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No evidence of altered language laterality
in people who stutter across different brain
imaging studies of speech and language

®Birtan Demirel,I Jennifer Chesters,I Emily L. Connally,I {®Patricia M. Gough,2
David Ward,® Peter Howell* and (®Kate E. Watkins'

A long-standing neurobiological explanation of stuttering is the incomplete cerebral dominance theory, which refers to competition
between two hemispheres for ‘dominance’ over handedness and speech, causing altered language lateralization. Renewed interest in
these ideas came from brain imaging findings in people who stutter of increased activity in the right hemisphere during speech pro-
duction or of shifts in activity from right to left when fluency increased. Here, we revisited this theory using functional MRI data
from children and adults who stutter, and typically fluent speakers (119 participants in total) during four different speech and lan-
guage tasks: overt sentence reading, overt picture description, covert sentence reading and covert auditory naming. Laterality indices
were calculated for the frontal and temporal lobes using the laterality index toolbox running in Statistical Parametric Mapping. We
also repeated the analyses with more specific language regions, namely the pars opercularis (Brodmann area 44) and pars triangularis
(Brodmann area 45). Laterality indices in people who stutter and typically fluent speakers did not differ, and Bayesian analyses pro-
vided moderate to anecdotal levels of support for the null hypothesis (i.e. no differences in laterality in people who stutter compared
with typically fluent speakers). The proportions of the people who stutter and typically fluent speakers who were left lateralized or had
atypical rightward or bilateral lateralization did not differ. We found no support for the theory that language laterality is reduced or
differs in people who stutter compared with typically fluent speakers.
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Introduction

Persistent developmental stuttering is a speech fluency dis-
order affecting ~1% of people worldwide that appears to oc-
cur in all languages. The onset of stuttering is typically
between ages 2 and 4 years,' which corresponds with the ra-
pid development of language skills, such as increase in the
average length of utterance.” The occurrences of stuttering
are highly variable both within and across individuals. For
example, the frequency of stuttered syllables is affected by
different factors, including the complexity of grammar and
the length of the planned utterance.”* Language proficiency
is typically unaffected in people who stutter (PWS)>*¢; PWS
know what they want to say, but the flow of speech is dis-
rupted by repetitions, prolongations and blocks.

Language is perhaps the most lateralized cognitive func-
tion: showing primarily left hemisphere involvement for
around 96% of right-handers and 70% of left-handers;
while the rest, 4% of right-handers and 30% of left-handers
have what is called atypical lateralization, indicating either
bilateral or primarily right hemisphere involvement.” The
underlying neurophysiology of stuttering is not yet fully
understood; however, one popular neurological explanation
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of stuttering is the incomplete cerebral dominance theory,
which suggests altered patterns of hemispheric specialization
and competition between hemispheres for ‘dominance’ over
handedness and speech.®” Although scientific interest in the
incomplete cerebral dominance theory in stuttering declined
over recent decades, it persists as an explanation frequently
given by PWS themselves. For example, some PWS describe
themselves as being naturally left-handed, but due to the
forced use of the right hand, say on school entry, they started
to stutter. It is argued that excessive use of the nondominant
hand weakens the dominant hemisphere over time. This can
cause conflict between hemispheres, leading to altered lan-
guage lateralization, which refers to the dominance of one
cerebral hemisphere over the other in managing language
functions.”

The first functional neuroimaging meta-analysis in stutter-
ing appeared to support the incomplete cerebral dominance
theory by suggesting a tendency towards rightward lateral-
ization in PWS relative to controls during speech production
tasks.'® Overactivation in the right inferior frontal cortex is
commonly reported in stuttering during speech production
tasks, particularly activity of the right frontal operculum
and anterior insula'’'? extending to the orbitofrontal
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cortex.'? Moreover, the overactivity in the right hemisphere
is described as being ‘normalized’ with speech therapy result-
ing in typical left-lateralized activity.'*'® Patterns of activity
and timing of responses in auditory networks during passive
listening tasks also differ between PWS and controls.'®!?
Sato et al.'® using near-infrared spectroscopy documented
diverse laterality in PWS during passive listening to pairs of
syllables that included either a phonemic or prosodic con-
trast, which typically produce left- and right-lateralized pat-
terns of activity, respectively, in fluent speakers. Notably,
none of the adults, school-aged children or pre-school chil-
dren who stuttered showed significant expected patterns of
lateralization for either phonemic or prosodic contrasts,
and some showed the reverse pattern.

Even though there are consistent findings of overactivity
in the right hemisphere in the functional imaging literature,
it still needs to be clarified whether these findings reflect
an altered pattern of lateralization. To demonstrate this, it
is necessary to statistically compare activity in the two hemi-
spheres during different speech and language tasks. This
approach typically uses a laterality index (LI) calculated
using the formula LI= (L — R)/(L + R) to compare the func-
tional activity between two hemispheres. Positive Lls indi-
cate leftward lateralization and negative Lls indicate
rightward lateralization and LIs between —0.2 <LI<0.2
indicate weak lateralization, sometimes called ‘bilateral’.*°
The values entered into the formula for the left and right
hemispheres reflect the amount of activity in a given brain
region. This is expressed as per cent signal change from a
baseline or other contrast, or in terms of the number of
activated voxels above a certain threshold. This threshold
is sometimes referred to as ‘activated tissue volume,’ or
it can be the sum of the values of these voxels, which is
typically a statistic that reflects the strength of a voxel’s
correlation with the task. LIs calculated in this way from
brain imaging data can be strongly influenced by individual
differences in brain activation and noise levels, the statistic-
al threshold employed and statistical outliers.”! For ex-
ample, above a particular threshold, no active voxels
might remain in the nondominant hemisphere leading to
LI=1 for the dominant hemisphere, which is biologically
implausible. The LI toolbox®® running in Statistical
Parametric Mapping (SPM, www.fil.ion.ucl.ac.uk/spm/
software/spm12/) avoids threshold dependency by calculat-
ing LI values across multiple threshold levels and uses a
bootstrapping approach to reduce the effect of outliers.
The LI toolbox has been successfully employed to measure
laterality because of these advantages.””

To address the incomplete cerebral dominance theory in
stuttering, we calculated laterality indices for four different
speech and language tasks performed using functional MRI
(fMRI) in PWS and typically fluent speakers (TFS). Our ana-
lyses of these laterality indices were used to target two main
questions: (i) Are there any differences between PWS and
TFS in functional lateralization across speech and language
tasks? (ii) Does functional lateralization vary across tasks
in PWS or TFS or both?
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Materials and methods

We combined data from several cohorts of children and
adults who stutter who were scanned over the past decade
using fMRI during different speech and language tasks.
Following exclusion for excessive movement during scan-
ning (details below), useable data were available in 119 par-
ticipants, 61 PWS (M,gz. =29 years, range = 14-54 years)
and 58 TFS (M,e =28 years, range =14-53 years). The
groups were not significantly different in terms of age:
#117)=0.60, P = 0.55. A y* analysis showed that the groups
did not differ in terms of the distribution of handedness (* =
2.23, P=0.13) or gender (y*=2.22, P=0.14). One study
with 38 participants (23 PWS, 15 TFS) included only right-
handed male participants; therefore, we repeated the y* ana-
lysis assessing the distribution of handedness after excluding
data from this study and again found no difference between
groups in terms of the distribution of handedness (y* = 3.40,
P =0.06). For the PWS group, stuttering ranged in severity
from very mild to very severe (9-46, median 26) according
to the Stuttering Severity Instrument.”® At the time of the
scan, stuttering severity was assessed as very mild in 8,
mild in 11, moderate in 25, severe in 11 and very severe in
6 PWS. The largest subset of participants had performed
one of four slightly different versions of overt sentence read-
ing: 56 PWS and 53 TFS. Smaller subsets had completed
tasks involving overt picture description (16 PWS and 18
TFS) and two covert speech tasks involving sentence reading
(12 PWS and 12 TFS) and auditory naming (12 PWS and 16
TFS). Table 1 shows the distribution of handedness and sex
between groups.

The tasks analysed included overt sentence reading combined
from different studies that have been conducted in our labora-
tories, overt picture description, covert sentence reading and
covert auditory naming tasks (Fig. 1). Overt speech refers to
audible production of words/sentences, while covert speech
refers to silent production of words/sentences with no articu-
lation. A sparse-sampling design®* was used in the overt
speaking tasks, in which participants spoke during the silent
period between scans. This ensures that the imaging data
are not confounded with speech-movement-related artefacts
and reduces the possible fluency-enhancing effect of the scan-
ner noise. It also allowed participants to hear the speech they
produced. In contrast, continuous acquisition protocols of
typical echo-planar imaging were used for the covert speech
tasks. Details of the scanners used and scanning parameters
are provided in Supplementary Table 1 with reference to pub-
lished versions of these studies.

During all versions of the sentence reading task, participants
saw a sentence printed in white on a black screen. In some
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participants (34), a scene corresponding to the sentence was
also visible. All participants read the sentence out loud and
could hear themselves speaking over headphones during the
silent intervals between scan measurements. The baseline
conditions consisted of viewing a row of letter X’s that re-
£ grmoo placed all other letters in a sentence (37 participants), or
sentences written in the Farsi alphabet (38 participants),
which was unreadable by participants, or a fixation cross
(34 participants). Activity during sentence reading was con-
3 mumo trasted with the baseline to reveal the brain areas involved
in reading aloud, which involves visual word recognition,
semantic and syntactic processing, phonological assembly,
speech articulation and monitoring of self-produced
€ D © = speech.

28
32
29
27

Mage

Gender

TFS

The task was to describe a picture that appeared on the
dl = — screen using the participant’s own words and spoken out
loud. As for overt sentence reading, participants could hear
their speech during the silent intervals between scans. The
task required conceptualization of the scene, lexical selection
and retrieval, phonological and syntactic planning, speech
articulation and monitoring of self-produced speech. A fix-

ation cross was used as a baseline for the picture description
26
task.

Handedness

28
30
30
30

M age

Participants read sentences in their imagined speech. In con-
trast to the overt sentence reading task, reading a sentence
covertly does not involve execution of articulatory move-
ments or sensory feedback. This task was contrasted with a
row of X’s presented on the screen.

Gender

Participants heard a short phrase (e.g. ‘bees make it’) over
headphones and were asked to generate a word in response
(e.g. ‘honey’) in their imagined speech. The task requires de-
coding the phonological and semantic information of the
auditory input, lexical search and retrieval, and phonological
form encoding to generate a word associated with the seman-
tic description.?” A silent baseline and reversed speech base-
line conditions were used for the auditory naming task.

PWS

Handedness

The fMRI data were analysed at the single-subject level
using FEAT (FMRI Expert Analysis Tool part of the FMRIB
Software Library).?® The echo-planar images were motion cor-
rected, smoothed using an 8 mm full-width at half-maximum
smoothing kernel, undistorted using field maps where avail-
able and registered to the individual’s T-weighted structural
image using boundary-based registration. These individual
T,-weighted images were then registered to the MNI-152 tem-
plate using FMRIB’s non-linear registration tool (FNIRT em-
bedded in FSL). The six motion regressors from the motion
correction were included as covariates of no interest. For con-
tinuous imaging sequences (the two covert tasks), the task

Handedness,

Overt sentence reading
Overt picture description
Covert sentence reading
Covert auditory naming

gender
and age

PWS, people who stutter; TFS, typically fluent speakers; L, left; R, right; W, women; M, men; Mg, mean age (in years).

Table | Distribution of handedness and sex of groups across tasks
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[ |
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Figure | Average brain activity for groups of PWS and TFS during four different tasks. Patterns of brain activity were similar in the
two groups. The coloured statistical maps are of Z-statistic images thresholded using clusters determined by Z > 3.1 and a corrected cluster
significance threshold of P = 0.05 overlaid on the MNI-152/Talairach surface template using BrainNet Viewer.?> Medial and lateral surfaces of the
left and right hemispheres are shown. PWS: people who stutter are on the left of the image; TFS: typically fluent speakers are on the right. The
sample sizes for each task were as follows: overt sentence reading: PWS = 56, TFS = 53; overt picture description: PWS = 16, TFS = |8; covert
sentence reading: PWS = 12, TFS = 12; covert auditory naming: PWS = 12, TFS = | 6.

design was convolved with the double-gamma haemodynamic
response function and temporal derivatives were included in
the general linear model. For sparse-sampling sequences, con-
volution with the haemodynamic response function and tem-
poral derivatives were turned off.

Data from five additional scans from the PWS group were
excluded from further data analysis due to excessive head
movements during scanning. Exclusion criteria were set con-
cerning the mean displacements of head movements being
larger than the widest voxel dimension (i.e. >4 mm) relative

to subsequent time points or a warning from the MCFLIRT
motion correction tool*” concerning high levels of motion.

Quantifying laterality indices

The statistical maps for individual participants were regis-
tered to the MNI-152 standard space using their individual
T,-weighted structural images (see above) and transferred
to the SPM software (http:/fil.ion.ucl.ac.uk/spm/) for use
with the laterality toolbox.?" The LI toolbox uses a weighted
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bootstrapping algorithm to create LI values from the fMRI
data by obtaining voxel values for both the left and right
hemispheres. First, a vector of voxel values is created from
the masked and thresholded input image. Then the algorithm
resamples the voxel values 100 times each from the left and
right regions of interest (ROIs). All possible LI combinations
are calculated from these samples 10 000 times. This proced-
ure is repeated for 20 different threshold intervals (from 0 to
the maximum threshold value). Finally, all LIs are plotted on
a histogram, and only the central 50% is used as the final LI
measure to reduce the influence of outliers. In addition, the
LI toolbox produces a weighted mean from the results ob-
tained at different thresholds, which ensures that voxels
showing a higher correlation with the task have more impact
on the result. Therefore, LI values acquired at a higher
threshold are given more weight in the final LI-weighted
mean value.

ROIs were chosen based on masks of the frontal and
temporal lobes, as these include the regions typically acti-
vated by the language tasks. Activity from voxels in the
medial wall was excluded from the LI calculations since it
is difficult to determine the hemispheric origin of activity at
this location due to smoothing (standard exclusion mask:
midline + 5 mm). In separate analyses, we also measured
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the LI values in smaller ROIs, namely the pars opercularis
(BA44) and pars triangularis (BA435) of the inferior frontal
gyrus, to provide a more granular analysis. Masks were gen-
erated using the Juelich atlas within FSL software, for the
BA44 and BA45 brain regions with a threshold set at 30%.

Initial inspection of the data suggested no group differences
in terms of laterality indices (see Fig. 2 below); therefore, we
selected a Bayesian approach in order to weigh the evidence
in favour of the null relative to the alternative hypothesis. We
performed Bayesian #-tests to address our first research ques-
tion to test whether there are differences in LI-weighted va-
lues between PWS and the TFS group for four different
speech and language tasks. We reported the Bayesian factor
01 value, which refers to the ratio of the ‘likelihood of data
given the null hypothesis/likelihood of data given the alterna-
tive hypothesis’. In alignment with Jeffreys>*° guidelines, we
considered a Bayes factor (BF) falling within the range of 1-3
as indicative of anecdotal evidential support, while a BF ran-
ging from 3 to 10 signifies a moderate level of evidential sup-
port. A BF surpassing 10, on the other hand, indicates robust
evidential support. We also categorized data sets as showing

B Overt Picture Description
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[ 1]
o
o le

e oo o
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Figure 2 Laterality indices in PWS and TFS based on activity in the frontal lobes. Solid vertical lines represent group means. The grey
area represents LI values between —0.2 and 0.2, which are considered not lateralized. PWS: people who stutter; TFS: typically fluent speakers. The
open circles indicate left-handedness in both groups. We performed Bayesian t-tests to test the differences in LI-weighted values between PWS and
TFS across four different speech and language tasks. The Bayesian independent samples t-tests yielded a BF in favour of the null hypothesis of (A) 4.92
for overt sentence reading (PWS = 56, TFS = 53), (B) 2.4| for overt picture description (PWS = 16, TFS = 18), (C) 1.55 for covert sentence reading
(PWS =12, TFS = 12) and (D) 2.56 for covert auditory naming (PWS = 12, TFS = 16) tasks.
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typical patterns of leftward laterality (>0.2) compared with
atypical (<—0.2 right or bilateral, —0.2 to 0.2 LIs), to deter-
mine whether the distribution of laterality in individuals dif-
fered between groups using y* analysis.

To compare laterality indices among the different tasks,
linear mixed model regression analyses were performed.
All Bayesian and y* tests were carried out using the software
JASP,*! and we used RStudio®* to perform linear mixed
model regression analyses.

Results

We looked at the brain activity of each group relative to the
baseline condition for each task based on a cluster-forming
threshold of Z>3.1 and an extent threshold of P <0.05
(corrected for family-wise error). Both groups showed a
broad range of activity in brain regions expected to be acti-
vated by speech and language (Fig. 1 and Table 2).

During the overt sentence reading task, large portions of the
primary motor cortex, premotor cortex, presupplementary
motor area extending to anterior cingulate cortex, superior
temporal lobe, the thalamus, ventral occipito-temporal cortex
and lobule VI of the cerebellum were significantly activated bi-
laterally in the PWS group but somewhat more extensively on
the left. The TFS group exhibited strikingly similar brain ac-
tivity patterns to the PWS group.

The overt picture description task evoked significant activity
in premotor and primary motor cortex, the presupplementary

BRAIN COMMUNICATIONS 2024, fcae305 | 7

motor area, superior temporal gyrus, thalamus, ventral
occipito-temporal cortex and the anterior lobe of the cerebel-
lum, all bilaterally with additional activation of the left inferior
frontal gyrus in both groups that was more extensive in the
TES group.

The covert sentence reading task evoked significant activ-
ity in inferior frontal cortex, primary motor cortex (at the le-
vel of the face representation), superior temporal gyrus and
mid fusiform gyrus in the left hemisphere, and in lateral
and medial occipital cortex bilaterally in both groups.
There was additional activity in the cerebellar vermis in
PWS and presupplementary motor area in the TFS group.

During the covert auditory naming task, there was signifi-
cant activity in the inferior frontal gyrus bilaterally but more
extensively on the left, the presupplementary motor area, the
superior temporal gyrus and dorsal striatum bilaterally, and
in the right anterior and posterior lobes of the cerebellum in
both groups. In the PWS, there was significant activity in the
primary motor cortex on the left and this was seen bilaterally
in the TFS group; TFS also had activity in the left anterior
lobe of the cerebellum.

The results of our LI calculations for the frontal lobe masks
for the sentence reading task are shown in Table 2 and Fig. 2.
The sentence reading task was completed by the largest num-
ber of participants combined across four different versions of
the task. A Bayesian independent samples #-test (two sided)

Table 2 Laterality indices across tasks for the frontal and temporal lobes, BA44 and BA45

PWS TFS
Region X task
N Mean LI+ SEM Typ Atyp N Mean LI + SEM Typ Atyp
Frontal lobes
Overt sentence reading 56 0.18 +0.03 28 28 53 0.18 +0.03 31 22
Overt picture description 16 0.21 +0.07 9 7 18 0.14 +0.06 8 10
Covert sentence reading 12 0.57 +0.02 12 0 12 0.62 +0.03 12 0
Covert auditory naming 12 0.41 +0.09 10 2 16 0.36 +0.06 12 4
Temporal lobes
Overt sentence reading 56 0.12 +0.04 29 27 53 0.13 +0.04 24 29
Overt picture description 16 —0.06 +0.06 4 12 18 0.00 +0.05 6 12
Covert sentence reading 12 0.56 +0.06 Il | 12 0.58 +0.04 12 0
Covert auditory naming 12 0.23 +0.08 9 3 16 0.24 +0.05 I 5
BA44
Overt sentence reading 56 0.18 +0.05 30 26 53 0.20 +0.05 28 25
Overt picture description 16 0.40 +0.07 12 4 18 0.34+0.07 13 5
Covert sentence reading 12 0.59 +0.03 12 0 12 0.51 +0.09 Il |
Covert auditory naming 12 0.50 +0.08 I | 16 0.41 +0.06 14 2
BA45
Overt sentence reading 56 0.04 +0.06 24 32 53 0.13+0.05 25 28
Overt picture description 16 0.34+0.11 12 4 18 0.19 +0.09 10 8
Covert sentence reading 12 0.51 +0.09 11 | 12 0.45+0.11 10 2
Covert auditory naming 12 0.43 +0.09 10 2 16 0.40+0.10 14 2

LI, laterality indices’ weighted mean; SEM, standard error of mean; Typ, participants who show typical pattern of leftward laterality; Atyp, participants who show right or bilateral

laterality.
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revealed a BF of 4.92, indicating moderate evidence in
support of the null hypothesis (LIs are similar between
PWS and TFS groups) rather than the alternative hypothesis
(LIs differ between PWS and TFS). x” statistics found that the
number of individuals in each group who showed the typical
pattern of leftward laterality compared with atypical (right
or bilateral Lls) did not differ (4*=0.79, P=0.37; sce
Table 2). It is worth noting that the mean LI for each group
falls in the range considered indicative of weak laterality or
bilateral (Table 2), indicating that the tasks are not reliably
strongly lateralized, though individual values ranged from
—0.56 to 0.65 in PWS and —0.55 to 0.70 in TFS.

In different subsets of the overall sample, we also analysed
LIs for the overt picture description task, covert sentence
reading task and covert auditory naming task (Table 2 and
Fig. 2). Bayesian independent samples #-test analyses re-
vealed BFs of 2.41, 1.55 and 2.56, respectively, for these
tasks, indicating anecdotal evidence in support of the null hy-
pothesis (no group differences for each task). On the basis of
these findings in smaller subsets of the sample, we can neither
reject nor support the null hypothesis. y* analyses found no
group differences regarding the number of typically or atyp-
ically lateralized individuals in the overt picture description
task (y*=0.47, P=0.49), covert sentence reading task (all
participants were left lateralized) and covert auditory nam-
ing task (4> =0.28, P=0.59).

Inspection of Fig. 2 indicates that, for the frontal lobes, the
two covert tasks (covert sentence reading and auditory
naming) were more robustly lateralized at both the group
and the individual levels relative to the pattern of lateraliza-
tion seen for the overt tasks (overt sentence reading and pic-
ture description). To test this quantitatively, we employed
linear mixed models with overt tasks as a fixed effect.
Group (PWS and TFS) was entered into the model as interac-
tions for this fixed effect with intercepts of subjects as our
random effect. The model revealed that LIs were significantly
more left lateralized for covert tasks (N=151, LI=0.49,
SE =0.03) compared with overt tasks (N=143, LI=0.18,
SE=0.02) (8=-0.39, t=—-6.33, P<0.001). There were

no significant interactions with the group.

For the temporal lobe masks, a Bayesian independent sam-
ples #-test revealed a BF of 4.87, indicating moderate evi-
dence in support of the null hypothesis. The y* analysis
gave the same result as the analysis of frontal lobes and veri-
fied that the groups did not differ regarding the number of
typically or atypically lateralized individuals (y*=0.46,
P=0.50). As above, the mean LlIs indicate this is not a
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robustly lateralized task at the group level, though again
the range of values indicates considerable variation among
individuals (Fig. 3 and Table 2).

For the temporal lobe masks, we examined Lls for the overt
picture description task, covert sentence reading task and
covert auditory naming task (Fig. 3 and Table 2). Bayesian
independent samples #-tests found no support for the alterna-
tive hypothesis with BFs of 2.36,2.61 and 2.80, respectively,
indicating anecdotal evidence in support of the null hypoth-
esis. Furthermore, y* analyses found the same results as for
the frontal lobe analyses, which confirmed that the groups
did not differ in terms of the number of typically or atypically
lateralized individuals in the overt picture description task
(x*=0.28, P=0.9), covert sentence reading task (y*=1.04,
P =0.30) and covert auditory naming task (y*=0.13, P=
0.72) (see Table 2).

The same linear mixed model analysis as above was per-
formed on the data from the temporal lobe masks to test
differences in lateralization between covert and overt tasks
(Fig. 3). Similarly to the above, the model revealed that the
covert tasks (N =151, LI=0.40, SE = 0.04) showed signifi-
cantly more robust left lateralization than overt tasks
(N=143, LI=0.09, SE=0.02) (8=-0.30, #=-4.32,
P <0.001).

We analysed the LI values within more focal ROIs, specific-
ally the pars opercularis (BA44) and pars triangularis (BA45)
of the inferior frontal gyrus (Table 2). This approach was
adopted to facilitate a more detailed examination since these
regions in the left hemisphere correspond to ‘Broca’s area’
and are usually robustly activated by speech and language
tasks. Again, we found similar results suggesting no differ-
ences between groups in Lls (see Supplementary Figs. 1
and 2). For BA44, data from the overt sentence reading
task (which has the largest sample size) provided moderate
evidence in favour of the null hypothesis with the BF of
4.82. For the other tasks, we found only anecdotal evidence
in favour of the null: overt picture description (BF =2.69),
covert sentence reading (BF=2.24) and covert auditory
naming (BF =2.05). For BA45, we only found anecdotal evi-
dence in favour of the null hypothesis for each of the four
tasks; overt sentence reading (BF =2.91), overt picture de-
scription (BF =2.08), covert sentence reading (BF =2.49)
and covert auditory naming tasks (BF =2.78).

x> analyses also revealed no significant differences be-
tween the groups in terms of the number of participants in
each group who were typically or atypically lateralized:
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Figure 3 Laterality indices in PWS and TFS based on activity in the temporal lobes (see Fig. 2 for details). Results from the
Bayesian independent samples t-tests indicated a BF in support of the null hypothesis of (A) 4.87 for overt sentence reading (PWS = 56, TFS = 53),
(B) 2.36 for overt picture description (PWS = 16, TFS = 18), (C) 2.6 for covert sentence reading (PWS = 12, TFS = 12) and (D) 2.80 for covert

auditory naming (PWS = 12, TFS = 16) tasks.

BA44 in overt sentence reading (x> =0.01, P=0.93), overt
picture description (y*=0.03, P=0.85), covert sentence
reading (y*=1.04, P=0.30) and covert auditory naming
(*=0.12, P=0.72); BA45 in overt sentence reading
(*=0.20, P=0.65), overt picture description (y*=1.40,
P =0.23), covert sentence reading (y*=0.38, P=0.53) and
covertauditory naming (> = 0.10, P = 0.75) tasks (see Table 2).

Discussion

Since the pioneering findings of Paul Broca, it is well docu-
mented that most people rely more on their left hemisphere
than their right to use language. In the current study, we in-
vestigated the theory as to whether PWS have reduced hemi-
spheric specialization compared with TFS. We looked at
data obtained across different language and speech tasks,
namely overt sentence reading, overt picture description,
covert sentence reading and covert auditory naming that
we obtained in different fMRI studies. Pooling data across
these different versions allowed us to investigate one task
(overt sentence reading) in a relatively large sample of 56
PWS compared with 53 TFS. We analysed LI-weighted
means for task-evoked activity in frontal and temporal
lobes and repeated the same analyses for portions of the in-
ferior frontal gyrus involved in language processing, namely

the pars opercularis (BA44) and pars triangularis (BA45) re-
gions. We did not exclude stuttering epochs from the overt
speaking data in this analysis since it is possible that stutter-
ing evokes right hemisphere activity. The inclusion of stutter-
ing epochs therefore made it more likely we would detect a
rightward pattern of lateralization in PWS should one exist.

Our main findings are as follows: (i) there was no evidence
in support of the idea that PWS are differently lateralized
relative to people who are typically fluent and some anec-
dotal and moderate evidence in support of the idea that
they are equally lateralized; (ii) leftward lateralization was
most robustly observed for the covert tasks relative to the
overt tasks and this effect was seen in both groups.

The idea that PWS are differently lateralized for language has
a long history dating back to Samuel Orton (1927),” who
first proposed this idea, and it is a persistent ‘urban’ myth be-
lieved by many individuals with lived experience of stutter-
ing. The support for this myth comes from two main
sources of information: (i) it has been suggested that
left-handedness may be a risk factor for stuttering and that
it occurs more frequently in PWS than in the general
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population,®** which is often assumed to be associated
with more rightward lateralization for language in the
brain®?, and (ii) some early observations and neuroimaging
studies proposed atypical hemispheric activity during stut-
tered speech that shifted to the left when individuals spoke
fluently,'>-35-37

First, our groups of PWS and TFSs did not differ in the dis-
tribution of left- and right-handedness, while it is important
to note that one of the studies with 38 participants (23 PWS,
15 TES) recruited only right-handed male participants.
Nevertheless, the distribution of handedness between our
groups remained stable, even when data from that study
were excluded from our handedness analysis. Therefore, our
data are consistent with evidence indicating that stuttering is
independent from handedness.>®*** We find no support for
the idea that PWS are more likely to be left-handed than
TFS, nor that their handedness alters the typical pattern of
left hemispheric cerebral dominance for speech and language.

In our main findings, we found that PWS and TFS show
equivalent levels of language lateralization across a range
of tasks. The means for groups of PWS and TFS were very
similar, and they had very similar distributions of partici-
pants categorized as typically (left) or atypically (right or bi-
laterally) lateralized. This pattern of results was seen for our
large ROl analyses, where we compared task-evoked activity
in the frontal and temporal lobes, as well as in our analyses of
more focused ROIs in the inferior frontal cortex. The results
of our statistical analyses found no support for the idea that
PWS are differently lateralized on average relative to people
who are fluent speakers; in fact, in some cases, we found mod-
erate support for the hypothesis that they are not differently
lateralized. These results are compatible with a magnetoence-
phalography study that compared language lateralization in
pre-school children who stutter and controls during picture
naming tasks.*! The authors reported that the language was
mostly left lateralized in both groups over frontal, temporal
and parietal regions without significant differences between
groups.

The lack of a rightward lateralization during speech pro-
duction in PWS might appear inconsistent with the robust
finding of right hemisphere overactivity reported in several
studies of PWS.''"1315 This right hemisphere overactivity
in the frontal operculum/anterior insula was described as
one of the ‘neural signatures’ of stuttering.'® In our frontal
lobe analysis, both the frontal operculum and the anterior in-
sula were included in the mask, and the BA44 mask included
at least a portion of the frontal operculum. Any overactivity
in these areas would have contributed to the data being com-
pared between the two hemispheres in the calculation of lat-
erality indices. The apparent discrepancy in these findings is
explained by two key features of the laterality calculations.
First, voxel values between the two hemispheres were com-
pared across a range of statistical thresholds, so that even
sub-threshold (in a whole-brain group comparison) data
from both hemispheres contributed to the overall calcula-
tion. Second, activity was summed for supra-threshold vox-
els over large regions (whole lobes in the first instance) rather
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than specific portions of gyri identified as unilaterally over-
active in PWS. In this latter case, high voxel values in focal
locations, such as the right anterior insula, could have been
offset by similar voxel values distributed more widely across
different portions of left frontal lobe when sampled across
the whole region.

Another apparent discrepancy with our findings comes
from reports that therapeutic interventions for stuttering
demonstrate the potential to enhance neural activity within
the left hemisphere of the brain** or shift the balance of ac-
tivity from the right hemisphere to the left during speech pro-
duction.'®'’ However, neither of these previous studies
statistically compared the activity between two hemispheres
in PWS and controls. Focal areas of overactivation in one
hemisphere during speech tasks in PWS might reflect a
range of functions unrelated to language, such as inhibition,
compensation or error responses (e.g. see Neef et al.'?).
Furthermore, as explained above, the unilateral overactivity
may be due to statistical thresholding, leading to the conclu-
sion that there is no activity in one hemisphere because it is
only visible sub-threshold and emphasizing the need for stat-
istical comparisons between hemispheres.

To our knowledge, there is only one study that found sup-
port for the idea that PWS are differently lateralized for lan-
guage, which also investigated language laterality directly.
Using near-infrared spectroscopy, Sato et al.'® reported lat-
erality during passive listening of syllable pairs, which in-
cluded either a phonemic contrast (e.g. /itta/ vs. /itte/) or
prosodic contrast (e.g. /itta/ vs. /itta?/). Specifically, adults,
school-aged children and pre-school children who stutter
did not show the expected leftward lateralization for pro-
cessing the phonemic contrast, whereas controls showed a
pattern of leftward and rightward lateralization for phonem-
ic and prosodic contrasts, respectively.'® Although the re-
sults of a direct comparison of language laterality between
PWS and controls differ from our findings, it must be consid-
ered that this study involved passive listening to words rather
than production.

Studies on structural hemispheric differences in PWS can
offer valuable insights for interpreting functional activity.
For instance, some earlier structural imaging studies in
PWS reported lower leftward (or more rightward) asym-
metry in the planum temporale, which was correlated with
stuttering severity.*> However, analysis of planum tempor-
ale asymmetry with a large population overlapping with
the participants reported here found no differences between
PWS and TFS and also no relationship with handedness.**

In our findings, covert language tasks were significantly more
lateralized compared with overt tasks. This finding is consist-
ent with another fMRI study that reported more robust lan-
guage lateralization for covert language tasks than overt
ones.*® The reason may be that the cortical motor areas
that send hundreds of commands to dozens of muscles
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bilaterally during overt speech production are not involved in
covert speech. When the motor cortex is heavily involved in
overt articulation, perhaps this bilateral pattern of task-related
activity reduces laterality measured by methods that include
these areas. As seen in our overt tasks (see Fig. 1), pre- and
post-central gyri are reliably activated bilaterally during
overt speaking tasks compared with a passive baseline task
(meta-analysis from PET and fMRI studies*®). It is worth not-
ing, however, that the analysis of the activity in BA44 and
BA45 ROIs, which do not include data from the pre- and post-
central gyri, also show stronger lateralization for the covert
than the overt tasks (see Supplementary Figs. 1 and 2).

Another possible reason for stronger laterality during cov-
ert tasks in our findings needs to be highlighted. Both tasks
(covert sentence reading and auditory naming) involved con-
tinuous data acquisition during imaging. In contrast, the overt
speech production tasks were carried out using sparse sam-
pling to allow participants to hear themselves during the
task and to avoid potential head movement artefacts due to
speech production during acquisition of the imaging data.
Sparse sampling is feasible because the haemodynamic re-
sponse is slow, only peaking some 4-6 s after the event; hence,
speech production can occur during a relatively long window
of silence (6-10 s across different studies) before the measure-
ment that takes 2-3 s occurs.** Sparse-sampling fMRI is the
most effective way of reducing motion-related noise in the
images due to overt speech production. Furthermore, sparse-
sampling acquisitions are demonstrably better than continu-
ous imaging for detecting auditory responses in temporal
lobe cortex.*”*® However, to match the power of continuous
imaging using simple block designs, sparse-sampling acquisi-
tions need to be longer.*” They are also less sensitive to varia-
tions in the haemodynamic response within individuals and
between them. Variations in task design (event versus block
designs), timing (short or long delays in measurement) and
in analysis methods (convolution with the haemodynamic re-
sponse function versus finite impulse response models) ham-
per direct comparisons of the sensitivity of sparse-sampling
relative to continuous acquisitions.’® It remains unclear, how-
ever, why laterality should differ between sparse-sampled and
continuous acquisition since all factors affecting the sensitivity
of the measurement should affect both hemispheres equally.
Nevertheless, with our current data sets, we cannot disentan-
gle possible causes of our finding that covert tasks were more
strongly lateralized than overt ones since this factor is con-
founded with the measurement difference.

Laterality indices allow us to compare the activity of thou-
sands of voxels between two hemispheres in a single metric;
however, useful information may be lost with this approach.
LI scores deriving from fMRI results are limited in temporal
resolution, which is not informative for possible differences
in lateralization milliseconds before the speech starts. For ex-
ample, Neef e al.>! used transcranial magnetic stimulation
during a verb generation task to record motor-evoked
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potentials from the tongue. They reported atypical cortical ex-
citability patterns between left and right tongue motor cortical
areas in adults who stutter milliseconds before speech onset.
The current fMRI study would not be able to detect these dy-
namic differences in cortical excitability because of the rela-
tively slow signal of the haemodynamic response.’”

In comparing activity between hemispheres, choices need
to be made regarding the ROIs. The advantage of large
ROIs, such as whole hemispheres or lobes, is that spatial
variation in language processing among participants will
be captured. The disadvantage of large regions is that
many of the voxels included do not show task-evoked activ-
ity. ROl selections were made relying on masks of the frontal
and temporal lobes, as these encompass the areas where lan-
guage tasks usually elicit activity. In addition, we quantified
the LI values within more focal ROIs, specifically the pars
opercularis (BA44) and pars triangularis (BA45) situated
within the inferior frontal gyrus, thereby affording a finer-
grained examination.

Conclusion

Previous fMRI findings consistently reported an overactive
right hemisphere in stuttering during speech tasks but did
not statistically compare the functional activity between
hemispheres. Therefore, they do not provide direct evidence
for altered hemispheric specialization in PWS during language
production. Here, our results close that gap by statistically com-
paring the functions of two hemispheres to test the altered
hemispheric specialization theory with a threshold-independent
laterality analysis. Our findings indicated no difference in the
hemispheric specialization in frontal and temporal regions of
PWS compared with TFS while performing four different
speech and language tasks. We also reported that covert tasks
were substantially more lateralized than overt tasks for both
groups. These data were obtained using continuous imaging,
whereas the overt tasks were carried out using sparse sampling.
Therefore, task choice and data acquisition may be important
factors to consider when measuring laterality.

Supplementary material

Supplementary material is available at Brain Communications
online.

Acknowledgements

We sincerely thank the Dominic Barker Trust for their sup-
port of our research. We also express our gratitude to Dr.
Zoe V. J. Woodhead for her assistance with the laterality
analysis. Our sincerest thanks go to all the participants
who took part in this study. For the purpose of open access,
the author has applied a CC BY public copyright licence to
any Author Accepted Manuscript version arising from this
submission.

$20Z 1290190 €0 U0 1sanb Aq §//9G/ //SOESEII/G/9/001IB/SWWIOOUIRI]/WO0D dNO"0IWapEI.//:sd)y WO} POPEOjUMO(]


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae305#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae305#supplementary-data

12 | BRAIN COMMUNICATIONS 2024, fcae305

Funding

This research was supported by the Dominic Barker Trust
(registered charity no. 1063491) and the National Institute
for Health and Care Research (NIHR) Oxford Health
Biomedical Research Centre (NIHR203316). The views ex-
pressed are those of the author(s) and not necessarily those
of the National Institute for Health and Care Research or
the Department of Health and Social Care. The Wellcome
Centre for Integrative Neuroimaging is supported by core
funding from the Wellcome Trust (203139/Z/16/Z and
203139/A/16/Z). The original funding for the data collection
came from grants to K.E.W. from the Medical Research
Council UK  (G0400298) and a British Academy and
Leverhulme Trust small project grant (SG130103); a
Clinical Research Training Fellowship to ]J.C. from the
Medical Research Council UK (MR/K023772/1); and a
Stammer Trust grant and a Reading University Functional
Imaging Facility New Directions grant to D.W.

Competing interests

The authors report no competing interests.

Data availability

The data sets analysed during the current study are available
in the OSF. This includes laterality indices, demographics
and stuttering severity scores for each participant.

References

1. Yairi E, Ambrose N. Epidemiology of stuttering: 21st century ad-
vances. | Fluency Disord. 2013;38(2):66-87.

2. Zackheim CT, Conture EG. Childhood stuttering and speech dis-
fluencies in relation to children’s mean length of utterance: A prelim-
inary study. | Fluency Disord. 2003;28(2):115-142.

3. Howell P, Au-Yeung J, Sackin S. Exchange of stuttering from func-
tion words to content words with age. | Speech Lang Hear Res.
1999;42(2):345-354.

4. Logan KJ, Conture EG. Length, grammatical complexity, and rate
differences in stuttered and fluent conversational utterances of chil-
dren who stutter. | Fluency Disord. 1995;20(1):35-61.

5. Reilly S, Onslow M, Packman A, et al. Predicting stuttering onset by
the age of 3 years: A prospective, community cohort study.
Pediatrics. 2009;123(1):270-277.

6. Yairi E, Ambrose NG. Early childhood stuttering I. | Speech Lang
Hear Res. 1999;42(5):1097-1112.

7. Rasmussen T, Milner B. The role of early left-brain injury in deter-
mining lateralization of cerebral speech functions. Ann N Y Acad
Sci. 19775299(1):355-369.

8. Travis LE. The cerebral dominance theory of stuttering: 1931-
1978. ] Speech Hear Disord. 1978;43(3):278-281.

9. Orton ST. Studies in stuttering: Introduction. Arch Neurol
Psychiatry. 1927;18(5):671-672.

10. Brown S, Ingham RJ, Ingham JC, Laird AR, Fox PT. Stuttered and
fluent speech production: An ALE meta-analysis of functional neu-
roimaging studies. Hum Brain Mapp. 2005;25(1):105-117.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

30.
31.
32.

33.

34.

35.

36.

37.

B. Demirel et al.

Watkins KE, Smith SM, Davis S, Howell P. Structural and function-
al abnormalities of the motor system in developmental stuttering.
Brain. 2008;131(1):50-59.

Neef NE, Anwander A, Biitfering C, et al. Structural connectivity of
right frontal hyperactive areas scales with stuttering severity. Brain.
2018;141(1):191-204.

Kell CA, Neumann K, von Kriegstein K, e al. How the brain repairs
stuttering. Brain. 2009;132(10):2747-2760.

De Nil LF, Kroll RM, Lafaille SJ, Houle S. A positron emission tom-
ography study of short- and long-term treatment effects on func-
tional brain activation in adults who stutter. | Fluency Disord.
2003;28(4):357-380.

Neumann K, Preibisch C, Euler HA, et al. Cortical plasticity asso-
ciated with stuttering therapy. | Fluency Disord. 2005;30(1):23-39.
Beal DS, Quraan MA, Cheyne DO, Taylor M], Gracco VL, De Nil
LF. Speech-induced suppression of evoked auditory fields in chil-
dren who stutter. Neuroimage. 2011;54(4):2994-3003.

Cai S, Beal DS, Ghosh SS, Tiede MK, Guenther FH, Perkell JS. Weak
responses to auditory feedback perturbation during articulation in
persons who stutter: Evidence for abnormal auditory-motor trans-
formation. PLoS One. 2012;7(7):e41830.

Sato Y, Mori K, Koizumi T, et al. Functional lateralization of speech
processing in adults and children who stutter. Front Psychol. 2011;
2:70.

Weber-Fox C, Hampton A. Stuttering and natural speech process-
ing of semantic and syntactic constraints on verbs. | Speech Lang
Hear Res. 2008;51(5):1058-1071.

Wilke M, Lidzba K. LI-tool: A new toolbox to assess lateralization
in functional MR-data. | Neurosci Methods. 2007;163(1):128-136.
Wilke M, Lidzba K, Staudt M, Buchenau K, Grodd W,
Krigeloh-Mann I. An fMRI task battery for assessing hemispheric
language dominance in children. Neuroimage. 2006;32(1):400-410.
Bradshaw AR, Bishop DVM, Woodhead ZV]. Methodological con-
siderations in assessment of language lateralisation with fMRI: A
systematic review. Peer]. 2017;5:e3557-e3557.

Riley GD. A stuttering severity instrument for children and adults. |
Speech Hear Disord. 1972;37(3):314-322.

Hall DA, Haggard MP, Akeroyd MA, et al. “Sparse” temporal sam-
pling in auditory fMRI. Hum Brain Mapp. 1999;7(3):213-223.
Xia M, Wang J, He Y. BrainNet Viewer: A network visualization
tool for human brain connectomics. PLoS One. 2013;8(7):¢68910.
Connally EL, Ward D, Pliatsikas C, et al. Separation of trait and
state in stuttering. Hum Brain Mapp. 2018;39(8):3109-3126.
Badcock NA, Bishop DVM, Hardiman MJ, Barry JG, Watkins KE.
Co-localisation of abnormal brain structure and function in specific
language impairment. Brain Lang. 2012;120(3):310-320.
Woolrich MW, Ripley BD, Brady M, Smith SM. Temporal autocor-
relation in univariate linear modeling of FMRI data. Neuroimage.
2001;14(6):1370-1386.

. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimiza-

tion for the robust and accurate linear registration and motion cor-
rection of brain images. Neuroimage. 2002;17(2):825-841.
Jeffreys H. Theory of probability. Clarendon Press; 1939.

JASP Team. JASP [Computer software]. 2020.

RStudio Team. RStudio: Integrated Development for R. RStudio,
PBC; 2020. http://www.rstudio.com/

Papadatou-Pastou M, Papadopoulou AK, Samsouris C, Mundorf A,
Valtou MM, Ocklenburg S. Hand preference in stuttering:
Meta-analyses. Neuropsychol Rev. Published online 5 October
2023. doi: 10.1007/s11065-023-09617-2

Howell P. Signs of developmental stuttering up to age eight and at
12 plus. Clin Psychol Rev. 2007;27(3):287-306.

Fox PT, Ingham RJ, Ingham JC, et al. A PET study of the neural sys-
tems of stuttering. Nature. 1996;382(6587):158-162.

Jones RK. Observations on stammering after localized cerebral in-
jury. ] Neurol Neurosurg Psychiatry. 1966;29(3):192.

Kell CA, Neumann K, Behrens M, von Gudenberg AW, Giraud AL.
Speaking-related changes in cortical functional connectivity

$20Z 1290190 €0 U0 1sanb Aq §//9G/ //SOESEII/G/9/001IB/SWWIOOUIRI]/WO0D dNO"0IWapEI.//:sd)y WO} POPEOjUMO(]


http://www.rstudio.com/
https://doi.org/10.1007/s11065-023-09617-z

Language laterality in stuttering

38.

39.

40.

41.

42.

43.

44,

45.

associated with assisted and spontaneous recovery from develop-
mental stuttering. | Fluency Disord. 2018;55:135-144.

Records MA, Heimbuch RC, Kidd KK. Handedness and stuttering:
A dead horse? | Fluency Disord. 1977;2(4):271-282.

Salihovi¢ N, Sinanovi¢ O. Stuttering and left-handedness. Med Arb.
2000;54(3):173-175.

Webster WG, Poulos M. Handedness distributions among adults
who stutter. Cortex. 1987;23(4):705-708.

Sowman PF, Crain S, Harrison E, Johnson BW. Lateralization of
brain activation in fluent and non-fluent preschool children: A mag-
netoencephalographic study of picture-naming. Front Hum
Neurosci. 2014;8:354.

Toyomura A, Fujii T, Kuriki S. Effect of an 8-week practice of exter-
nally triggered speech on basal ganglia activity of stuttering and flu-
ent speakers. Neuroimage. 2015;109:458-468.

Foundas AL, Bollich AM, Feldman ], et al. Aberrant auditory pro-
cessing and atypical planum temporale in developmental stuttering.
Neurology. 2004;63(9):1640.

Gough PM, Connally EL, Howell P, Ward D, Chesters J, Watkins
KE. Planum temporale asymmetry in people who stutter. | Fluency
Disord. 2018;55:94-105.

Partovi S, Konrad F, Karimi S, et al. Effects of covert and overt
paradigms in clinical language fMRI. Acad Radiol. 2012;19(5):
518-525.

46.

47.

48.

49.

50.

S1.

52.

BRAIN COMMUNICATIONS 2024, fcae305 | 13

Turkeltaub PE, Eden GF, Jones KM, Zeffiro TA. Meta-analysis of
the functional neuroanatomy of single-word reading: Method and
validation. Neuroimage. 2002;16(3, Part A):765-780.

Blackman GA, Hall DA. Reducing the effects of background noise
during auditory functional magnetic resonance imaging of speech
processing: Qualitative and quantitative comparisons between
two image acquisition schemes and noise cancellation. | Speech
Lang Hear Res. 2011;54(2):693-704.

Gaab N, Gabrieli JDE, Glover GH. Assessing the influence of scan-
ner background noise on auditory processing. I. An fMRI study
comparing three experimental designs with varying degrees of scan-
ner noise. Hum Brain Mapp. 2007;28(8):703-720.

Nebel K, Stude P, Wiese H, et al. Sparse imaging and continuous
event-related fMRI in the visual domain: A systematic comparison.
Hum Brain Mapp. 2005;24(2):130-143.

Perrachione TK, Gabrieli JDE, Ghosh SS. Optimized design and
analysis of sparse-sampling functional magnetic resonance imaging
experiments of speech and hearing. | Acoust Soc Am. 2011;
129(4_Supplement):2495.

Neef NE, Anwander A, Friederici AD. The neurobiological ground-
ing of persistent stuttering: From structure to function. Curr Neurol
Neurosci Rep. 2015;15(9):63.

Glover GH. Overview of functional magnetic resonance imaging.
Neurosurg Clin N Am. 2011;22(2):133-139.

$20Z 1290190 €0 U0 1sanb Aq §//9G/ //SOESEII/G/9/001IB/SWWIOOUIRI]/WO0D dNO"0IWapEI.//:sd)y WO} POPEOjUMO(]



	No evidence of altered language laterality in people who stutter across different brain imaging studies of speech and language
	Introduction
	Materials and methods
	Participants
	Tasks
	Overt sentence reading
	Overt picture description
	Covert sentence reading
	Covert auditory naming

	fMRI data analysis
	Quantifying laterality indices
	Statistical analysis

	Results
	Brain activity during tasks: group averages
	LIs based on task-evoked activity in the frontal lobes
	Overt sentence reading task
	Overt picture description, covert sentence reading and covert auditory naming
	Laterality effect of different tasks

	LIs based on task-evoked activity in the temporal lobes
	Overt sentence reading
	Overt picture description, covert sentence reading and covert auditory naming
	Laterality effect of different tasks

	LIs for task-evoked activity in pars opercularis (BA44) and pars triangularis (BA45)

	Discussion
	No differences in laterality between PWS and TFS
	LIs are more strongly left lateralized for the covert tasks
	Limitations

	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




