Structural and functional abnormalities of
the motor system in developmental
stuttering

Kate E. Watkins Stephen M. Smith Steve Davis Peter Howell
Brain, Volume 131, Issue 1, 1 January 2008, Pages 50-

59 https://doi.org/10.1093 /brain/awmz241

Published:

10 October 2007

Abstract

Though stuttering is manifest in its motor characteristics, the cause of stuttering may not relate
purely to impairments in the motor system as stuttering frequency is increased by linguistic
factors, such as syntactic complexity and length of utterance, and decreased by changes in
perception, such as masking or altering auditory feedback. Using functional and diffusion
imaging, we examined brain structure and function in the motor and language areas in a group
of young people who stutter. During speech production, irrespective of fluency or auditory
feedback, the people who stuttered showed overactivity relative to controls in the anterior
insula, cerebellum and midbrain bilaterally and underactivity in the ventral premotor, Rolandic
opercular and sensorimotor cortex bilaterally and Heschl's gyrus on the left. These results are
consistent with a recent meta-analysis of functional imaging studies in developmental
stuttering. Two additional findings emerged from our study. First, we found overactivity in the
midbrain, which was at the level of the substantia nigra and extended to the pedunculopontine
nucleus, red nucleus and subthalamic nucleus. This overactivity is consistent with suggestions
in previous studies of abnormal function of the basal ganglia or excessive dopamine in people
who stutter. Second, we found underactivity of the cortical motor and premotor areas
associated with articulation and speech production. Analysis of the diffusion data revealed that
the integrity of the white matter underlying the underactive areas in ventral premotor cortex
was reduced in people who stutter. The white matter tracts in this area via connections with

posterior superior temporal and inferior parietal cortex provide a substrate for the integration
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of articulatory planning and sensory feedback, and via connections with primary motor cortex,
a substrate for execution of articulatory movements. Our data support the conclusion that
stuttering is a disorder related primarily to disruption in the cortical and subcortical neural
systems supporting the selection, initiation and execution of motor sequences necessary for

fluent speech production.

Introduction

Persistent developmental stuttering is a disorder of speech fluency affecting approximately
1% of the adult population (Andrews and Harris, 1964; Bloodstein, 1995). The prevalence
of stuttering, however, is even higher than this with estimates of between 4 and 5% of the
population having stuttered at some point during development (Andrews and

Harris, 1964). Given its prevalence and the opportunity to compare people who persist
with those who recover, the study of developmental stuttering offers the possibility to
explore the neural basis of speech production more generally, as well as providing insights
into mechanisms of plasticity, reorganization or recovery of function. Unlike patient groups
with impairments of speech and language due to genetic abnormalities (e.g. the KE family;
Watkins et al.,, 2002a), brain lesions or other neurological disease, people who stutter are

generally healthy, and cognitively, psychiatrically and neurologically unimpaired.

Many view stuttering as primarily a motor-speech disorder, sharing characteristics with
other disorders of motor control such as Tourette's syndrome, dystonia and Parkinson's
disease (Ludlow and Loucks, 2003). There is evidence, however, that linguistic factors play
arole in stuttering frequency (Karniol, 1995). Stuttering occurs more frequently at the
beginning of sentences, particularly if the planned utterances are long (Jayaram, 1984) or
syntactically complex (Melnick and Conture, 2000) and rarely on single-word utterances or
word lists. Changes in sensory inputs can dramatically ameliorate the characteristic
dysfluencies associated with stuttering. Fluency is enhanced by speaking with auditory
masking (white noise), to a rhythmic cue, in unison with other speakers and by singing or
by altering auditory feedback of the speaker's own speech such that it is slightly delayed or
changed in frequency (Andrews et al., 1983, for review; Kalinowski and

Saltuklaroglu, 2003). The enhancement of fluency by altered perceptual inputs also



provides an opportunity to explore mechanisms of sensorimotor integration in relation to

speech production.

Despite its prevalence in the healthy population, the neural basis of developmental
stuttering is poorly understood. Initially, PET and more recently, functional MRI, were used
to examine brain function during fluent and dysfluent speech in people who stutter (Fox et
al., 1996; Braun et al., 1997; De Nil et al., 2000; Fox et al., 2000; Ingham, 2001; De Nil et

al., 2003; Neumann et al., 2003; Van Borsel et al., 2003). A recent meta-analysis of these
studies identified three ‘neural signatures’ of stuttering: people who stutter show more
activity than fluent-speaking controls in the cerebellar vermis and in the right anterior
insular cortex with an ‘absence’ of activity in the auditory cortices in superior temporal
lobe (Brown et al., 2005). These abnormal levels of activity were observed during speech
production irrespective of the presence or absence of stuttered speech during scan
acquisition. Surprisingly, the meta-analysis did not reveal abnormal levels of activity in the
basal ganglia circuitry despite early imaging work on small samples showing abnormal

metabolism in these structures in developmental stuttering (Wu et al, 1995, 1997).

Consistent with findings in other developmental disorders such as dyslexia, brain
asymmetry both globally and locally in the planum temporale is abnormal in
developmental stuttering (Foundas et al., 2003). Furthermore, subtypes of stuttering can
be identified according to planum temporale asymmetry and these subtypes respond
differently to the fluency-enhancing effects of altered auditory feedback (Foundas et

al., 2004). In the inferior frontal gyrus, abnormal and extra diagonal sulci (usually a shallow
sulcus in the posterior part of Broca's area i.e. pars opercularis) are reported in the left or
right hemisphere or both in people who stutter (Foundas et al.,, 2001). Also, extra sulci are
described in the opercular cortex (the dorsal surface of the Sylvian fissure) extending from
the inferior frontal lobe to the inferior parietal lobe; these were also noted in either left or
right hemispheres in the majority, but not all, of people who stutter. A recent study,
however, describes abnormal numbers of sulci in the upper bank of the right Sylvian
fissure (and not the left) in a group of males who stutter; this study also reported no
differences compared to controls in global or local hemispheric asymmetries (Cykowski et

al,, 2007).



The aforementioned studies used high-resolution images of brain structure to assess the
size and shape of cortical areas. Diffusion imaging can be used to assess the integrity of
white matter tracts by measuring the preferred direction of diffusion of water in each voxel
of the image. Water diffuses most easily along the long axis of a fibre tract, so the signal
obtained is used to infer the principle direction of fibres at that location. Using a voxel-wise
analysis of diffusion data across the whole brain, one study found reduced white matter
integrity in the left Rolandic (central) operculum in people who stutter compared to
controls (Sommer et al.,, 2002). The area of significant difference was located in the white
matter underlying the putative sensorimotor representation of the articulators. Similarly, a
reduction in white matter integrity in the left superior longitudinal fasciculus was
described in children who stutter aged 8-12 years (Chang et al., 2006). This result
replicates and extends the original finding in this area (Sommer et al, 2002). It is
interesting to speculate on the relationship between this apparently weak or interrupted
white matter tract and the functional brain abnormalities considered characteristic of
stuttering. The location is suggestive of a disruption in the communication between areas
important for auditory perception and motor control of speech. One study describes
increased brain activity in the Rolandic operculum following stuttering therapy, suggesting
that tissue close to the area of white matter abnormality can compensate in recovery from

stuttering (Neumann et al., 2005).

Here, we examined brain structure and function and the relationship between the two in a
group of adolescents and young people who stutter. We hypothesized that people who
stutter would show functional or structural abnormalities in either motor or language
areas of the brain, or both, consistent with current theories of deficits in the execution and
planning of speech in stuttering (EXPLAN; Howell and Au-Yeung, 2002; Howell, 2004).
Also, we wished to examine the relationship between functionally abnormal brain areas
and the underlying structure. We used functional MRI to measure the brain activity during
sentence reading. A sparse-sampling design (Hall et al., 1999) was used so that participants
spoke during a 7-s silent period between scans. This ensured that speech-related
movement artefacts did not contaminate images and that participants could clearly hear
the feedback. As the blood oxygenation-level dependant (BOLD) response measured by
functional MRI takes 4-5 s to peak (Belin et al., 1999; Glover, 1999), brain images acquired



at the end of the 7-s silent period coincide with the peak of the brain's response to the
speech produced during that period. Participants read sentences aloud and received
auditory feedback that was normal, delayed or frequency-shifted; the latter two conditions
typically enhance fluency in people who stutter. Brain structure was examined using a
measure of white matter integrity, fractional anisotropy (FA), derived from diffusion tensor
images. A novel analysis technique (Tract-Based Spatial Statistics; TBSS; Smith et al., 2006)
was applied to this data. TBSS overcomes many of the problems inherent in standard voxel-
wise methods of whole-brain analysis of diffusion data, such as averaging of data from grey
and white matter by smoothing and problems with between-subject variance in brain
structure. The results of the separate functional and structural analyses were compared to

assess the relationship between the two.

Methods

Participants

Twelve subjects with developmental stuttering (people who stutter, PWS: 8M:4F; aged 14-
27 years, avg. 18 y; 1 left-hander) and 10 age- and sex-matched controls (Controls: 6M:4F;
aged 14-27 years, avg. 18 y; all right-handed) were scanned using functional MRI. In
addition, a further eight subjects (five PWS, three Controls) were scanned with diffusion
imaging (PWS: 12M:5F; avg. age 17 y; Controls: 8M:5F; avg. age 18 y). The subjects with
developmental stuttering ranged in stuttering severity from mild to severe as assessed
with the Stuttering Severity Instrument-3 (Riley, 1994) (avg. 22.3, range 8-37). The study
was conducted under ethical approval from the Central Office for NHS Research Ethics
Committees and the Research Ethics Committee for University College London. Subjects
gave informed consent or assent (if younger than 16 years, parental consent was also
obtained) in accordance with the Declaration of Helsinki and were compensated for their

time.

Functional imaging

Functional MRI data were obtained using a 3-T Varian-Siemens scanner with a birdcage

head coil. Whole-head T2*-weighted echo-planar images (TE = 30 ms), acquired every 10 s



with a delay of 7 s (i.e. sparse sampling; Hall et al., 1999), comprised 3-s acquisition of 32 4-
mm axial slices (in-plane resolution 4 mm x 4 mm). During the 7-s silent delay between
measurements, subjects saw a stimulus via prism glasses that was either a meaningful
sentence or a row of Xs and they read the sentences aloud. Sentences were selected from
recommended lists (IEEE, 1969) and varied in syllable length from 7 to 11 syllables
(average 9 syllables). Speech was recorded using an MRI-compatible microphone and fed
back over headphones to the subjects via a real-time digitizer. Feedback was either (i)
normal (ii) delayed by 200 ms or (iii) frequency-shifted by half an octave upwards. The
average sentence length did not differ among conditions (9 syllables). Twenty-four
volumes were acquired under each of the three conditions and the baseline condition

presented in a fixed pseudorandom order for a total of 96 volumes (16 min).

The functional images were analysed using the FMRIB Software Library
(FSL; http://www.fmrib.ox.ac.uk/fsl). Motion corrected images were unwarped using a

fieldmap and PRELUDE and FUGUE software running in FSL (Jenkinson, 2003). These were

then affinely registered via a T1-weighted structural image (1 mms3 voxels; FLASH sequence
TR =12 ms, TE = 5.65 ms, flip angle = 19°) to the MNI-152 template, smoothed with an 8-
mm full-width at half maximum smoothing kernel and analysed using the general linear
model. For individual subjects, statistical maps were generated to show patterns of
activation during each condition separately relative to baseline. Group analyses were
carried out using FMRIB's Local Analysis of Mixed Effects stage 1 only (Woolrich et

al., 2004). The differences in activity between the PWS and Control groups showed very
similar patterns in all of the feedback conditions, suggesting that these differences were
common to speech production by PWS and did not reflect the type of feedback received or
the fluency attained. The statistical significance of these group differences was established,
therefore, with an F-test across the three conditions of feedback. In this analysis peaks
were considered significant at a threshold of Z > 3.78 (P < 0.05, corrected). The peak
location and Z value for areas identified as showing a group difference in this F-test are
reported (the null hypothesis of this test is that there are no differences between the two

groups in any of the three conditions).

Diffusion tensor imaging
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Diffusion images were acquired using a 1.5T Siemens Sonata imaging system with a
maximum gradient strength of 40 mTm-". Two sets of echo-planar images of the whole
head were acquired (53 x 2.5 mm thick axial slices, in-plane resolution 2.5 mm?). Each set
comprised three non-diffusion-weighted and 60 diffusion-weighted images acquired with
a b-value of 1000 smm-2uniformly distributed across 60 gradient directions. Diffusion data
were preprocessed using FMRIB's Diffusion Toolbox (v. 1.0). Images were corrected for
Eddy currents and head motion by using affine registration to the non-diffusion volumes,
data were averaged across the two acquisitions to improve signal to noise, and images
were created of fractional anisotropy (FA). Voxel-wise statistical analysis of the FA data
was carried out using TBSS (Smith et al, 2006). TBSS non-linearly registers the diffusion
images to a target image. It then creates a skeleton of white matter by thinning the average
of all the data to find a representation of all tracts, which are common to all the subjects.
TBSS projects each subject's FA data onto the mean FA tract skeleton. The highest data
value near the skeleton in each subject is transferred to the skeleton for analysis. The data
for the two groups were compared with a t-test at each voxel location in the skeleton. A

statistical threshold of ¢(28) > 3.1 (P < 0.0025, uncorrected) was used for these analyses.

Results

Functional imaging

Functional brain imaging during normal, delayed and frequency-shifted feedback
conditions revealed similar patterns of activation relative to the baseline conditions in
controls (N = 10) and PWS (N = 12). These comprised left inferior frontal gyrus (IFG)
extending to the opercular surface and ventral premotor cortex, bilateral pre-
supplementary, supplementary and cingulate motor areas, sensorimotor cortex, superior
temporal gyrus and sulcus, left thalamus and superior cerebellum. The activity in this
network is consistent with overt speech production and auditory perception of that

production.

A comparison of the PWS and control groups revealed a number of differences in brain

activity that were seen commonly in each of the feedback conditions. An F-test across the



group difference images for the three contrasts comparing speech to baseline revealed that
the PWS group had significantly (Z > 3.78, P < 0.05 corrected) lower activity than the
controls in the left ventral premotor cortex, right Rolandic (central) opercular cortex
(ventral to the left premotor peak), left and right sensorimotor cortex, spanning the central
sulcus at the level of the face representation (Fox et al., 2001), and left anteromedial
Heschl's gyrus (see Fig. 1 and Table 1). In contrast, the PWS group had significantly greater
activity than controls in the left cingulate sulcus, left and right anterior insula extending to
the putamen on the left, a midbrain region with peaks bilaterally at the level of the
substantia nigra, but encompassing also the pedunculopontine nucleus, subthalamic
nucleus and red nucleus, and the left and right posterior lobes of the cerebellum (see Fig.

1 and Table 1).

Fig. 1
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Functional brain differences between controls and people who stutter during speech production with
auditory feedback. Coloured maps of the Z-statistic for the F-test across the three feedback conditions are
overlaid onto a single representative T1-weighted brain image from the subjects studied (thresholded at Z >
3.5 for visualization). Blue indicates areas where PWS had significantly less activity than Controls in at least
one of the feedback conditions. Yellow/orange indicates areas where PWS had significantly more activity
than Controls in at least one of the feedback conditions. For axial and coronal slices the left side of the brain is
shown on the left. Numbers next to each image indicate the coordinate in mm of that slice in x (for

sagittal), y (for coronal) and z (for axial) relative to the orthogonal planes through the anterior commissure.
vPMC = ventral premotor cortex; cOp = central operculum; SMC = sensorimotor cortex; CgS = cingulate
sulcus; sn/stn/rn = substania nigra or subthalamic nucleus or red nucleus; pCbll = posterior lobe of

cerebellum; Ins = insula; HG = Heschl's gyrus.
Table 1

Brain areas showing differences between people who stutter and controls in
activity during speech across the three feedback conditions
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VA

Brain area X Y Z statistic?
Right posterior lobe of
cerebellum® 8 -68 -48 4.49

az-statistic for the F-test carried out across three conditions of feedback (z > 3.78
is significant at P< 0.05, corrected).

bRegions showing symmetrical bilateral differences in activity.

The comparisons of delayed or frequency-shifted feedback with normal feedback revealed
increased activity bilaterally in the superior temporal cortex in both groups. During
delayed feedback relative to normal feedback, both groups showed increased activity in the
right inferior frontal cortex. There were no significant differences between the PWS group
and the controls for the comparisons between feedback conditions (i.e. the interaction
between group and feedback condition; cluster threshold Z > 2.3, P < 0.05, corrected, or
voxel threshold Z > 3.1, P < 0.001, uncorrected).

Analysis of speech recorded during scanning revealed that the PWS group produced
significantly more stuttered syllables than the control group [F(1,20) = 6.40, P = 0.02; PWS
mean 7.6%, SD 8.1; Controls mean 1.8%, SD 1.3) and that both groups produced
significantly more stuttered syllables during delayed compared to frequency-shifted
auditory feedback [F(1.55,40) = 4.32, P = 0.031; feedback: normal, mean 4.9%, SD 5.7;
delayed, mean 6.6%, SD 8.4; frequency-shifted, mean 3.4%, SD 5.3]. There was no
difference in the rate of stuttering between the normal feedback and the other two
conditions and the interaction between group and feedback condition was not significant
(Table 2). Sentence duration did not differ between PWS and Controls. The durations of
sentences spoken with delayed feedback were significantly longer than those spoken with
frequency-shifted feedback, which were significantly longer than those spoken with normal
feedback [F(2,40) = 18.84, P < 0.001; feedback: normal, mean 2.87 s, SD 0.6; delayed mean
3.34 s, SD 0.7; frequency-shifted mean 3.03 s, SD 0.5]. The interaction between group and

feedback condition for sentence duration was not significant (Table 2).
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Table 2

Data from speech recordings made under different feedback conditions during

scanning (Mean (SEM))

Measure PWS (N=12) CON (N=10)
Stuttered syllables (%)
Normal 7.37 (1.94) 1.91 (0.37)
Delayed 9.99 (2.98) 2.56 (1.51)
Frequency-shifted 5.45 (1.90) 1.00 (0.25)
Sentence duration (s)
Normal 3.12 (0.22) 2.58 (0.05)
Delayed 3.57 (0.27) 3.08 (0.07)
Frequency-shifted 3.19 (0.18) 2.85 (0.05)

Structural imaging

Given our a priori hypothesis that the areas of the brain affected in stuttering would be
language and motor areas and their homologues in the right hemisphere, we report
differences in FA in tracts associated with those areas at a threshold of ¢(28) > 3.1 (P <
0.0025, one-tail, uncorrected); many of these areas showed group differences bilaterally
(see Table 3 and Fig. 2). The joint probability of finding these bilateral differences can be
considered P < 0.00252. The PWS group (N = 17) had significantly lower FA compared to
the Control group (N = 13) in white matter underlying pars orbitalis in the right IFG, left
and right posterior IFG, left and right precentral gyrus (middle), left and right ventral

premotor cortex, right posterior supramarginal gyrus and left dorsal supramarginal gyrus,
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in the right and left cerebellar white matter and in white matter tracts such as the right
corticospinal tract (at the level of the midbrain), the medial lemniscus and the right middle
cerebellar peduncle. The PWS group had higher FA than controls in the white matter
underlying left posterior I[FG (ventral to the area of decrease described above), right

postcentral gyrus and right supramarginal gyrus.

Fig. 2

View largeDownload slide

Structural white matter differences between controls and people who stutter. The skeleton (green) is
overlaid onto the average FA image of the subjects studied. Blue indicates areas where PWS had lower FA
than Controls. Yellow/orange indicates areas where PWS had higher FA than Controls. [Note: statistical maps
were thresholded at t(28) > 3.1 (P < 0.0025, one-tailed) and the surviving clusters of voxels were dilated for
visualization purposes only]. Numbers above each image indicate the coordinate in millimetres of that slice

in y relative to the vertical coronal plane through the anterior commissure. See Table 1 for further details.
Table 3

Differences between people who stutter and controls in structural integrity of
white matter tracts

t-
White matter region X Y Z statistic
PWS lower FA than controls
Right inferior frontal gyrus (pars
orbitalis) 47 36 -10 4.36
Left inferior frontal gyrus
(posterior)? -43 25 14 4.75
Right inferior frontal gyrus
(posterior)? 44 20 12 4.6

Right precentral gyrus® 59 7 33 3.37
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t-

White matter region X Y VA statistic
Right postcentral gyrus 45 -19 44 4,58
Right supramarginal gyrus 45 -37 35 4.03

aRegions showing symmetrical bilateral differences in FA.

By superimposing the statistical maps of the comparisons between PWS and Controls we
were able to demonstrate the relationship between the functional and structural
differences. The reduced functional activations in the left ventral premotor cortex and even
more ventrally located right premotor (Rolandic/central opercular) cortex in the PWS

group lay directly above regions of white matter showing reduced integrity in that group

(Fig. 3).

Fig. 3

View largeDownload slide

Structural and functional abnormalities in the premotor cortex and underlying white matter in people who
stutter. The skeleton (green) is overlaid onto the average FA image of the subjects studied. Blue indicates
areas where PWS had significantly less activity than Controls during speech production, across the three
feedback conditions (see Fig. 1 for details). Pink indicates areas where PWS had lower FA than Controls
(see Fig. 2 for details). Sagittal image in the top right of figure shows the position of the axial and coronal
slices shown below (a-d). For axial and coronal slices the left side of the brain is shown on the left. vPMC =

ventral premotor cortex; cOp = central operculum.

Discussion

Using a combination of structural and functional brain image analysis in people who
stutter, we have identified a relationship between abnormal brain function of the ventral
premotor cortex in both hemispheres and the integrity of white matter connections lying

underneath this area. The affected areas were not perfectly symmetrical in the left and


https://academic.oup.com/view-large/4801793
https://academic.oup.com/view-large/figure/4801797/awm241f3.gif
https://oup.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/brain/131/1/10.1093/brain/awm241/2/awm241f3.gif?Expires=1515019938&Signature=QZPoH2ZVkFenqLzoRAvt8R2IrIBTlQ32yRvtodrbvLua9P716WKGM0pMMzvsrxIexUxV1eDCYYPZl~Ah-g4zc02Hh67HqIOuzc2~6-RFSYnY632BhwPt8jHgulj95~Oyp-9Fe7owA~Gi6xrggINj3CM0GsjfYNDMagb1h8MIyA08o6rAhRkWQ2VOKeH8McM-h9BzYY~BHWKZz0pg3U5wxHUe5Q1yzgIm31zPXvSvQv2NQVutrVvtM2N-JrvMhNC4BkPtbsLpKcrXOZ-iY-9chfudaTmT~mH4KmsUrZ9LiTQPZfGnuC0X571jenQj07j8NISD7BvTva9~Wice8r7A2Q__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q&sec=4801797&ar=342350&xsltPath=~/UI/app/XSLT&imagename=

right hemispheres, being more ventral and anterior on the right than on the left (see
central operculum in Table 1 and Fig. 1). In the monkey, ventral premotor cortex
(Brodmann's area 6) and adjacent area 44 receive inputs from the supramarginal gyrus
and adjacent parietal operculum (Petrides and Pandya, 2002) and the posterior insula
(Mesulam and Mufson, 1982). Also, ventral premotor cortex projects to the primary motor
cortex in the precentral sulcus/gyrus (area 4) (Barbas and Pandya, 1987). Disruption of
white matter tracts underlying the ventral premotor cortex is likely to interfere with the
integration of sensory and motor information necessary for fluent speech production. Brain
activity in the left frontal precentral cortex (-48 -4 32), at a location slightly posterior and
dorsal to the peak in ventral premotor cortex reported here (-54 2 24), is reported to be
significantly lower compared to controls in people who stutter prior to therapy

(Neumann et al,, 2003). When studied at follow-up, after therapy, activity in this region
(-46 -2 24; IFG) was significantly increased (Neumann et al., 2003). Functionally, the
ventral premotor cortex subserves complex sequences of movements, including those
involved in speech (Wise et al,, 1999). In the monkey, mirror neurons responding to both
production of actions and the sounds made by these actions are located in ventral
premotor cortex (Kohler et al., 2002), providing further evidence that this area is critical

for linking sensory and motor representations of actions.

In human development, focal unilateral lesions rarely lead to persistent speech or language
abnormalities, presumably due to the capacity of the immature brain to reorganize and
recover these functions (Hécaen, 1976; Bates et al., 1999). In developmental disorders with
no overt neurological cause, we suspect, therefore, that the underlying abnormalities are
bilateral and diffuse (Watkins et al., 2002b). Consistent with this claim, we saw bilateral
structural and functional abnormalities in the people who stutter. Similarly, previous
reports of brain structural differences in people who stutter have described differences in
both hemispheres (Foundas et al., 2001; Cykowski et al.,, 2007). A previous study in
developmental stuttering used diffusion imaging to identify an area of reduced white
matter integrity in the left Rolandic operculum (Sommer et al, 2002). In our study, the
reductions in white matter integrity in people who stutter seen in the left and right
hemispheres were both located slightly more anterior (17 mm in the y-axis) to the

unilateral left-hemisphere difference previously reported. Another study reported



reduction in white matter integrity in the left superior longitudinal fasciculus underlying
Brodmann areas 43, 6, 40 and 22 in children who stutter (Chang et al., 2006). Area 43 is the
cortical area known as the Rolandic (or central) operculum, overlying the region identified
by Sommer and colleagues (2002) and seen in our study on the right to be both functionally
underactive and structurally abnormal (central operculum in Table 1 and Fig. 1). Area 6 is
premotor cortex and another area identified in our study on the left to be both functionally
underactive and show reduced white matter integrity (see ventral premotor cortex

in Table 1 and Fig. 1). Tracts in these areas, namely the superior longitudinal fasciculus
and, more posteriorly located, the arcuate fasciculus, provide a substrate for
communication with posterior superior temporal and inferior parietal cortex, which is
likely to be a critical circuit for integrating motor plans and sensory feedback during

speech production.

During acquisition of functional imaging data, the participants who stuttered produced
significantly more stuttered speech than controls. However, this group difference did not
interact with feedback condition; both groups produced more stuttered speech during
delayed feedback than during frequency-shifted feedback but neither condition differed
significantly from the normal feedback condition. In the participants who stutter, the small
number of epochs of stuttered speech may have been due to fluency-enhancing effects of
the scanning environment, which produces rhythmic and loud noise bursts. Also, reading of
a single sentence remote from a listener might have influenced fluency in a positive way. As
expected during speech production and perception of that production, both groups showed
brain activity in a network of areas comprising left IFG extending to the opercular surface
and ventral premotor cortex, bilateral medial frontal cortex (encompassing supplementary,
pre-supplementary and cingulate motor areas), sensorimotor cortex (about the level of the
face representation), superior temporal gyrus and sulcus, left thalamus and anterior
cerebellum (vermal zone and both hemispheres laterally). In both groups, altered auditory
feedback (delayed or frequency-shifted) resulted in increased activity in the superior
temporal cortex bilaterally compared with normal feedback, consistent with previous
reports (Hashimoto and Sakai, 2003; Fu et al.,, 2006). Delayed feedback also resulted in
increased activity in the right [IFG compared with normal and with frequency-shifted

feedback. As both groups produced significantly more stuttering during this condition



relative to the frequency-shifted one, this increased activity might be related to the amount
of stuttered speech produced or to compensatory activity related to the effect of delayed
feedback on speech fluency. As for speech fluency, the differences in brain activity between
the groups did not differ among feedback conditions. Rather, analysis of the feedback
conditions separately revealed common differences during speech production between the
controls and the participants who stutter. We consider these differences, therefore, to
reflect a characteristic pattern of activity in the stuttering brain during speech production

unrelated to the fluency attained, or the type of auditory feedback received.

The increased areas of activity in the people who stutter group in the right anterior insula
and the cerebellum relative to the controls are consistent with two of the three neural
signatures described in the recent meta-analysis of previous functional imaging studies
(Brown et al., 2005). The third neural signature, an ‘absence’ of activity in the auditory
cortices of the superior temporal lobe bilaterally, was not observed in our study. We did,
however, observe a unilateral decrease in activity in left Heschl's gyrus in people who
stutter relative to controls. The reduced auditory activity reported in the meta-analysis was
attributed to increased suppressive effects from repeated motor activation (efference copy;
Brown et al,, 2005). During vocalisation in non-human primates, neural activity in auditory
cortex is thought to be similarly modulated by cortical vocal production centres (Eliades
and Wang, 2005). In functional MRI studies using BOLD, however, it is not possible to
disambiguate inhibitory and excitatory inputs as both are thought to increase the signal
(Logothetis, 2002). A conservative interpretation of the decreased Heschl's gyrus activity
seen in our study, therefore, is that the input to this auditory area is reduced in people who
stutter relative to controls. This might reflect reduced inputs from the motor system during
speech production as activity at the level of the face representation was also reduced in

people who stutter relative to controls.

In the right anterior insula, two areas showed greater activity in people who stutter
relative to controls. The more dorsal peak was symmetric with a peak in the left insula. The
coordinates for the more ventral peak (34 14 -14) are close to those previously reported as

active in people who stutter but not in controls in the right inferior frontal cortex (frontal



operculum: 36 18 -16) and negatively correlated with stuttering severity (Preibisch et
al, 2003).

A striking area of overactivity was seen in the midbrain in the people who stutter relative
to controls. The peaks of this activity are located bilaterally about 8 mm lateral to the
midline in an axial plane through the inferior colliculi. The closest structure to these peaks
is the substantia nigra pars compacta, just caudal to the red nucleus and subthalamic
nucleus (STN), but also very close to the putative location of the pedunclopontine nucleus
(PPN). Given data averaging, normal anatomical variability and the resolution of our
functional imaging data, it is not possible to be confident about which or how many of these
structures contribute to the overactivity observed in our study. However, most of these
nuclei are part of the basal ganglia circuitry, with reciprocal connections between PPN and
cerebral cortex, STN and globus pallidus (pars interna) for example, and outputs from PPN
to cortex, striatum and substania nigra, etc. The PPN is thought to be involved in the
initiation and modulation of stereotyped movements, principally gait, and along with the
STN is a target for therapy in the treatment of Parkinson's disease (see Pahapill and
Lozano, 2000for review). Treatment for Parkinson's disease with deep brain stimulation of
the STN can reversibly worsen stuttering severity (Burghaus et al.,, 2006). Activity in the
red nucleus was reported to increase in a small group of subjects following stuttering
therapy (Neumann et al, 2003) and, more recently, a negative correlation between
stuttering severity and activity in the substantia nigra was described both before and after

therapy (Giraud et al., 2007).

We have many other reasons to suspect abnormal function in cortico-striatal-thalamic
loops in stuttering: fluency typically improves following the administration of dopamine
antagonists e.g. haloperidol, risperidone and olanzapine (Lavid et al., 1999; Maguire et

al., 2000) and worsens after treatment with a dopamine agonist e.g. levodopa (Anderson et
al., 1999). Acquired stuttering is associated with lesions in the striatum or thalamus
(Carluer et al., 2000) and the occurrence of basal ganglia disorders, such as Parkinson's
disease, often leads to a re-emergence of recovered developmental stuttering (Shahed and
Jankovic, 2001). The overactivity of the midbrain in people who stutter seen here revives

the debate about the involvement of the basal ganglia in normal and abnormal speech



production (Klein et al., 1994; Wu et al., 1995; Fox et al., 1996; Watkins et al., 2002b;

Alm, 2004). As mentioned earlier it is also consistent with previous reports of changes in
basal ganglia activity associated with stuttering therapy (Neumann et al., 2003; Giraud et
al., 2007). Dysfunction of the basal ganglia loops or the dopaminergic system or both may
also be related to the cortical abnormalities seen in our study of developmental stuttering
as it is hypothesized that the basal ganglia act in the focussed selection of movements via
outputs to the premotor system and by inhibition of competing motor programs

(Mink, 1996, 2003). Dysfunction in such a system for speech motor programs might lead to
the production of repeated syllables and extraneous oral and facial movements, which are

common features of stuttered speech.

Previous studies have suggested that the increased number of males who stutter relative to
females may be due to greater recovery from developmental stuttering in the latter. In our
study, both males and females were studied but due to the small number of females it was
not possible to examine sex differences. However, differences in brain activity between
males and females who stutter were reported specifically for correlations with stuttered
speech rather than with fluent or stutter-free speech; regions in which brain activity
correlates with the latter are described as ‘very similar for both sexes’ (Ingham et

al., 2004). Given that in our study, the functional differences between people who stutter
and controls replicate across feedback conditions, two of which were designed to enhance
fluency in people who stutter, and the low incidence of stuttered speech during scanning,
we feel that any sex differences that exist would be small and reduce our sensitivity to true
positive results due to additional variance. Future studies, however, will hopefully
contribute further information on sex differences in both the structure and function of the

brain in people who stutter.

We hypothesized on the basis of Howell's EXPLAN theory of fluent speech control (Howell
and Au-Yeung, 2002; Howell, 2004), and previous results from imaging studies (Brown et
al., 2005) that both motor and language-related brain areas would be abnormal in people
who stutter. The central assumption of the EXPLAN theory is that language (PLAN) and
motor (EX) processes are involved in speech control. On this view, the linguistic system

produces serial output in correct order. When speech is progressing fluently, the motor



system produces the first output and when this is complete, the next linguistic output is
ready and produced. If there is an element in the sequence that is difficult for the linguistic
system to generate and whose processing is delayed, speech-motor output cannot continue
fluently. Speakers can deal with this by stalling, which involves either repeating speech
already produced (whole words) or pausing, allowing the speaker time to complete the
linguistic plan that he or she is having difficulty with. Alternatively, speakers can continue
with the part of the plan available (advancing) and during the time that the available part is
produced attempt to complete the remainder. If there is not sufficient time, speech will
falter (speakers may prolong the first part of the word as in ‘ssssister’, repeat it as in ‘suh-
suh-sister’ or put in a pause as in ‘s-ister’). Dysfluencies are reflected in either motor
activity (stalling repeats motor programs already available that do not have to be planned
linguistically) or linguistic activity (advancing the speech interferes with language
processing). Our findings of abnormalities in both motor and language areas in people who
stutter are in general agreement with EXPLAN. The white matter abnormality underlying
premotor cortex likely disrupts tracts in this area, which via connections with posterior
superior temporal and inferior parietal cortex provide a substrate for the integration of
articulatory planning and sensory feedback, and via connections with primary motor
cortex, a substrate for execution of articulatory movements. Future work should classify
fluent, stalled and advanced sentences to examine whether abnormalities in the motor and

language systems can be separately identified.

In conclusion, we have found functional abnormalities in many cortical and subcortical
motor areas related to speech production and the selection and initiation of motor
sequences more generally. Structural white matter abnormalities underlie the functional
ones in ventral premotor cortex, an area critical for integration of sensory and motor
information. We suspect that the structural abnormalities cause the functional ones but we
cannot rule out the possibility that a history of stuttering during development might have
resulted in abnormal development of these white matter tracts. Longitudinal studies

starting early in development should help us to address these alternative hypotheses.
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Abbreviations:
BOLD

blood oxygenation-level dependant



FA

fractional anisotropy

FSL

FMRIB software library

IFG

inferior frontal gyrus

PPN

pedunculopontine nucleus

PWS

people who stutter

STN

subthalamic nucleus
TBSS

tract-based spatial statistics
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