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Background. Functional magnetic resonance imaging (fMRI) is commonly applied to study the neural substrates of language in clinical
research and for neurosurgical planning. fMRI language mapping is used to assess language lateralisation, or determine hemispheric
dominance, and to localise regions of the brain involved in language. Routine fMRI has been introduced in the Epilepsy Unit at Mediclinic
Constantiaberg to contribute to the current functional mapping procedures used in pre-surgical planning.

Method. In this paper we describe the language paradigms used in these routine studies as well as the results from 22 consecutive
epilepsy patients. Multi-subject analyses were performed to assess the reliability of activation patterns generated by two language mapping
paradigms, namely a verb generation task and passive listening task. Results from a finger-tapping task are also presented.

Results. The paradigms generate reliable and robust signal changes, enabling both the lateralisation of language and localisation of

expressive and receptive language cortex.

Conclusion. The fMRI results are meaningful at the group and individual level and can be recommended for language mapping in pre-

surgical patients.
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E'." E The surgical treatment of medically intractable
epilepsy is effective in controlling seizures.?
Language mapping is a critical part of the pre-surgical
E evaluation of patients to determine hemispheric
dominance and identify areas involved in language.
Localising eloquent regions means that they may be preserved in
surgery to avoid post-operative aphasia, while maximising the area of
resection to obtain the optimal seizure outcome.

Traditional methods used to lateralise language function include
neuropsychological testing and Wada testing. The Wada test, or
intra-carotid amytal procedure (IAP), has been considered the
gold standard for lateralising language.®’ The procedure involves
injecting a barbiturate into the carotid artery to anaesthetise one
hemisphere at a time, during which memory and language tests
are conducted to assess the functional reserve of the contralateral
hemisphere. Although the test has been shown to be reliable, it is
invasive, costly, time-consuming and carries a risk of stroke and
death.” In recent years functional magnetic resonance imaging
(fMRI) has been increasingly applied as an alternative method of
determining hemispheric dominance, since it is safer and more cost-
effective and generates a continuous measure of language. Results of
language fMRI and the IAP have been concordant in a large majority
of individuals with epilepsy.*”" In a meta-analysis of 23 studies
including 442 epilepsy patients, the sensitivity and specificity of fMRI
for atypical language dominance, compared with the Wada test, were
83.5% and 88% respectively.!®

The task of localising cortical areas critical to language is more
challenging. Electrocortical stimulation (ECS) remains the most
reliable technique, even with the advancements in fMRI. In ECS
electrical current is applied to the cortex, either via subdural electrodes
extra-operatively, or directly to the cortex intra-operatively. Electrical

current inhibits neuronal activity in the language cortex. Clinical tests
are conducted during the application of electrical current to assess
the effects of loss of function in the cortical region stimulated. It is
generally agreed that while fMRI identifies cortical regions involved
in language, ECS identifies those critical to the function.”

fMRI language mapping in epilepsy patients relies on blood oxygen
level-dependent (BOLD) contrast. This contrast measures changes in
haemodynamic response related to neuronal energy consumption on
T2*-weighted MR images while an expressive or receptive language
task is being performed.'” Functional paradigms are designed as
either blocked or event-related tasks. Blocked paradigms consist of a
series of alternating active and passive conditions and the method is
statistically robust since the signal acquired for each condition is high.
Using a general linear model, regions are identified where changes
in the T2*-weighted signal are temporally correlated with the active
and passive conditions of the task. Active and passive conditions are
contrasted in the analysis, to identify the regions that demonstrate
greater activity during active conditions than passive ones. The
identified regions are visualised on a T1-weighted MR image and
interpreted as being involved in the function performed during
the task. Once activation maps have been produced, hemispheric
dominance is assessed by either counting the active voxels (volumetric
pixels representing a value in 3-dimensional space) at a specified
threshold in each hemisphere, or assessing BOLD signal changes in
pre-defined anatomical regions. Findings from threshold-independent
measures have been shown to correlate most strongly with other
lateralisation techniques, such as the Wada test.!""1?!

Language is a complex task relying on a number of discrete but
interacting cognitive processes that recruit a distributed network of
brain regions. Therefore, it is recommended that multiple language
tasks be administered in fMRI in order to calculate language
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dominance as a continuous variable.® In localising language
function, several tasks have been shown to reliably activate expressive
and receptive language cortex (Table 1). Generally, verbal fluency
paradigms require expressive language and secondarily, language
comprehension and therefore activations are noted in Broca’s areas
and Wernicke’s area in the dominant hemisphere, in addition to
pre-motor cortex, posterior fusiform gyrus, middle temporal gyrus
and dorsolateral prefrontal cortex.!") Paradigms of passive listening
have been shown to reliably activate receptive cortex.'!! Receptive
language paradigms commonly show bilateral activation in the
posterior superior temporal gyri.!"!

Routine fMRI of language in pre-surgical epilepsy patients has
been introduced in the Epilepsy Unit at Mediclinic Constantiaberg.
These studies contribute to the broader functional mapping protocol
and are used to guide ECS and assist in surgical planning. Several
language tasks were tested in a series of 6 epilepsy patients and 2
healthy controls prior to finalising the routine language protocol,
to identify the tasks that most reliably produced signal changes in
eloquent cortex. Theses tasks included counting, verbal fluency, verb
generation and passive listening and were designed in accordance
with how they are commonly used in other centres."*'¢) The verb
generation and passive listening tasks produced the most robust and
reliable signal changes in these studies. The findings from a series of
subsequent language fMRI studies are presented in Table 1.

Methods

fMRI results from one motor-mapping task and two language-mapping
tasks in 22 consecutive patients were included in multi-subject analyses.
Results of the finger-tapping task have been included here (Table 3 and
Fig. 2) to demonstrate the validity of the blocked paradigm and the
satisfactory participation of the patients, since BOLD signal changes
during motor tasks are highly reliable and robust. In addition, active
participation in the task can be directly observed, unlike in language
tasks. Each patient performed these tasks in single scanning sessions.
This is a retrospective analysis of clinical data, collected at our centre
as part of the routine pre-surgical evaluation of patients with epilepsy.
Patient demographics are outlined in Table 2.

Procedures

Routine fMRI was conducted according to a standard procedure.
Before their imaging sessions patients were given an information
sheet, describing the procedure and the tasks to be administered.
Patients were briefed again on arrival at the imaging centre, the
tasks were rehearsed and patients were given an opportunity to raise
queries. All patients completed the Edinburgh Handedness Inventory
(EHI)"" as a self-reported measure of hemispheric dominance. All
tasks were designed in blocked sequences and administered via audio
facilities, with patients wearing the standard MR headphones.

Table 1. Language paradigms commonly used in fMRI

Functional paradigm

The three tasks share a common blocked design, modelled on
previously described functional imaging paradigms!'!! (see Fig. 1).
Each task began with a 20 s rest period followed by 10 alternating rest
and active 20 s blocks to total 3:40 minutes. In the active condition of
the finger tapping task, patients were signalled, with the word ‘tap, to
tap the fingers of a given hand until instructed to stop. Patients then

Table 2. Clinical and demographic data for 22 patients

No. Sex Age Handed (EHS) Diagnosis

1 M 46 RH (0.5) LH TLE

2 F 33 RH (0.8) LH FLE venous
fistula

3 M 58 LH (-0.3) LH TLE

4 M 24 RH (0.7) LH TLE + HS

5 M 53 RH (1) RH FLE
ganglioglioma

6 M 37 LH (0.4) RH FLE
porencephalic cyst

7 F 45 RH (1) LH TLE

8 E 39 RH (0.8) RH TLE + HS

9 M 21 RH (0.8) RH TLE + HS

10 F 39 RH (1) RH TLE + HS

11 F 29 RH (1) LH TLE

12 M 11 RH (0.8) LH cortical
malformation

13 F 27 RH (1) RH TLE + HS

14 F 21 RH (0.7) RH porencephalic
cyst

15 M 35 RH (1) LH TLE

16 F 25 RH (0.6) RH cortical
malformation

17 M 28 RH (0.8) RH FLE

18 F 37 RH (0.7) RH TLE + HS

19 M 37 RH (1) LH TLE

20 F 43 RH (1) LH TLE

21 E 27 RH (0.6) LH TLE

22 F 35 RH (0.7) LH TL/OL

LH = left hemisphere; RH = right hemisphere; TLE = temporal lobe epilepsy; HS =
hippocampal sclerosis; FLE = frontal lobe epilepsy; TL = temporal lobe; OL = occipital lobe.

Paradigm Task description

Activated regions

Spontaneous speech Counting
Verbal fluency

Verb generation
Sentence generation
Passive listening Listening to a story
Repetition

fMRI = functional magnetic resonance imaging.

Generating verbs from given nouns

Describing a visual scene

Repeating words and phrases

Expressive cortex

Generating words beginning with a given letter Expressive and receptive cortex

Expressive and receptive cortex
Expressive cortex
Receptive cortex

Predominantly expressive cortex
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rested the hand in the control condition. In the active condition of
the verb generation task, nouns were presented at 3 s intervals (7 per
block) and the patients were required to think of a verb semantically
related to the noun (i.e. ‘what to do with’) (see Fig. 3). Patients
were instructed to generate the verb silently and not to mouth the
word or speak, in order to restrict motion artifact. Stimuli in the
control condition consisted of high and low tones to engage auditory
processing and attention. Patients were instructed to listen to the tones
attentively. In the active condition of the passive listening task, patients
listened to a story being read by the administrator (see Fig. 4). Stimuli
in the control condition consisted of high and low tones to engage
auditory processing and attention. The patients were instructed to
listen to the tones attentively.

fMRI data acquisition

Scans were acquired using a 1.5T Avanto MRI scanner (Siemens
Medical Systems, Erlangen, Germany). High-resolution anatomical
images were acquired in the sagittal plane using a three-dimensional
inversion recovery gradient echo sequence (176 slices, TR = 2 000 ms,
TE =50 ms, TI = 1 100 ms, resolution 1 x 1 x 1 mm?, 256 mm FOV).
During the fMRI protocol 110 functional volumes sensitive to blood
oxygen level-dependent contrast were acquired in all mapping tasks
with a T2*-weighted gradient echo, echo planar imaging sequence
(TR =2 000 ms, TE = 50 ms, 21 interleaved slices, 5 mm thick, gap
1.25 mm, matrix size 64 x 64, resolution 3.4 x 3.4 x 3.4 mm?). In the
tasks each of the 11 blocks lasted 20 s for a total scanning time of
3:40 minutes.

fMRI data analysis

All fMRI analyses were performed using Brain Voyager QX (Brain
Innovation, Maastricht, The Netherlands). Two dummy images
were excluded from analysis in each task run. Images were motion-
corrected relative to the first volume with trilinear estimation and

interpolation. Images were corrected for different slice acquisition
times and linear trends, spatially smoothed using a Gaussian filter
(FWHM 4 mm), and temporally smoothed with a high pass filter
of 3 cycles/point. Data sets exceeding movement criteria 3 mm
displacement/3.0° rotation within a functional run were rejected.
Each subject’s functional data were co-registered to his/her high-
resolution anatomical MRI, rotated into the AC-PC plane and
normalised to Talairach space using a linear transformation calculated
on the anatomical images. The 3.4 x 3.4 x 3.4 mm®fMRI voxels were
interpolated during Talairach normalisation to 3 x 3 x 3 mm’.
Whole-brain group analysis. For each task, a fixed-effect analysis
of variance was performed using the general linear model with three
predictors, one for the first 20 s rest, one for the control state and one
for the active state (finger tapping, verb generation and listening)
convolved by the standard haemodynamic function. Activations
during the active conditions were examined by comparing activations
during the active and control blocks. The voxel-wise threshold was set
to p<0.001 (voxel-wise Bonferroni corrected for whole-brain multiple
comparisons, min ¢ statistic 7.6). Clusters were reported if their extent
was greater than 20 contiguous voxels, where the voxel size refers to
the 1 x 1 x 1 mm? resolution of the iso-voxelled structural images.

Results

The whole-brain group analysis of the finger-tapping task, conducted
using the right hand in all participants, produced significant signal
increases in the expected parts of the cortex representing contralateral
primary motor cortex #(9)=14.24, p<0.0001, and ipsilateral cerebellum
£#(9)=13.11, p<0.0001.

In the verb generation task, signal increases were noted in
anatomically typical expressive language cortex (Broca’s area) in
the left posterior inferior frontal gyrus #(9)=7.86, p<0.0001 and
in receptive language cortex (Wernicke’s area) in the left superior
temporal gyrus #(9)=5.34, p<0.0001. The passive listening task

Active Active Active Active Active
Rest Cont. Cont Cont. Cont. Cont.
20s 20s 20s 20s 20s 20s 20s 20s 20s 20s
Fig. 1. Functional mapping blocked paradigm.
Table 3. BOLD signal changes
Talairach co-ordinates
Brain region BA Voxels X Y zZ Voxel T
Finger tapping (right-hand)
LH motor cortex BA 4 5 465 -43 -35 -21 14.24
RH cerebellum - 3105 14 -56 39 13.11
Verb generation
LH Broca’s area BA 44 4170 -49 16 -3 7.86
LH Wernicke’s area BA 22 3097 -58 -50 21 5.34
Passive listening
LH Wernicke’s area BA 22 5187 -64 -35 2 7.23
RH Wernicke's area BA 22 2776 56 -26 -6 5.89

BOLD = blood oxygen level-dependent; LH = left hemisphere; RH = right hemisphere.
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Fig. 2. BOLD signal increase in the left primary motor cortex produced in the
group analysis of the finger tapping task (right hand).

Fig. 3. BOLD signal increase produced in the group analysis of the verb
generation task showing activation in left posterior inferior frontal gyrus
(Broca’s area) and left superior temporal gyrus (Wernicke’s area).

Fig. 4. BOLD signal increases produced in the group analysis of the passive
listening task in the superior temporal lobes bilaterally (Wernicke’s area).

produced signal increases in the superior temporal gyri of the left
hemisphere #(9)=7.23, p<0.0001, and the right hemisphere #(9)=5.89,
p<0.0001.

The activation maps for individual patients generated from single-
subject analyses are presented in Fig. 5, in the interests of assessing
the predictability of the findings across this group of patients. These
analyses show that all patients who reported being left-handed are
right-hemisphere dominant for language. These results are detailed
in Table 3.

Discussion

The findings from this collection of fMRI studies support the
use of the language paradigms applied in our Epilepsy Unit.
While activation patterns are widely distributed through these
patients’ dominant hemispheres, areas crucial for expressive and
receptive language function can be isolated and reliably mapped.
The findings are clearly meaningful at both the individual and
group level.

The value of fMRI for determining hemispheric dominance, or
lateralising language, is self-evident. In single-subject analyses at our
centre, a voxel count is typically conducted in each hemisphere using
specified threshold settings in order to adhere to standardised criteria.
Areas critical to language function are localised by assessing activation
patterns in pre-defined anatomical regions, namely in expressive and
receptive language areas. Activation in these regions is also considered
across both language tasks, to assess reproducibility of signal change.
Receptive language paradigms are reported to frequently produce
bilateral signal increase in posterior superior temporal cortex.!'®!

Five of the 22 patients in this series of studies showed bilateral signal
changes in receptive cortex in response to the passive listening task.
This provides important information about the extent of functional
reserve in the contralateral hemisphere that would not be acquired
from Wada testing.

Expressive language cortex in the dominant inferior, posterior
frontal lobe and receptive cortex in the dominant superior posterior
temporal lobe, together with the white matter pathway connecting
these two regions, the arcuate fasciculus, is commonly cited as the
neural substrate of language. It is generally agreed, however, that the
anatomical representation of language is not this simple and that
language involves a number of discrete and interacting cognitive
processes that are subserved by a distributed network of additional
brain regions."® An additional area critical to confrontation naming,
a sub-function of language, lies in the baso-lateral temporal lobe.!*2!]
Patients with temporal lobe epilepsy (TLE) often report word-finding
difficulties and exhibit below-average performance on measures
of confrontation naming. The extent of the neocortical (lateral)
resection in patients undergoing dominant temporal lobe surgery
determines the probability of new (in those without pre-existing
dysnomia) or additional word-finding difficulties after surgery.
Hence, identifying the neural correlate of naming is important in pre-
surgical TLE patients, and we have added the auditory naming task®
to our language-mapping paradigm to identify regions of activation
that may be unique to descriptive naming.

False-positive and false-negative results from BOLD contrast fMRI
for defining language representation must be considered. Clusters
of BOLD signal changes vary in size, depending on the thresholds
used to display the data. In addition, the region of maximal BOLD
activation does not always correlate with disruption to language
as defined by direct cortical stimulation.® Since fMRI identifies
areas involved in language and ECS effectively identifies those areas
critical for language, functional imaging may be best utilised as one
component in a broader language-mapping protocol.

Accordingly, the results from the routine language fMRI in our
unit are used as a step in a multi-tiered approach to localise language
in pre-surgical epilepsy patients. These results, considered in the
context of results from neuropsychological testing, are subsequently
used to inform and guide extra-operative and intra-operative ECS.
The benefit of having fMRI results to tailor and execute ECS testing
in a more expedient and focused manner is self-evident. On the basis
of our findings to date, the fMRI paradigm described above has been
clinically useful for defining cortical representation of motor and
language function.
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Left handed =

Fig. 5. BOLD signal increases produced in right- and left-handed patients in single-subject analyses during the verb generation task.

Note: Red arrows point to expressive language cortex and green arrows to receptive language cortex.
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