001).

Table 1 Healthy volunteer and patient group regional results for asymmetry index (AI) and voxel counts (SD)

AI No. of voxels in left hemisphere No. of voxels in right hemisphere

Subject IFG MFG Wernicke IFG MFG Wernicke IFG MFG Wernicke

Patients, n � 50 0.48 (0.54) 0.41 (0.55) 0.55 (0.41) 13.62 (18.98) 15.38 (14.93) 22.8 (19.56) 3.62 (4.97) 5.32 (6.55) 5.74 (5.73)

Normals, n � 33 0.72 (0.40) 0.78 (0.78) 0.84 (0.22) 8.18 (7.29) 10.79 (8.69) 18.36 (11.86) 1.12 (3.55) 0.94 (1.64) 1.94 (3.14)

Adult normal, n � 21 0.69 (0.41) 0.78 (0.32) 0.79 (0.24) 8.38 (7.33) 12.48 (9.03) 17.81 (11.64) 1.48 (4.32) 1.19 (1.72) 2.42 (3.72)

Child normal, n � 12 0.79 (0.40) 0.79 (0.40) 0.91 (0.15) 7.83 (7.52) 7.83 (7.52) 19.33 (12.68) 0.50 (1.45) 0.50 (1.45) 1.08 (1.51)

Child patient, n � 24 0.49 (0.51) 0.44 (0.56) 0.52 (0.35) 10.92 (12.77) 12.25 (11.96) 23.33 (20.75) 3.04 (4.67) 4.67 (5.75) 6.58 (5.88)

Adult patient, n � 26 0.48 (0.59) 0.38 (0.55) 0.58 (0.45) 16.12 (23.29) 18.27 (16.94) 22.31 (18.80) 4.15 (5.26) 5.92 (7.27) 4.96 (5.58)

Left focus, n � 34 0.36 (0.59) 0.36 (0.52) 0.51 (0.44) 10.65 (11.66) 13.59 (13.22) 24.76 (21.74) 3.41 (4.05) 5.50 (6.47) 6.32 (6.07)

Right focus, n � 16 0.76 (0.27) 0.52 (0.54) 0.64 (0.32) 19.94(28.55) 19.19 (17.92) 18.63 (13.54) 4.06 (6.64) 4.94 (6.90) 4.50 (4.87)

Left focus/left
language, n � 27

0.45 (0.48) 0.45 (0.45) 0.65 (0.28) 12.85 (12.13) 16.00 (13.57) 28.67 (21.10) 3.56 (4.25) 5.59 (6.26) 6.59 (6.50)

Left focus/atypical
language, n � 7

�0.03 (0.84) 0.004 (0.83) �0.04 (0.52) 2.14 (1.95) 4.29 (5.99) 9.71 (18.33) 2.86 (3.44) 5.14 (7.76) 5.28 (4.23)

Right focus/left
language, n � 16

0.76 (0.27) 0.52 (0.54) 0.64 (0.32) 19.94 (28.55) 19.19 (17.92) 18.63 (13.54) 4.06 (6.64) 4.94 (6.90) 4.50 (4.87)

Normals, n � 33 0.72 (0.40) 0.78 (0.34) 0.84 (0.22) 8.18 (7.29) 10.79 (8.69) 18.36 (11.86) 1.12 (3.55) 0.94 (1.64) 1.94 (3.14)

IFG � inferior frontal gyrus; MFG � midfrontal gyrus.

Figure 1. Graphic comparison of voxel counts between pa-
tients (groups collapsed) and normal volunteers for left
and right hemisphere regions of interest. IFG � inferior
frontal gyrus; MF � midfrontal gyrus; WA � Wernicke
area. �p � 0.08; *p � 0.01; **p � 0.001.
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Seizure focus and language dominance comparisons.
Experimental data were further examined based on side of
focus and language dominance. Based on clinical evalua-
tion and fMRI findings, patients fell into the following
three groups: 27 patients were LF/LL dominant, seven pa-
tients were LF/AL, and 16 patients were RF/LL; only pa-
tients with a left hemisphere seizure focus had atypical
language representation. Differences in regional AI and
hemisphere voxel counts were found among subjects and
the three patient groups (p � 0.001) (see table 1; figure 2).

Left and right focus. Patients with a left hemisphere
focus had an overrepresentation of atypical language com-
pared to right hemisphere focus patients (�2, p � 0.002). In
patients with a left focus, we found a trend toward lower
IFG AI for patients with earlier onset epilepsy (p � 0.07).
The age at seizure onset did not correlate with asymmetry
index in MFG or WA or with activated voxel number in
any ROI in either hemisphere. All patients with atypical
language dominance, however, either had seizure onset
before age 6 years (four children), had risk factors (atypical
handedness [three children]), or had brain lesions (MTS,
dysplasia, vascular malformations [five children]) attribut-
able to an age before 6 years. Duration of epilepsy was not
associated with regional AI or voxel counts.

A trend toward differences in language activation be-
tween left and right focus patients was found (p � 0.10).
This difference was largely accounted for by the signifi-
cantly lower AI in IFG for left hemisphere patients (p �
0.01). All other voxel counts and AI values were similar
among left and right focus patients. However, differences
are revealed when patients are grouped according to sei-
zure focus and language representation.

LF/AL. By definition, patients with LF/AL had lower
AI than normal controls and other patient groups for all
regions (IFG, p � 0.01; MFG, p � 0.05; WA, p � 0.001).
However, due to the small sample size, the underlying,
lateralized regional voxel counts that contributed to the AI
differences showed trends rather than significant differ-
ences. LF/AL patients activated fewer voxels in left hemi-
sphere regions compared to either subjects or other

patients. Right hemisphere activation for the atypical
group did not differ from the other two patient groups but
was greater than the normal group.

LF/LL. LF/LL patients had a lower AI than normal
controls for all tested areas (p � 0.05). For WA and MFG,
LF/LL patients had AI values similar to those of RF/LL
patients. For IFG, the AI was lower in LF/LL than RF/LL
patients (p � 0.05).

RF/LL. RF/LL patients had AI values similar to those
of normal controls for IFG, but were similar to left focus
patients for MFG and WA. Although IFG AI values of
RF/LL patients were similar to those of normal controls,
the underlying distribution of voxels accounting for this
pattern differed. RF/LL patients activated more left IFG
voxels than any other group, normal or patient (p � 0.05).
This group also activated more right IFG hemisphere vox-
els than subjects (p � 0.05). For MFG, right focus patients
showed a trend toward lower AI values than normal con-
trols (p � 0.07), remaining more similar to the LF/LL pa-
tient group. For WA, right focus patients had lower AI
values than normal controls (p � 0.05) and laterality val-
ues comparable to those of left focus patients.

Lobar focus. Due to insufficient sample numbers, pa-
tients were divided into two groups: temporal lobe focus
(n � 43) and nontemporal lobe focus (n � 7). MANOVA
revealed no significant differences between the groups for
voxel count or AIs for any ROI. In addition, subsequent
analyses that omitted the five patients with an extratem-
poral focus did not alter interpretation of results.

Neuropsychological correlations. Table 2 shows IQ
measures for patient groups. MANOVA found that the
LF/AL patients performed the same as LF/LL in all tests
but Performance IQ (PIQ) where their performance was
lower than the LF/LL group (p � 0.05). There were no
differences between LF/LL and RF/LL groups. Table 3
shows fMRI-neuropsychological correlations. For the
LF/LL patients, higher Verbal IQ (VIQ) (p � 0.05) and
higher FSIQ (p � 0.05) correlated with lower AI in IFG.
Higher naming scores correlated with lower AI in MFG
(p � 0.05). A trend was found for better verbal fluency to

Figure 2. Graphic comparison of asym-
metry index across normal volunteer
and patient groups(LF/LL � left focus/
left language; LF/AL � left focus/atypi-
cal language; RF/LL � right focus/left
language) for region regions of interest.
IFG � inferior frontal gyrus; MFG �
midfrontal gyrus.
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correlate with lower AI in IFG (p � 0.09). For the RF/LL
patients, neuropsychological data were significantly posi-
tively correlated with activation in temporal and frontal
lobe regions. Higher PIQ (p � 0.01), higher FSIQ (p �
0.05), and greater verbal fluency (p � 0.01) correlated with
greater AI in WA. Better verbal fluency also correlated
with greater AI in IFG (p � 0.01).

Discussion. We found both widespread and focal
effects of localization-related epilepsy on the regional
and hemispheric distribution of language processing.
Age at seizure onset and the presence of a remote
symptomatic cause influenced the frequency and ex-
tent of atypical language representation. As pre-
dicted, left hemisphere seizure focus patients had a
higher incidence of atypical language dominance
(20%) than right hemisphere focus patients (0%) or
normal volunteers (3%). Atypical language domi-
nance is reported 4 to 6% in the healthy right-
handed population and 22 to 24% of the left-handed
population.1,15,16,34,35 All patients with evidence of
atypical hemispheric dominance for language had ei-
ther seizure onset or a risk factor for neurologic in-
sult before age 6. Insult to the dominant hemisphere
at an early age predisposes to atypical language rep-
resentation.1 The decrease in language laterality
among the LF group in large part reflects the high
incidence of atypical language dominance.

Studies in normal adult and child populations, us-
ing a variety of paradigms, find highly lateralized
language both in degree of AI and percentage of sub-
jects with left dominant activation. These left domi-

nant findings pertain to frontal areas (IFG, MFG)
and temporal regions (along the superior temporal
sulcus) and are similar to findings from the normal
population used in the present study.5,21 Most previ-
ous studies have employed tasks that target, on an
individual basis, frontal expressive language with an
emphasis on verbal fluency,11-13,19,36-38 or semantic de-
cision.11,14 Some investigations have employed read-
ing or listening tasks that stress whole language
comprehension using sentences or phrases rather
than single words.5,10,39,40 We selected a paradigm
that requires both text comprehension and semantic
recall that identifies expressive and receptive lan-
guage networks in order to examine the effect of
epilepsy on regional language processing.5,9,21

The proportion of patients with atypical language
in the left hemisphere focus group is similar to re-
ports of others using fMRI verbal fluency,23,24,41 se-
mantic decision,15 and listening comprehension24

where 23 to 33% of patients exhibit atypical lan-
guage. These studies also report low atypical domi-
nance in right hemisphere focus groups. fMRI
studies in epilepsy populations find atypical lan-
guage to be associated with early-onset seizures but
did not consider remote symptomatic pathology.15,22,24

Patients with a left hemisphere focus, who re-
mained left hemisphere dominant for language, dem-
onstrated a lower AI than healthy volunteers. This
observation supports the hypothesis that seizures, or
their remote symptomatic cause, may have a delete-
rious effect on left hemisphere language- processing

Table 2 IQ measures for patient groups

Group FSIQ (range) VIQ (range) PIQ (range)

Left focus/left language, n � 22 95 (68–138) 99 (64–133) 93 (66–136)

Right focus/left language, n � 12 92 (55–129) 95 (57–1423) 91 (556–111)

Left focus/atypical language, n � 4 84 (60–99) 77 (54–95) 95 (726–106)

FSIQ � Full Scale IQ; VIQ � Verbal IQ; PIQ � Performance IQ.

Table 3 Neuropsychological test and fMRI correlations

Patient Group Neuropsychological Measure IFG AI MFG AI Wernicke area AI

Left focus/left language VIQ �0.471† �0.276 0.022

FSIQ �0.488† �0.346 �0.027

BNT �0.37 �0.494† �0.224

Fluency �0.485‡ �0.377 0.111

PIQ, story memory No significant correlations

Right focus/left language PIQ 0.177 0.196 0.682*

FSIQ 0.147 0.110 0.541†

Fluency 0.886* �0.057 0.850*

VIQ, BNT, story memory No significant correlations

Left focus/atypical language VIQ, PIQ, FSIQ No significant correlations

* p � 0.01; † p � 0.05; ‡p � 0.09.

IFG � inferior frontal gyrus; AI � asymmetry index; MFG � midfrontal gyrus; VIQ � Verbal IQ; FSIQ � Full Scale IQ; BNT � Bos-
ton Naming Test; PIQ � Performance IQ.

1608 NEUROLOGY 65 November (2 of 2) 2005



networks and cause a partial shift of language pro-
cessing to homologous regions in the right, typically
nondominant, hemisphere. Furthermore, LF/LL pa-
tients show that higher scores on IQ, naming, and
fluency measures correlate with bilateral frontal ac-
tivation. For the left hemisphere focus patients, suc-
cessful recruitment of right frontal homologous
regions is an adaptive cognitive strategy that pre-
serves language capacity. Recent fMRI studies sup-
port the observation that patients with atypical
language perform better on language measures than
those with a left focus who remain left hemisphere
dominant for language.24

Contrary to experimental predictions, however,
the RF/LL group demonstrated a pattern similar to
that of the LF/LL group rather than that of the
healthy controls in MFG and WA. Only for IFG did
the data support the study hypothesis: patients with
a right-side focus activated significantly more voxels
than any other group in the left IFG and AI was
comparable to that of normal controls. For MFG, an
intermediate pattern was seen, likely reflecting in-
creased demands on working memory and plan-
ning.42 For WA, where AI was reduced, higher scores
on IQ and verbal fluency measures correlated with
greater left lateralized temporal activation. Some of
the RF patients paradoxically recruit right temporal
regions for task. A right-sided seizure focus may
have a deleterious effect on contralateral receptive
language processing or on nonlinguistic aspects of
language processing mediated by right temporal
regions.43-45 Increased right WA activation may be an
adaptive response to these effects. There is some ev-
idence of language-processing impairment in pa-
tients with right temporal lobe epilepsy46 including
paradoxically poor performance on phonologic and
semantic tasks.25 There is also evidence of improved
verbal measures following right temporal lobectomy,
supporting the notion of a remote deleterious effect
of right hemispheric seizures on left hemisphere lan-
guage functions.47

Regardless of side of seizure focus, patients had
diminished AI values due to increased activation in
homologous right cortical areas. There are several
possible explanations for these observations: motion,
medication, cognition, and the epilepsy disease pro-
cess. Movement artifact may account for group dif-
ferences by increasing the number of activated
voxels, thereby decreasing AI values. Yet, movement
measurements confirm that patients moved less
than normal volunteers. Activation differences may
be an effect of antiepileptic drugs (AEDs) in the pa-
tient population. AEDs are known to reduce global
cerebral metabolic rates for glucose and cerebral
blood flow, but neocortical region–specific effects of
AEDs are not described.48,49 It is unknown whether
AEDs alter the blood oxygen level–dependent re-
sponse on which fMRI is based or have region-
specific cognitive effects.50

Differences in activation laterality and extent may
be explained by differences in cognitive abilities, ef-

fort, and performance between patient sand control
populations. Although the patients fell within the
normal spectrum for IQ, the healthy volunteers
likely had a higher cognitive profile and narrower IQ
band.7,27,51 The task was designed to be performed
accurately by a 10-year-old child, but the paradigm
design did not allow for monitoring performance
measures such as accuracy or reaction time. Without
in-scanner behavioral data, it is not possible to de-
termine whether patients and normal volunteers dif-
fered in performance. Between-group differences
could account for the increased activation in right
homologous regions, as may be seen when the lin-
guistic complexity of a task is greater.5,52 Similarly, if
the experimental task required greater effort, re-
gardless of performance, for patients compared to
normal volunteers, the general increase in voxel
counts and lower AI may reflect engagement of ho-
mologous hemisphere networks recruited to compen-
sate for perceived level of difficulty.37

Focal dominant hemisphere injury early in life is
associated with reorganization of language process-
ing. fMRI studies show left hemisphere neonatal
stroke and left hemisphere congenital lesions result
in reorganization of language functions to homolo-
gous regions in the right hemisphere.53-56 Perinatal
injury restricted to frontal periventricular areas
causes a shift in frontal, but not temporal, processing
networks, to right homologous areas.57 Localization-
related epilepsy exerts both regional and remote ef-
fects on brain structure and function. Volumetric
structural imaging studies in temporal lobe epilepsy
demonstrate hippocampal formation and temporal
lobe atrophy,58-61 atrophy in projections from tempo-
ral lobe such as thalamus,62,63 and remote nonspecific
global changes in gray and white matter volume.64-67

Localization-related epilepsy affects laterality and
extent of brain activation in temporal and frontal
language-processing areas. As most of our patients
had a temporal lobe focus, the effect on frontal ex-
pressive language-processing networks in the left
seizure focus group suggests a remote functional ef-
fect of epileptic activity beyond a local influence on
temporal networks. A recent study used separate
paradigms to target frontal (verbal fluency) and tem-
poral language (listening to stories) -processing ar-
eas in adult patients with right and left mesial
temporal lobe epilepsy (TLE).24 The left TLE focus
group had reduced AI for both regions compared to
healthy controls and the right TLE group. When di-
vided into patients with and without atypical lan-
guage, collapsing the left and right focus patient
groups, the AIs were reduced for the atypical patient
group only. AI differences were less pronounced in
the frontal region, which may reflect either 1) differ-
ing effects on frontal language processing found in
mesial TLE or 2) a task effect because more bilateral
activation is typically found in verbal fluency tasks
relative to story-listening tasks.13,37,40 Given the lim-
ited patients in our study with a frontal lobe focus,
we cannot exclude a specific frontal seizure focus
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effect on regional activation patterns, as reported in
some intracarotid amobarbital test series.68,69

Patients with epilepsy may respond to the cogni-
tive processing constraints of the disease process by
using different regions of a widely distributed net-
work here an adaptive regional weighting within the
language-processing network. Additional support for
this view is provided by a recent functional imaging
study showing greater recruitment of frontal lobe
areas implicated in single-word semantic and phono-
logic processing in adult patients with TLE com-
pared to healthy volunteers.25 Another study of
verbal episodic memory, also in adult patients with
TLE, found reduced left mesial hippocampal activa-
tion but greater left dorsolateral prefrontal activa-
tion relative to healthy controls, lending further
support to shifting strategies and their underlying
neural networks to meet cognitive processing
demands.70

Atypical language representation is associated
with early seizure onset or history of a risk factor for
left hemisphere brain injury before age 6 years. Pa-
tients are more likely to engage right homologous
areas when performing a task regardless of hemi-
sphere focus. The side and location of the seizure
focus differentially affects laterality across cortical
language regions. The effect of lobar seizure focus on
local and remote distributed language networks re-
quires further study with larger populations divided
into homogeneous groups based on focus and under-
lying pathology. Localization-related epilepsy exerts
global brain effects on functional reorganization that
may be driven by pathologic processes and furthered
by adaptive changes.
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