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Affecting 1% of the general population, stuttering impairs the normally effortless process of speech production, which requires
precise coordination of sequential movement occurring among the articulatory, respiratory, and resonance systems, all within
millisecond time scales. Those afflicted experience frequent disfluencies during ongoing speech, often leading to negative
psychosocial consequences. The aetiology of stuttering remains unclear; compared to other neurodevelopmental disorders,
few studies to date have examined the neural bases of childhood stuttering. Here we report, for the first time, results from
functional (resting state functional magnetic resonance imaging) and structural connectivity analyses (probabilistic tractography)
of multimodal neuroimaging data examining neural networks in children who stutter. We examined how synchronized brain
activity occurring among brain areas associated with speech production, and white matter tracts that interconnect them, differ in
young children who stutter (aged 3-9 years) compared with age-matched peers. Results showed that children who stutter have
attenuated connectivity in neural networks that support timing of self-paced movement control. The results suggest that audi-
tory-motor and basal ganglia-thalamocortical networks develop differently in stuttering children, which may in turn affect
speech planning and execution processes needed to achieve fluent speech motor control. These results provide important initial
evidence of neurological differences in the early phases of symptom onset in children who stutter.

Keywords: stuttering; resting state functional MRI; DTI probabilistic tractography; basal ganglia thalamocortical loop; auditory
motor integration

Abbreviations: BGTC = basal ganglia-thalamocortical; DTI = diffusion tensor imaging; M1 = primary motor cortex;
SMA = supplementary motor area

|ntl‘0dUCtI0n with  stuttering experience repetitions, prolongations, and

‘blocking’ of speech sounds that can severely compromise the
Stuttering is a speech disorder that affects smooth production of fluent flow of speech. Decades of neuroimaging research have
speech sounds. Occurring in 1% of the general population, and in revealed some convergent findings that point to subtle functional

~5% of preschool-age children (Bloodstein, 1995), those afflicted (Fox et al., 1996; Braun et al., 1997; Watkins et al., 2008; Chang
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et al., 2009) and structural (Foundas et al., 2001, 2003; Sommer
et al., 2002; Jancke et al., 2004; Beal et al., 2007, 2012; Chang
et al., 2008; Watkins et al., 2008) differences in cortical brain
areas supporting auditory-motor integration for speech processing.
Other studies examining intrinsic functional connectivity of brain
activity based on functional MRI data (Lu et al., 2009, 2010; Xuan
et al., 2012) and older PET studies (Wu et al., 1995, 1997), have
shown differences involving the basal ganglia-thalamocortical
(BGTC) loop. These findings corroborate some interesting phe-
nomena associated with stuttering, such as the fact that auditory
masking or manipulation (e.g. white noise, delayed auditory feed-
back) can induce fluent speech production even in severe stutter-
ing cases, and that external auditory pacing signals such as
metronome beats, when synchronized with speech production,
can lead to the same fluency-inducing effect (Wingate et al.,
2002; Alm, 2004).

One limitation so far in studies investigating the neural bases of
stuttering has been that these almost exclusively have focused on
examining adults who stutter. Because the vast majority of stut-
tering cases arise with symptom onset during early childhood (i.e.
2-4 years) (Yairi and Ambrose, 1992), adults who stutter likely
would have developed compensatory strategies and neuroplastic
changes associated with years of coping with stuttering. This
makes it difficult to determine whether any differences between
stuttering and control adult groups can truly be attributed to the
pathophysiology of stuttering or to compensation for the core
problem.

Here we present the first study to compare spontaneous brain
activity correlations across the brain during rest (resting state func-
tional MRI) and white matter connectivity [probabilistic tractogra-
phy using diffusion tensor imaging (DTI)] in a relatively large
sample of young children who stutter close to stuttering onset
(between 3-9 vyears old), compared to age-matched children
who do not stutter. Resting state functional MRI allows examin-
ation of temporally correlated brain activity across spatially distant
regions across the brain, which has been shown to reflect struc-
tural connections in the correlated regions (Greicius et al., 2009),
and/or a history of co-activity (Gusnard et al., 2001). Such ‘func-
tionally connected' regions also tend to overlap with networks
supporting specific functions, such as working memory (Sala-
Llonch et al., 2012), motor performance (Biswal et al., 1995),
and language (Hampson et al., 2002), as well as ‘default-mode’
networks that are more active during rest than during task per-
formance (Greicius, 2002). Probabilistic tractography based on DTI
data allows examination of white matter structural connectivity,
such that investigators can define a seed area of interest and cal-
culate the connectivity distribution (reflecting the strength of fibre
connection) of tracts to this seed area (Johansen-Berg and
Behrens, 2006). In this study, resting state functional MRI and
probabilistic tractography analyses were conducted in the same
children to assess both functional and structural connectivity, re-
spectively, to examine group differences in specific brain networks
of interest.

We chose to examine two neural networks in stuttering chil-
dren, based on emerging networks of interest from previous
research on adults who stutter: (i) the BGTC loop, including the
putamen, supplementary motor area (SMA), and primary motor
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cortex (M1); and (ii) the auditory-motor network including the
pars opercularis (Brodmann area 44, inferior frontal cortex), and
posterior superior temporal gyrus. Most neuroimaging studies to
date examining stuttering speakers pointed to a possible core def-
icit in the left hemisphere networks (Sommer et al., 2002; De Nil
et al., 2003; Lu et al., 2010; Chang et al., 2011), although heigh-
tened activity (Fox et al., 1996; Braun et al., 1997; De Nil et al.,
2000) and structural volume/area increases (Foundas et al., 2001;
Jancke et al., 2004; Cykowski et al., 2008) in right hemisphere
regions were also common findings. The latter may have been
compensatory processes, a question that may best be answered
by examining children close to stuttering onset. Examining children
rather than adults was also expected to provide clarification on
whether more cortical or subcortical foci would be intrinsic to the
pathophysiology of stuttering. Past studies reported anomalous
basal ganglia activity in stuttering speakers (Wu et al., 1997),
and normalization of basal ganglia activity after therapy (Giraud
et al., 2008). We hypothesized that stuttering children would ex-
hibit attenuated functional and structural connectivity compared
with age-matched non-stuttering peers in both the auditory-motor
network and in the basal ganglia thalamo-cortical networks,
primarily in the left hemisphere.

Materials and methods

Participants

A total of 56 children between 3 to 9 years of age participated; all
were right-handed, monolingual native North American English speak-
ing, and without concomitant developmental disorders such as dys-
lexia, ADHD, learning delay, or other confirmed developmental or
psychiatric conditions. All children underwent careful screening to
ensure normal speech and language developmental history except
for presence of stuttering in the stuttering group. The stuttering chil-
dren and controls were matched in chronological age, and did not
differ in socioeconomic status (Hollingshead, 1975). All participants
were right-handed on the Edinburgh handedness inventory (Oldfield,
1971). All participants were tested on a battery of standardized
speech, language, and cognitive tests, audiometric hearing screening,
oral-motor screening, and cognitive evaluations. The tests included the
Peabody Picture Vocabulary Test (PPVT-4), Expressive Vocabulary Test
(EVT-2), Goldman-Fristoe Test of Articulation (GFTA-2), Fluharty
Preschool Speech and Language Screening Test (for children <4
years of age), Test of Language Development (TOLD-P:3, [:4),
Wechsler Preschool and Primary Scale of Intelligence (WPPSI-III; for
children 2:6-7:3), Wechsler Abbreviated Scale of Intelligence (WASI,
for children 7 and up), and the Purdue Pegboard test (Association
APT, 2010). For study inclusion the participants had to score > —2
standard deviations of the norm on all standardized tests.

Stuttering severity was assessed by collecting samples of spontan-
eous speech, elicited through storytelling and conversational tasks with
a parent and a certified speech-language pathologist. These samples
were video-recorded for further offline analyses. The Stuttering
Severity Instrument (SSI-4) was used to examine frequency and dur-
ation of disfluencies occurring in the speech sample, as well as any
physical concomitants associated with stuttering. These were incorpo-
rated into a composite stuttering severity rating. To determine meas-
urement reliability of the stuttering severity instrument score ratings,
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an intra-class correlation coefficient was calculated on the two judges’
ratings of stuttering severity instrument from each child's speech
sample.

In addition to the speech-language and cognitive tests, all children
were trained during a separate visit with a mock scanner to familiarize
them with the scanner environment and procedures, and to practice
keeping still while lying down inside the bore for stretches of time.
Recordings of MRI sounds were played during this session, so that chil-
dren were aware that they would be hearing loud MRI sounds during
scanning. This session was repeated in some children, as needed.

All procedures used in this study were approved by the Michigan
State University Institutional Review Board. All children were paid a
nominal remuneration and were given small prizes (e.g. stickers) for
their participation.

MRI acquisition

All MRI scans were acquired on a GE 3 T Signa® HDx MR scanner (GE
Healthcare) with an 8-channel head coil. During each session, 180 T4-
weighted 1-mm? isotropic volumetric inversion recovery fast spoiled
gradient-recalled images (10min scan time), with CSF suppressed,
were obtained to cover the whole brain with the following
parameters: time of echo=3.8ms, time of repetition of acquisi-
tion=8.6ms, time of inversion =831ms, repetition time of inver-
sion=2332ms, flip angle=8°, field of view=25.6cm x 25.6cm,
matrix size = 256 x 256, slice thickness=1mm, and receiver band-
width = + 20.8 kHz.

After the T, data acquisition, high-order shimming procedures
were carried out to improve magnetic field homogeneity. DTI data
were acquired with a dual spin-echo echo-planar imaging (EPI)
sequence for 12 min and 6s with the following parameters: 48
contiguous 2.4-mm axial slices in an interleaved order, field of
view =22 .cm x 22 cm, matrix size = 128 x 128, number of excitations
(NEX) = 2, echo time = 77.5ms, repetition time = 13.7 s, 25 diffusion-
weighted volumes (one per gradient direction) with b = 1000 s/mm?,
one volume with b =0 and parallel imaging acceleration factor = 2.

To study rest state brain function, echo-planar images, starting from
the most inferior regions of the brain, were acquired for 7 min with the
following parameters: 38 contiguous 3-mm axial slices in an inter-
leaved order, echo time=27.7ms, repetition time =2500ms, flip
angle = 80°, field of view =22cm, matrix size = 64 x 64, ramp sam-
pling, and with the first four data points discarded. Each volume of
slices was acquired 164 times while a subject was asked to relax and
keep his/her eyes closed, but encouraged not to fall asleep.

One staff member sat inside the scanner room next to the child at
all times to monitor the child’'s comfort and to ensure cooperation
during scanning. During acquisition of MPRAGE and DTI scans, the
children viewed a children’s movie, which was turned off before the
start of the resting state scans.

Structural MRI data preprocessing and
functional-structural data alignment

The structural MRI data was processed using Freesurfer version 5.0
(http://surfer.nmr.mgh.harvard.edu/). Freesurfer comprises a package
of automated algorithms that allow calculation of surface mesh repre-
sentations of the cortex based on individual participants’ T,-weighted
volumetric images. Detailed steps involved have been described else-
where (Yeo et al., 2011). Briefly, each subject’s T4-weighted magnetic
resonance volumetric images were preprocessed through the default
FreeSurfer steps, which included the following: motion correction, skull
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stripping, non-linear registration (warping) from the original space to
the MNI305 space (standard space), cortical and subcortical segmen-
tations, regional volume and cortical thickness measurements, spherical
mapping and registration, and cortical parcellation.

A notable strength of using the preprocessing steps offered by
Freesurfer is that it allows surface-based registration of participants’
structural data, which significantly improves alignment of cortical land-
marks compared to volume-based registration. Another strength that is
especially relevant when preprocessing paediatric MRI data is that sur-
face-based registrations have been shown to lead to significantly less
registration error, and when tested with children's brains down to 4
years of age it was shown that registration to a common space did not
result in age-associated bias (Ghosh et al., 2010). We visually con-
firmed the accuracy of registering each child's T,-weighted magnetic
resonance volumetric image to standard space. For each subject, a
transformation matrix was created by FreeSurfer during warping
steps, which was used to register each child's functional and structural
connectivity maps to the MNI 305 standard space. All whole-brain
group analyses were carried out in the standard space. Anatomical
regions segmented with FreeSurfer were applied to all region of inter-
est-based connectivity analyses described below.

Generation of seed regions for
connectivity analyses

To define seed regions in the BGTC and auditory-motor networks for
the purpose of functional connectivity analyses, we first grossly
defined the relevant anatomical regions based on automatically gen-
erated parcellation maps from FreeSurfer (Fischl et al., 2002). The grey
matter maps were limited to the grey matter mantle and did not in-
clude white matter. Each region of interest was shape preserved, and
followed the anatomy of each individual's gyral and sulcal structure of
the specific area. We then manually edited each of these seed regions
in each subject by limiting the volume to within a 15 mm sphere from
the centre of mass of each seed region. This ensured that there was
relative consistency across participants in the size of the regions of
interest. Examples of the edited seed areas are shown in
Supplementary Fig. 1. The seed regions included the pars opercularis
[Brodmann area (BA) 441, SMA, putamen, posterior superior temporal
gyrus (manually edited to only include the area posterior to the first
Heschl's sulcus). For each of these regions, the white matter regions
immediately subjacent to the grey matter area were used as seed re-
gions for DTI fibre tracking. These white matter regions were defined
using FreeSurfer to include white matter tissue within 5mm of the
grey/white matter boundary. This approach allows for integrated
understanding of the functional and structural connectivity from
a common anatomical region and has been successfully applied to
research in Alzheimer's disease (Zhu et al., 2013).

Resting-state fMRI individual-subject
data processing

Resting state functional MRI correlation analysis was conducted using
AFNI (Cox, 1996), in each subject's original space. For each subject,
the acquisition timing difference was first corrected for different slice
locations. With the last functional volume as the reference, rigid-body
motion correction was done in three translational and three rotational
directions. The amount of motion was estimated and then modelled in
data analysis. For each subject, spatial blurring with a full-width half-
maximum of 4 mm was used to reduce random noise and inter-subject
anatomical variation during group analysis. At each voxel, motion
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estimation parameters, baseline, linear and quadratic system-induced
signal trends were removed from the time courses using the
‘3dDeconvolve’ routine in AFNI. Brain global, CSF and white matter
mean signals were modelled as nuisance variables and removed from
the time courses. In order to create the time course from pure
CSF regions, the lateral and third ventricles on the high-resolution
T,-weighted volumetric images were segmented using FreeSurfer soft-
ware followed by 1mm?> erosion. For the same reason, the white
matter was segmented from the T,-weighted volumetric images
using the 'FAST' routine in the FSL software (Smith et al., 2004) fol-
lowed by 4mm x 4mm x 4mm cubical erosion. The cleaned time
courses were then bandpass filtered in the range of 0.009-0.08 Hz
(Fox et al., 2005). These filtered time courses were used for correl-
ation-based connectivity analyses. The ‘3dfim+" routine in AFNI was
used to correlate the time course in every voxel of the brain against
the space-averaged time course from a seed region.

Resting-state fMRI between-group
statistical comparisons

To prepare for group analysis, the correlation coefficients were con-
verted to Z values through Fisher's Z-transformation. After warping to
the MNI305 standard space, the data were spatially blurred with full-
width half-maximum of 2mm to reduce potential noise generated by
non-linear warping. Between-group t-tests were performed on these Z
values. Monte Carlo simulation was performed according to the matrix
and voxel size of the imaging volume, and voxel intensity threshold-
ing, masking and spatial blurring applied. Cluster identification was
used to estimate overall statistical significance with respect to the
whole brain (Ward, 2000). The between-group t-test results for func-
tional connectivity with a seed were corrected for multiple compari-
sons based on the following criteria: a voxel was considered significant
only if it was within a 425mm?> cluster in which the voxels were
connected and all had a voxel-based P <5 x 1073, Based on the
application of these criteria to the whole brain, the voxel-based
P<5 x1073 was corrected to be an equivalent whole-brain
P <0.032.

Region of interest-based functional
connectivity analyses

In addition to seed-based whole brain comparisons of functional con-
nectivity between groups, we also examined group differences in the
correlations between a priori defined pairs of seed regions (LBA44-
LpSTG, LBA44-LM1, RBA44-RpSTG, RBA44-RM1 for the auditory-
motor network; LPutamen-LSMA, LSMA-LM1, LPutamen-LM1,
LPutamen-LpSTG, for the BGTC network). For these analyses, we
first extracted the cleaned and filtered time courses from each pair
of seed regions for each subject as described above. Pearson correl-
ation coefficients were calculated between each pair of time courses at
the corresponding seed regions. These coefficients were then con-
verted to Z values through Fisher's Z-transformation. Mixed-effects
ANOVAs with group and sex as between-group variables and subject
as a random variable, were used to compare the Z values between
groups. As it was expected that age might have an influence on inter-
regional correlations, age (in months) was entered as a covariate.
Because of group differences in verbal 1Q, we also added this variable
as a covariate of no interest. Results were considered significant given
a P < 0.05. Bonferroni correction was applied to control for false posi-
tive findings due to the multiple comparisons.
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Diffusion tensor imaging fibre
tracking and between-group
statistical comparison

Probabilistic fibre tracking was performed using routines from the FSL
Diffusion Toolbox (FDT v2.0) (http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/
fdt/fdt_probtrackx.html). After eddy-current distortion and motion
correction, Bayesian Estimation of Diffusion Parameters Obtained
using Sampling Techniques with crossing fibres modelled (n=2)
(BEDPOSTX) (Behrens et al., 2007) was performed at each voxel.
Then, probabilistic tractography with the ‘PROBTRACKX' routine
was applied to calculate whole brain connectivity distributions from
each subject-specific seed region. The connectivity distribution maps
were then warped to the MNI305 standard space. The data were
spatially blurred with full-width half-maximum of 2mm to reduce
the noise due to non-linear warping. Between-group t-tests were per-
formed. Monte Carlo simulation was performed according to the
matrix and voxel size of the imaging volume, voxel intensity thresh-
olding, masking and spatial blurring applied. Based on the result of
Monte Carlo simulation, a voxel was considered significant only if it
was within a 30.8 mm? cluster in which the voxels were connected and
all had a voxel-based P <5 x 1073, Based on the application of these
criteria to the whole brain, a voxel-based P <5 x 1072 was corrected
to an equivalent whole-brain P < 0.033.

Results

Behavioural assessments

The stuttering and control groups’ demographic data and results
of standardized testing are shown in Table 1. As shown here, the
children from the two groups did not differ on any of the stan-
dardized speech-language measures administered nor on measures
of socioeconomic status, manual dexterity, or handedness. With
the exception of two children in the stuttering group who scored
below one standard deviation (SD) on the Goldman-Fristoe Test of
articulation, none of the children scored <1 SD on any of the
speech-language measures. Children in the two groups did not
differ significantly in any of these standardized assessments
(Table 1). The two groups did not differ on the performance 1Q,
but differed on verbal 1Q scores. Hence, verbal 1Q scores were
entered as a covariate in our statistical analyses of group differ-
ences in the brain data.

For children who stutter, average time since stuttering onset
(duration of stuttering) was 38.8 months (SD = 26.4) and stutter-
ing onset age according to parent report was at an average of
36.2 months (SD = 11.2), which is consistent with previously re-
ported typical onset age for stuttering (Yairi and Ambrose, 1992).
Children who stutter had an average stuttering severity instrument
score of 20.48 (SD =7.11) corresponding to a ‘moderate’ stutter-
ing severity. The stuttering severity among the participants ranged
from very mild to very severe. The intra-class correlation coeffi-
cient for the overall stuttering severity instrument measurement
between two independent judges was 0.98. Per cent stuttered
disfluencies (e.g. sound-syllable repetitions, word repetitions, aud-
ible and inaudible sound prolongations), and normal disfluencies
(e.g. interjections, phrase repetitions, revisions, etc.), were also
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Table 1 Participant demographic information and behavioural test results

Measures Stuttering Controls Difference

n 27 29 n/a

Age in months 77.1 (26.7) 76.9 (22.8) P=0.979 (n.s.)
SSI-4 20.5 (7.1) N/A n/a

% stuttered disfl 5.7 (4.5) 0.97 (.82) P =0 (significant)
% normal disfl 5.0 (3.0) 4.3 (2.2) P=0.782 (n.s.)
PPVT-IV 109.5 (14.3) 116.4 (14.9) P=1 (n.s.)

EVT 106.5 (13.3) 114.5 (16.1) P=0.653 (n.s.)
GFTA 103.8 (9.2) 105.0 (8.9) P =0.606 (n.s.)
Handedness 74.9 (27.8) 83.9 (15.7) P=0.146 (n.s.)
Full 1Q 102.5 (15.8) 113.9 (15.8) P=0.135 (n.s.)
Verbal 1Q 102.3 (15.5) 117.3 (16.7) P =0.017 (significant)
Performance 1Q 105.3 (14.9) 112.6 (19.1) P=1(n.s.)
Purdue®: dominant hand 9.30 (2.88) 9.10 (2.74) P=1 (n.s.)
Purdue: non-dominant hand 8.44 (2.90) 8.38 (2.81) P=1 (ns.)
Purdue: both hands 6.70 (2.97) 7.05 (2.81) P=1 (ns.)

SES 52.6 (8.2) 53.1 (7.6) P=0.817 (n.s.)

*Number of pegs completed in 30s.

SSI-4 = Stuttering Severity Instrument, fourth edition; % stuttered disfl = stuttered words (e.g. sound-syllable repetitions, word repetitions, sound
prolongations) occurring per 100 words during conversational speech; % normal disfl = normal disfluencies (e.g. interjections, phrase repetitions)
occurring per 100 words during conversational speech; PPVT = Peabody Picture Vocabulary Test; EVT = Expressive Vocabulary Test;

GFTA = Goldman-Fristoe Test of Articulation; Purdue = Purdue pegboard test; SES = Hollingshead four-factor index of social status; n.s. = not

significant.

examined in both groups. Although children in both groups ex-
hibited similar per cent normal disfluencies (P =0.782), they dif-
fered significantly in per cent stuttered disfluencies in speech
(P < 0.001).

Magnetic resonance imaging data

Among the 56 children who participated, all but one subject's DTI
data set (28 controls, 27 stuttering) were acceptable for analyses.
Resting state functional MRI data from three controls and seven
children who stutter were excluded due to excessive movement;
hence 46 (26 controls, 20 stuttering) resting state functional MRI
data sets were used for functional connectivity analyses.

Children who stutter have attenuated
functional and structural connectivity
in the basal ganglia-thalamocortical
network, including the putamen and
supplementary motor area

Whole brain seed-based functional connectivity
comparisons of resting state functional MRI data
Whole-brain group contrast maps showed significant differences
between the stuttering and control groups in functional connect-
ivity occurring among regions within the left BGTC loop: when
examining brain activity correlation with the left putamen, the
control group exhibited significantly higher correlation in the left
SMA, left insula, and right posterior superior temporal gyrus rela-
tive to the stuttering group (Fig. 1A and Table 2). Children who
stutter had greater connectivity with the putamen in the right

superior frontal area (Table 2). When examining functional con-
nectivity with left SMA, there were increased correlations in the
left posterior-dorsal putamen, left cerebellum, left insula, and right
posterior superior temporal gyrus for control subjects relative to
children who stutter (Fig. 1B and Table 2).

Pair-wise correlation analyses of regions of interest

We additionally performed pair-wise correlation analyses among
several regions of interest within this BGCT network in the left
hemisphere (SMA-putamen, SMA-M1, posterior superior temporal
gyrus-putamen, M1-putamen). The correlation between SMA and
putamen was significantly greater in controls relative to children
who stutter [F(1,39) =6.15, P=0.018] (Fig. 1C). There was a
significant sex effect for the SMA-putamen correlation
[F(1,39)=6.732, P=0.013], but no Group x Sex interaction
[F(1,39) = 0.236, P =0.63]. There was also a significant effect of
age for this correlation  [F(1,39)=5.712, P=0.022]
(Supplementary Fig. 2A).

Structural connectivity among basal ganglia-cortical
areas using probabilistic tractography

The DTI tractography results indicated increased structural con-
nectivity from the left putamen to the left inferior frontal gyrus,
middle frontal gyrus, middle temporal gyrus, and insula among
others, in controls relative to the stuttering group (Fig. 2C and
Table 3). The results also showed that the control group had
stronger connections from the left SMA-associated white matter
seed to the bilateral precuneus, left cingulate gyrus, and the left
putamen, among others (whole brain corrected P < 0.033), com-
pared with the stuttering group (Table 3).
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*P< (.01

0.15
0.1

0.05

uncorrected

Control Stuttering

Figure 1 Group differences in functional connectivity based on seeds within the BGTC loop. Warmer colour highlights areas with
significantly heightened functional connectivity with a given seed for the controls versus stuttering. Statistical maps are overlaid on a T4
image of one subject transformed to the MNI 305 template and are thresholded at P < 0.03 (corrected). All brains are shown in the
neurological convention. (A) Functional connectivity maps generated based on the left putamen seed. Here the main differences between
the groups were in the SMA and parts of the posterior superior temporal gyrus (pSTG). Namely, controls had significantly higher functional
connectivity between the left putamen and the SMA, posterior superior temporal gyrus compared with children who stutter. (B)
Functional connectivity maps generated with the left SMA seed. There were no significant group differences with the corrected P-value;
when the cluster threshold was lowered (but still maintaining voxel-wise P < 0.005), there was heightened functional connectivity
between the left SMA and the left insula, putamen for control children relative to children who stutter. (C) When pair-wise correlation
coefficients between the left putamen (LPutamen) and left SMA (LSMA) were calculated and compared between the groups, non-
stuttering children exhibited significantly higher correlation between the two regions compared to children who stutter, corroborating the
whole-brain analyses of group comparisons shown in A and B.
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Table 2 Regions with significantly increased functional connectivity with seeds in the basal ganglia-thalamocortical

network (putamen, SMA)

Seed Region with peak functional connectivity Volume (mm?) max t X y z
(approximate Brodmann area) (left/right)

L Putamen Controls > Stuttering
Precuneus (L)/parahippocampal gyrus (18/30) (L) 3162 4.6193 —18 —54 1
SMA (6)(L) 2118 4.1122 -4 -9 58
Posterior cingulate (31/18)(L) 1695 4.5165 -1 -70 13
Precuneus (R)/parahippocampal gyrus (17) (R) 879 4.1147 16 —43 2
STG (R) 671 4.7606 47 —40 5
SMA/Cingulate gyrus (6) (L) 592 4.9942 -8 -7 47
Insula (13)/OP3/rolandic operculum (L) 525 4.0483 —37 —14 13
Stuttering > Controls
SFG (8) (R) 825 —4.202 40 29 57
SFG (R) 512 —4.0731 35 56 10

L SMA Controls > Stuttering
Putamen/lentiform nucleus (L) 1025 4.442 —23 0 —14
Cerebellum (Culmen) (VI) (L) 593 3.8968 -29 —52 -23
pSTG (R) 426 4.419 43 —43 15
Stuttering > Controls
Cerebellum (Crus 1) (L) 1665 —4.6237 —42 —69 —-34
Area 4a (paracentral lobule) (R) 1417 —3.9516 9 -32 66

Coordinates are reported in MNI space.

L = left; R = right; STG = superior temporal gyrus; pSTG = posterior superior temporal gyrus; OP3 = Operculum 3; SFG = superior frontal gyrus.

Children who stutter exhibit attenuated
functional and structural connectivity
within the auditory-motor network

Whole brain seed-based functional connectivity
comparisons of resting state functional MRI data

In previous studies examining stuttering speakers, commonly re-
ported results suggested possible deficiencies in connectivity invol-
ving the left motor and auditory cortical areas (Lu et al., 2009, 2012;
Chang et al., 2011), and increases in structural volume (Foundas
et al., 2001) and functional hyperactivity in the right cortical areas
(Fox et al., 1996; Braun et al., 1997; De Nil et al., 2000). Given this,
we examined network connectivity using bilateral pars opercularis
(BA44) and posterior superior temporal gyrus seeds to examine in-
trinsically correlated brain activity patterns using resting state func-
tional MRI data (Tables 4 and 5). When examining correlated
activity with the left pars opercularis seed, both groups showed
the expected pattern of correlated activity with this seed in regions
including the motor cortex, premotor, and auditory areas
(Supplementary Fig. 3). No group differences survived the threshold,
although for the left pars opercularis, the controls seemed to have
more extensive correlations with the left posterior superior temporal
gyrus than in stuttering (Supplementary Fig. 3). When examining
functional correlations with the left posterior superior temporal
gyrus seed, we found heightened correlations with the cerebellum
for stuttering speakers, whereas in controls there were heightened
correlations with the left SMA, left inferior frontal gyrus, and bilateral
insula relative to children who stutter (Fig. 3A and B and Table 5).
Some group differences were also noted when examined with right
hemisphere seeds (Table 5).

Pair-wise correlation analyses of regions of interest

We further examined pair-wise correlation coefficients between a
priori defined pairs of regions within the auditory-motor network
using subject-specifically defined regions of interest (LBA44-
LpSTG, LBA44-LM1, RBA44-RpSTG, RBA44-RM1). The Fisher Z
transformed scores were entered into a two-way ANCOVA
with group and sex as between subject factors. The ANCOVA
showed no statistically significant overall group effect. However,
significant Group x Sex interactions were found in the connectiv-
ity between LBA44-LM1 [F(1,39) =5.18, P = 0.028], RBA44-RM1
[F(1,39)=5.11, P=0.030], and RBA44-RpSTG [F(1,39)=4.50,
P =0.040] (Fig. 3C). When the stuttering and control groups
were compared within each sex, group effect did not reach
significance in the females. In the male group, stuttering boys
exhibited decreased functional connectivity compared to non-
stuttering boys in RBA44-RpSTG [F(1,19) = 4.67, P =0.044], and
approached significance between RBA44-RM1 [F(1,19) = 3.46,
P =0.078] (Fig. 3C). The group difference approached significance
in connectivity between LM1-LBA44 [F(1,19) =3.70, P =0.07];
however, when age was entered as a covariate this group differ-
ence was further reduced [F(1,19) = 0.46, P =0.51]. There was a
significant effect of age for the correlation between LM1-LBA44
[F(1,19) = 10.83, P =0.004] (Supplementary Fig. 2B).

Structural connectivity among auditory-motor regions

Group contrasts showed significantly greater structural connectiv-
ity between the left pars opercularis seed and left posterior tem-
poral areas via the insula, putamen, and extreme capsule in
controls compared with children who stutter (Fig. 2B and Table
6). There were fewer group differences when using the right pars
opercularis seed. However, control subjects had greater
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Figure 2 Group differences in white matter probabilistic tractography results. The tracts were thresholded at P < 0.033 (corrected; see
text for details). Colour highlights areas where control children had significantly greater probability of tracts compared with children who
stutter. (A) Tractography results based on the left posterior superior temporal gyrus seed. There was significantly stronger connection from
this seed to the internal capsule, insula, putamen, caudate, and inferior frontal gyrus in controls relative to the stuttering group.

(B) Tractography results based on the left pars opercularis (BA44) seed. There was significantly stronger connectivity from this seed to the
insula, and reaching the posterior temporal areas through the extreme capsule fibre system in the control group compared to the stuttering
group. (C) Tractography results based on the left putamen seed. There was significantly stronger connectivity from the left putamen to the
inferior frontal region and the middle temporal gyrus areas in control subjects compared with the stuttering group.

connectivity between this seed and subcortical areas such as the
putamen, compared to children who stutter (Table 6). The com-
parison also showed that the controls had greater connectivity
from the left posterior superior temporal gyrus to the insula, pu-
tamen, internal capsule, among other areas (Fig. 2A and Table 7).

Discussion

Our major new findings are as follows: (i) children who stutter
exhibited attenuated functional connectivity among major brain
areas within the BGTC loop, including the SMA and putamen.
These areas are relevant to potential pathophysiology of stutter-
ing, given that they have been shown to support timing of self-
initiated movement (Cunnington et al., 1996; Taniwaki et al.,
2003; Wiese et al., 2004; Wu et al., 2011), complex sequential

motor control (Boecker et al., 1998), inhibition of unwanted
movements (Marsden and Obeso, 1994), and sensorimotor learn-
ing (Doyon et al., 2003; Lehéricy et al., 2005; Hardwick et al.,
2013), among other functions. The putamen and SMA may also
interact with cortical auditory-motor systems relevant to speech
processing (Geiser et al., 2012); (ii) boys who stutter, but not
girls, exhibited attenuated functional connectivity between ventral
premotor/pars opercularis and posterior superior temporal gyrus
areas in both hemispheres; and (iii) structural (white matter) con-
nectivity among the putamen and cortical motor and auditory re-
gions is attenuated in the left hemisphere in children who stutter
relative to control children, largely corroborating the findings from
the functional connectivity results. These results together provide
strong evidence supporting significant differences in brain con-
nectivity even at a very young age in children who are relatively
close to the onset of stuttering, compared to their non-stuttering
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Table 3 Regions with significantly increased structural connectivity with seeds in the BGTC network (putamen, SMA)

Seed Region with significant tract Cluster size max t X y z
probability (mm?3)
L Putamen Controls > Stuttering
IFG(44) (L) 483 4.09 -35 18 15
MTG (L) 255 3.81 —46 -6 —21
Insula (L) 81 4.39 —28 12 16
Medial temporal pole 62 3.9 —38 14 -37
Temporal pole (L) 52 3.68 -35 18 -27
MTG 21)(L) 38 3.69 —55 1 -27
Thalamus (L) 36 3.2 -3 —8 12
ITG (20) (L) 34 3.54 —59 —11 -29
Stuttering > Controls
N/A
L SMA Controls > Stuttering
Precuneus (L) 792 3.82 -5 —61 41
Precuneus (R) 328 3.6 20 —44 34
Precuneus (R) 226 3.73 7 -75 25
Cingulate gyrus (6)(L) 207 3.75 -6 2 38
Hypothalamus (R) 197 3.88 8 —1 —15
Insula (R) 187 34 31 -32 17
Putamen (L) 134 3.68 -21 -8 13
Precentral gyrus (6)(L) 129 3.8 -27 -1 72
Cerebellum (Crus1)(R) 117 3.85 38 -72 -36
Caudate nucleus (R) 103 4.09 13 8 -12
SMA (L) 97 4.2 -5 1 60
Caudate (R) 94 4.03 17 6 15
Thalamus (R) 86 3.75 24 =22 —4
Postcentral gyrus (R) 74 3.6 26 —-33 55
Cingulate gyrus (24)(L) 62 3.57 -8 —15 37
IFG/MFG (R) 52 3.44 30 38 9
Cingulate gyrus (R) 43 3.56 24 —26 34
Fusiform gyrus (R) 43 3.64 25 5 —47
Thalamus (L) 41 3.68 1 =15 1
Stuttering > Controls
N/A
IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; L = left; MFG = middle frontal gyrus; MTG = middle temporal gyrus; R = right.
Table 4 Regions with significantly increased functional connectivity with inferior frontal (pars opercularis) seeds
Seed Region with peak functional Volume (mm?) max t X y z
connectivity
L pOP Controls > Stuttering
Stuttering > Controls
Angular gyrus (39)(R) 542 —4.027 49 -73 32
MTG (21) (R) 479 —4.311 67 —-10 -6
MFG (R) 420 —3.89 32 15 52
Precuneus (R) 347 —3.687 12 —67 35
R pOP Controls > Stuttering
Precentral gyrus (6/4a)(L) 1391 4.5596 —49 -9 36
Stuttering > Controls
ITG (37) (R) 1407 —5.3469 55 —49 -9
ITG (20) (L) 428 —4.3281 —47 —15 —26

ITG = inferior temporal gyrus; L = left; MFG = middle frontal gyrus; MTG = middle temporal gyrus; pOP = pars opercularis; R = right.
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Table 5 Regions with significantly increased functional connectivity with auditory (posterior superior temporal gyrus) seeds

Seed Region with peak functional Volume max t x y z
connectivity (mm3)

L pSTG Controls > Stuttering
Insula (R) 4713 4.725 40 —-14 10
Insula/IFG (13/44) (L) 1780 4.824 —40 8 3
SMA (6) (R) 1191 5.0086 5 -1 51
Cuneus (18) (R) 1002 4.4838 18 —88 22
Postcentral gyrus (43)/OP4 (L) 520 3.8586 —54 —-18 21
Precentral gyrus (6)(R) 503 4.4498 68 -18 48
Cuneus (18) (L) 488 3.9704 -9 —-94 23
Precentral gyrus (6)(R) 436 4.612 46 —-18 68
Stuttering > Controls
Cerebellum (Crus 1) 830 —4.4565 -26 —65 -33
ITG (L) 697 —5.0421 —55 —65 -9
MTG (21) (R) 693 —4.0432 70 —-36 —-12
SMG (L) 678 —4.1599 —42 —-41 37
ITG (R) 502 —4.4956 64 —-20 —-19
ITG (37)(R) 497 —4.0209 59 —61 —-12
STG (22)(R) 490 —4.3321 69 —-57 22

R pSTG Controls > Stuttering
Cuneus (18)(L) 1029 3.6572 —18 -96 8
SMA (6)(L) 677 3.9728 -9 —23 65
Stuttering > Controls
Cerebellum (Crus 1) (R) 1311 —3.9457 37 —60 —38
SFG/MFG (R) 1275 —4.5301 30 20 55
Angular gyrus (39) (R) 552 —4.0097 60 —58 22
Cerebellum (Crus 1) (L) 497 —3.928 =27/ —62 —34

IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; MFG = middle frontal gyrus; MTG = middle temporal gyrus; pSTG = posterior superior temporal gyrus;

SFG = superior frontal gyrus; SMG = superior middle gyrus.

peers. In sum, neural networks that support, among other func-
tions, normal timing of self-initiated motor sequences, a skill
critical in achieving fluent speech production, seem to be affected
in children who stutter. These results are discussed in more detail
below.

Children who stutter have attenuated
connectivity in the basal ganglia
thalamo-cortical network

Functional and structural connectivity between the putamen and
SMA captured with resting state functional MRI and DTI tractogra-
phy, respectively, were significantly lower in children who stutter
relative to age-matched peers. The putamen and SMA are part of a
network that also includes the premotor cortex and superior tem-
poral gyrus that supports timing of self-paced motor sequences.
These networks are more active during self-initiated rather than
externally triggered movements (Cunnington et al., 1996,
Taniwaki et al., 2003; Wiese et al., 2004). The fact that children
who stutter exhibited less connectivity within this network is recon-
cilable with a well known phenomenon in stuttering speakers: stut-
tering only occurs during self-paced propositional speech, whereas
when instructed to speak in synchrony with external pacing signals
like a metronome beat, they can be dramatically fluent (Wingate
et al., 2002). A recent study compared brain activity of stuttering

and non-stuttering adult speakers during solo, chorus and externally
paced reading with functional MRI and found that stuttering adults
had decreased activity in the motor regions (SMA, putamen, inferior
frontal gyrus and insula) that normalized during the fluency-induced
conditions (i.e. chorus and metronome paced), and particularly
during metronome timed speech (Toyomura et al., 2011). In add-
ition to normalized activity patterns in motor areas, there were sig-
nificant increases in auditory cortex activity during the induced
fluency conditions in stuttering speakers. These differences were
mostly left lateralized, consistent with another study that found
left hemisphere differences in the BGTC connectivity in stuttering
speakers compared to control subjects (Lu et al., 2010). Hence the
current data with children involving the BGTC loop seem to be
largely consistent with findings from stuttering adults, indicating
that differences in BGTC function may be an important neural sig-
nature present in stuttering speakers.

Induced fluency through external pacing, choral reading, and
other conditions in people who stutter is similar to findings in
patients with Parkinson's disease, where external pacing signals
can often assist a patient to initiate movements. In patients with
Parkinson's disease, it has been shown that striatal-cortical and
striatal-cerebellar connectivities are reduced, whereas cortical-cere-
bellar connectivity is heightened relative to controls (Wu et al.,
2011). The cortical-cerebellar network, which includes the lateral
premotor cortex and the cerebellum, has been suggested to be
active for patients with Parkinson's disease during externally
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Figure 3 Group differences in functional connectivity based on seeds within the auditory-motor network. Warmer colour indicates areas
with significantly heightened functional connectivity with a given seed for the controls versus stuttering. Statistical maps are overlaid on a
T, image of one subject transformed to the MNI 305 template and are thresholded at P < 0.03 (corrected). The brains are shown in the
neurological convention. (A) Functional connectivity maps generated based on the left posterior superior temporal gyrus seed. Control
children had significantly greater functional connectivity with this seed relative to children who stutter in the left putamen (Put), bilateral
insula (Ins), and the SMA. (B) Pair-wise correlation coefficients showing group differences for correlations between left posterior superior
temporal gyrus-left putamen (LPut), left SMA (LSMA)-left posterior superior temporal gyrus (LpSTG). Although clear trends for control
children greater than stuttering were seen for both pairs of correlation coefficients, these results did not reach statistical significance.
(C) Pair-wise correlations among regions within the perisylvian auditory-motor networks (BA44, M1, posterior superior temporal gyrus).
Here sex differences within the stuttering group are evident: whereas boys who stutter tend to have the lowest functional connectivity of
all groups, girls who stutter tended to be similar or exceed in functional connectivity values relative to all groups. The difference between
control children and boys who stutter were significant for RBA44-RM1 and approached significance in RBA44-RpSTG. CF = control

female; CM = control male; SF = stuttering female; SM = stuttering male.

guided movements with sensory cues, suggesting that this net-
work may serve as a compensatory mechanism to overcome
deficits in the BGTC network. Similarly, the lateral premotor-
cerebellar network has also been speculated to allow stuttering
speakers to compensate for a weaker cortical-striatal system
(Alm, 2004). Indeed, commonly found results in stuttering include
hyperactivity in the lateral premotor cortex (Fox et al.,1996; Braun
et al., 1997; Watkins et al., 2008; Chang et al., 2009) and cere-
bellum (Fox et al., 1996; De Nil et al., 2003). The cerebellar ac-
tivity also correlates with fluent speech in people who stutter (Fox
et al., 2000), and hyperactivity here often normalizes with therapy
but not completely (De Nil et al., 2003). It may be possible that
during the induced fluency conditions such as paced speech and

choral reading, the premotor-cerebellum network overrides the
defective BGTC network to instead provide the needed timing
cues for speech, by making use of the external sensory (auditory)
cues that are given. This may be why, despite findings of both
structural and functional network differences in the BGTC net-
work, these ‘speech tricks' could result in induced fluency.
Several lines of data have supported a possible abnormality in
the BGTC loop in stuttering speakers. Many cases of neurogenic
stuttering involve basal ganglia and thalamus lesions (Lundgren
et al., 2010; Theys et al., 2011, 2012), although many neurogenic
cases also report a previous history of developmental stuttering
(Helm-Estabrooks et al., 1986; Mouradian et al., 2000). Many
(but not all) stuttering speakers benefit from the administration
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Table 6 Regions with significantly increased structural connectivity with inferior frontal pars opercularis seeds

Seed Region with significant tract Cluster size max t X y z
probability (mm?3)

L pOP Controls > Stuttering
Insula (L) 1302 5.88 —34 6 -2
Precuneus (L) 1136 4.62 —-14 —-50 32
SFG (L) 351 3.96 -20 46 0
Putamen (L) 250 4.63 —-23 -1 14
Precuneus (R) 247 4.62 26 —46 38
Red nucleus (L) 231 4.29 —4 -21 -16
IPL (L) 210 4.56 —-30 —81 42
Postcentral gyrus (R) 180 4.22 17 —50 72
Insula (L)/pSTG (L) 108 3.75 -29 —38 16
MTG (L) 68 3.81 —-30 —76 20
Cingulate gyrus (31) (R) 61 4.03 19 —41 32
Putamen (L) 55 3.84 -24 -6 5
Thalamus (L) 45 3.63 —16 —11 12
Caudate nucleus (L) 43 3.86 —17 -8 25
Thalamus (R) 39 4.09 27 -27 -2
Thalamus (L) 34 3.98 —9 —28 8
Stuttering > Controls
N/A

R pOP Controls > Stuttering
SFG (10)(R) 655 4.27 30 62 =11
Precuneus (L) 273 3.94 —-15 —47 34
Putamen (R) 144 3.73 30 18 3
SFG (R) 129 3.79 29 50 13
Putamen (R) 126 3.58 36 -3 7
Insula (R) 120 3.59 33 —28 18
Caudate nucleus (R) 76 3.51 19 17 7
Precuneus (R) 61 3.26 26 —52 24
Caudate nucleus (R) 52 3.61 22 29 —5
Fusiform gyrus (R) 50 3.71 41 —65 -8
Putamen (R) 49 3.49 35 8 -2
Stuttering > Controls
N/A

IPL = inferior parietal lobule; L = left; MTG = middle temporal gyrus; pOP = pars opercularis; R = right; SFG = superior frontal gyrus; STG = superior temporal gyrus.

of dopamine antagonists (e.g. haloperidol, risperidone) (Maguire
et al., 2000) while pharmacological enhancement of dopamine
transmission  (e.g. theophylline) often worsens stuttering
(Movsessian, 2005). In a small PET study, stuttering speakers
were found to have abnormal dopamine metabolism during
both stuttering and fluent speech (Wu et al., 1997). In another
study using functional MRI, stuttering severity was found to be
negatively correlated with activity in the basal ganglia, both
before and after speech therapy (Giraud et al., 2008). All of the
above studies have only been conducted with adults who stutter,
and have not been tested in children who stutter. Others have
conducted modelling work to test hypotheses on the potential
effect of dopamine imbalance in stuttering (Civier et al., 2011)
as well as white matter abnormalities (Civier et al., 2013). Using a
neurobiologically plausible model of speech production (Guenther
et al., 2006; Bohland et al., 2010), the authors tested the hypoth-
esis that an excess in dopamine would cause overexcitation of the
thalamus, in effect disrupting the basal ganglia input to the ventral
premotor cortex. According to this model, ventral premotor cortex
normally enables selection and execution of the next syllable to be

produced. When there is dopamine excess, however, the normal
process of selecting the intended syllable while inhibiting all other
unwanted syllables is affected, and hence the speaker cannot
move on to the next syllable, resulting in a stuttered block or
prolongation (Civier et al., 2011, 2013). White matter abnormal-
ities similarly may lead to ‘transmission errors, and those translate
to generation of a weaker contextual signal in the putamen D2
receptor cells'. The result is that selection of the subsequent syl-
lable to be produced is delayed, in turn resulting in stuttering
(Civier et al., 2013).

In recent functional MRI studies, Lu et al. (2010) used structural
equation modelling and found that stuttering speakers had stron-
ger connectivity from the putamen to the thalamus, as well as
from the thalamus to the temporal and pre-SMA regions, while
they exhibited weaker connectivity from the left posterior middle
temporal gyrus to the putamen (Lu et al., 2010). Together with
the present results, these data suggest that stuttering speakers
exhibit significant differences compared with control subjects in
the way that the basal ganglia structures interact with the cortical
areas that support speech motor planning and execution.
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Table 7 Regions with significantly increased structural connectivity with auditory (posterior superior temporal gyrus) seeds

Seed Region with significant tract Cluster size max t X y z
probability (mm?3)

L pSTG Controls > Stuttering
Insula/extreme capsule (L) 1123 4.11 —34 1 -5
Precuneus (R) 277 3.5 23 —52 43
Cingulate gyrus (32) (L) 209 3.68 -16 11 41
Putamen/internal capsule (L) 191 3.64 —20 -1 13
Medial temporal pole (R) 115 3.59 34 14 -37
Putamen (L) 114 3.65 —-22 -5 8
MFG (L) 109 3.4 —24 21 28
Cuneus (R) 98 3.42 29 —-72 17
Precuneus (L) 83 3.32 —-19 —64 46
Cerebellum (VI (R) 82 3.46 34 —50 —44
Precuneus (R) 81 3.44 14 —62 34
Cerebellum (X)(R) 74 3.3 25 —38 —40
MFG (L) 70 3.22 —-27 39 4
Precuneus (L) 57 3.38 —31 -85 37
Red nucleus (L) 54 3.54 -4 —16 -9
Putamen/lentiform nucleus (R) 44 3.58 30 —11 —6
Caudate (L) 42 3.42 —-12 17 1
STG (L) B5 3.41 —60 —41 21
Cerebellar tonsil (Crus 2) 32 3.3 —46 —55 —47
Stuttering > Controls
N/A

R pSTG Controls > Stuttering
IPL/SMG (R) 317 4.85 54 —-25 30

181 3.88 54 —-33 39

Anterior insula (R) 105 3.49 42 14 —-13
IFG (R) 105 3.4 32 38 5
SFG (R) 70 3.42 23 54 -9
Insula (R) 64 3.33 33 —28 17
MTG (R) 57 3.38 53 —46 -3
Postcentral gyrus (R) 33 3.39 55 —16 30
Putamen/Internal capsule (R) 33 3.28 20 19 -2
Stuttering > Controls
STG (R) 40 —3.53 67 —-23 -2

IFG = inferior frontal gyrus; IPL = inferior parietal lobule; MFG = middle frontal gyrus; pSTG = posterior superior temporal gyrus; SFG = superior frontal gyrus;

SMG = superior middle gyrus.

In behavioural studies that examined motor sequence learning,
stuttering speakers were found significantly less accurate and
slower in these tasks, and in particular, did not seem to develop
automaticity of movement with practice (Smits Bandstra and De
Nil, 2009). In preschool-age children who stutter, interarticulator
motions during accurate and fluent productions of the non-words
showed higher variability in oral motor coordination indices, indi-
cating that children who stutter lagged their typically developing
peers in maturation of speech motor control processes (Smith
et al., 2012). Subtle deficits in the ability to shift from an effortful,
sensory feedback-based motor execution to a more automatic
feedforward-based processing have been proposed to be what
underlies stuttering (Max et al., 2004). Although more detail
needs to be brought about, there is mounting evidence pointing
to potential deficiencies in the development of efficient speech
motor control in children who stutter. The current neuroimaging
data, showing differences in the BGTC loop previously shown to
support automatic, well-learned, self-paced movement, seems to

corroborate these behavioural results that have been shown in
both children and adults who stutter. Further detailed studies
examining the connectivity among BGTC loop regions is war-
ranted and may lead us into a clearer understanding about the
nature and neural bases of motor planning, sequencing, and
execution processes in people who stutter.

Differences in cortical networks
supporting auditory-motor integration
for speech production

In past studies examining stuttering adults, brain activity patterns
during various speech production tasks found a lack of auditory
cortex activity and overactivity in the motor regions. Relative to
the non-stuttering control group, stuttering speakers exhibited
heightened activity in the right hemisphere in motor regions
(Fox et al., 1996; Braun et al., 1997; Chang et al., 2009). The
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apparent discrepancy in the level of activity between the motor
and auditory areas in stuttering speakers (Fox et al., 1996; Braun
et al., 1997), and abnormal anatomy focused in these regions,
particularly in the left hemisphere (Sommer et al., 2002; Chang
et al., 2008, 2011; Cykowski et al., 2010), may indicate inefficient
connections among these regions. In this context, right-sided
overactivity could be explained as a compensatory reaction to
the left-sided deficit.

Consistent with previous studies based on adults who stutter,
we found attenuated connectivity among cortical auditory-motor
regions in children who stutter relative to control children. In par-
ticular there was decreased connectivity between the posterior
superior temporal gyrus and the insula, SMA, and the inferior
frontal gyrus focused in the left hemisphere. Whereas both boys
and girls who stutter exhibited similarly decreased connectivity
measures within the BGTC network relative to control children,
in the auditory-motor network, pair-wise correlations between
regions accentuated heightened differences only within the male
group of children who stutter. In addition, group differences ap-
proached significance for the connectivity between left motor
(M1) and left pars opercularis (BA44) regions in boys (but not
girls) who stutter compared with boys who do not stutter.
Correlated activity at rest between these two motor regions
seemed to decrease with age for both groups. These age effects,
however, may have been driven at least in part by some exclusion
of data sets from our youngest stuttering boys because of move-
ment artefacts. Hence, these results need to be confirmed with
larger samples in the future.

Likewise, because we only had a few stuttering girls in this
sample, sex differences within the stuttering group should be
interpreted with caution and should be confirmed with larger sam-
ples in future studies. However these preliminary results provide
some interesting issues to consider for future studies. The skewed
sex ratio in persistent stuttering is well established: many more
males stutter than females, although close to onset the sex ratio
is more similar (Yairi and Ambrose, 1992). This indicates a much
higher rate of spontaneous recovery from stuttering in girls who
stutter. It is possible that our sample of girls who stutter may have
included those who may recover during future development, and
hence may have exhibited more normalized neural development,
which may later coincide with recovery from stuttering. The left
motor to left pars opercularis connectivity decreases found in boys
and not girls who stutter may indicate that intact connectivity in
this region may correlate with eventual recovery from stuttering,
which is more common in girls. These speculations can be exam-
ined in more detail in future studies as we recruit more boys and
girls who stutter, and collect multiple brain data each year from
the same children, which will allow longitudinal analyses of their
brain developmental trajectories and behavioural speech measures.

Although we were able to replicate findings of primarily left-
sided auditory-motor connectivity decreases in children who stut-
ter, there were some differences from what have been reported in
previous studies. Using the left posterior superior temporal gyrus
seed (but not with the pars opercularis seeds) we were able to find
functional connectivity differences between stuttering and control
groups of children. In white matter tractography, using the left
pars opercularis seed derived group differences in the tract that
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interconnected with the posterior temporal region through a ven-
trally located tract through the extreme capsule fibre system, not
through the dorsal superior longitudinal fasciculus that was com-
monly found in previous investigations in stuttering speakers
(Sommer et al., 2002; Chang et al., 2008, 2011; Cykowski
et al., 2010). According to other DTI studies it was reported
that the more rostrally located inferior frontal area, pars triangu-
laris, connects with the posterior superior temporal gyrus through
the extreme capsule fibre system, whereas the more dorsally
located pars opercularis connects to the inferior parietal lobule/
posterior superior temporal gyrus via the superior longitudinal fas-
ciculus (Frey et al., 2008; Kelly et al., 2010). It is possible that,
because of normally occurring structural variability within the in-
ferior frontal gyrus regions that some of our pars opercularis re-
gions of interest included parts of pars triangularis, which may
have driven the group differences found in the extreme capsule.
Work is underway (Tourville and Guenther, 2012) to help provide
a more detailed and reliable distinction between the pars opercu-
laris and pars triangularis areas, and application of these detailed
maps to our data analyses may elucidate this issue in future
studies.

Although there are some disagreements on the specific tracts
involved, a consistent finding that seems to emerge in stuttering
speakers is a decrease relative to controls in long-range white
matter tracts interconnecting frontal motor and posterior auditory
areas in the left hemisphere. Insufficient white matter integrity
between these regions may lead to subtle inefficiencies in one's
ability to match the auditory target associated with one's own
motor execution (articulation) to actual auditory feedback. If a
mismatch occurs between the intended (predicted) auditory
target of the speech produced and the actual auditory feedback,
the auditory cortex sends corrective signals to the motor system to
modify the motor programme for subsequent articulations
(Guenther, 1994; Hickok et al., 2011). During such perturbations
and resulting auditory feedback guided speech compensation, it
has been shown that the auditory cortex heightens activity (Houde
et al., 2002). Recently it was shown that this ‘speech perturbation
related enhancement’ in the posterior superior temporal gyrus,
along with premotor cortex activity, correlated significantly with
the amount of behavioural motor compensation to the auditory
perturbation (Bouchard et al., 2013). According to the authors,
speech perturbation related enhancement is a ‘'hallmark of audi-
tory influence on motor output’ and it underlies the speaker's
ability to monitor one's own speech and for the online modifica-
tion and control of speech production (Bouchard et al., 2013).
Such tight connectivity between the auditory and motor systems
allows auditory feedback to be used to make adjustments and
fine-tune subsequent speech movements that are necessary for
transitions between the end of an utterance and the beginning
of the next utterance (Cai et al., 2012). As Cai et al. (2012)
argue, if there are deficits in auditory-to-motor interactions that
normally enables online motor correction, this may lead to ‘im-
proper transitions between syllables, leading to disfluencies’. In the
present data from stuttering children, attenuated functional and
structural connectivity in the left cortico-cortical auditory-motor
network is especially evident in boys who stutter and less so in
girls who stutter. Aberrant network connectivity here may
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exacerbate stuttering and may correlate with persistent stuttering,
whereas normalized patterns in this network achieved with devel-
opment may be correlated with recovery from stuttering. These
questions will need to be examined in detail with future longitu-
dinal studies.

Interactions between the basal

ganglia-thalamocortical ‘motor’
circuit and the auditory-motor

cortico-cortical networks

Behavioural data showing reduced ability to achieve effortless,
automatic motor performance (Smits-Bandstra and De Nil, 2009;
Smith et al., 2012), attenuated motor compensation when given
perturbed sensory feedback (Cai et al., 2012), and the accruing
functional and structural connectivity neuroimaging evidence re-
viewed above all point to potential deficiencies in the BGTC net-
works. Given the addition of the current data from children who
stutter, these potential deficits in BGTC networks seem to be pre-
sent starting in childhood. If adequate connectivity within the
BGTC circuit is not well developed, timing of motor sequences
could be disrupted, resulting in a disruption in matching between
sensory targets and motor planning/execution. With development,
such discrepancies in the auditory-motor connectivity may become
exacerbated, associated with increased effort and habituated com-
pensatory responses to stuttered speech. These behavioural com-
pensations may further drive structural and functional neuroplastic
changes that have been consistently observed in stuttering adults,
such as discrepant activity patterns among the left hemisphere
motor and auditory areas, heightened motor area activity in
general, and increases in right hemisphere volume and activity
patterns during speech tasks.

Methodological considerations and
future directions

In resting state functional MRI, spontaneous, synchronized fluctu-
ations in the blood oxygen level-dependent signal are analysed as
reflecting tightly coordinated and functionally related neural net-
works. Because these are spontaneous fluctuations that are not
induced by any task, the functional brain data are less affected
by effort, experience, or strategy, factors that complicate the in-
terpretation of stimulus-based functional MRI data (Casey et al.,
2005). This makes resting state functional MRI a good method to
examine the neuronal networks in both normally and abnormally
developing children (Uddin and Menon, 2010). Resting state func-
tional MRI is also useful when applied to examining young chil-
dren because of its relatively short length (7 min), without the
need to ensure task cooperation during scanning. This technique
can also be paired with task-based functional MRI that examines
performance on speech planning and execution in future studies
of stuttering children. These studies are currently being planned
for our older participants (aged 7 and up).

For both DTI and resting state functional MRI in this study, our
analyses have been hypothesis-driven even in our ‘whole-brain’
analysis. The functional and structural connectivity maps were
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derived based on a priori-defined seeds—and thus have been
limited to examining neural networks that were found to differ
in previous studies, mostly based on adults who stutter. Because of
neuroplastic changes occurring throughout development, it is pos-
sible that children who stutter may exhibit other areas that are
different from age-matched peers. Independent component ana-
lysis and Graph theory-based analyses allow examination of neural
networks not limited to a priori circumscribed areas of interest and
may be useful to implement in future studies. In particular, Graph
theory methods have been shown to be particularly useful in the
examination of developing brain networks (Power et al., 2010)
and developmental disorders. These analyses allow comparisons
of long-range versus short-range connections, hierarchical organ-
ization and inter-regional interaction of functionally connected re-
gions, which can be tracked across development. We will be
pursuing these analyses with larger samples in future studies.
Likewise, in our DTl data analyses, methods such as tract-based
spatial statistics (Smith et al., 2006) will allow examination of
whole-brain based differences between groups in the development
of white matter tracts.

Another important area that needs to be explored is sex differ-
ences in the brain trajectories in stuttering. This study provided
some preliminary glimpses into the differences between stuttering
boys and girls, but this will need to be examined in the context of
eventual persistence versus recovery from stuttering. Several neu-
roimaging studies have also noted differences between the sexes
in stuttering adults (Ingham et al., 2004; Chang et al., 2009).
These studies will potentially provide information on specific
neural modification for natural recovery from stuttering, and
whether these modifications are sex-specific. These may lead to
more focused and specific individualized treatment in the future.

Conclusion

This study reports first evidence of brain functional and structural
connectivity differences in children who stutter, involving neural
networks that support self-initiated timing of speech movement,
and integration of auditory feedback to speech motor control pro-
cesses. There is strong evidence of structural and functional con-
nectivity decreases in stuttering children in the BGTC and the
auditory-motor cortical loops, primarily in the left hemisphere.
The presence of these differences in children who stutter as a
group, and the preliminary observation that girls who stutter
(who are more likely to recover than boys who stutter in future
years) had higher connectivity in the auditory-motor regions, sug-
gest that these networks could undergo dynamic changes during
development that may underlie natural recovery from stuttering.
Given the present findings on connectivity differences in neural
networks that are associated with self-initiated movement and
internal generation of rhythm that may help guide timing of
speech utterances, future studies may test the effects of incorpor-
ating rhythm (Zatorre et al., 2007) and synchronized speech
(Davidow et al., 2011) in speech therapy. Such interventions
can be tested for their potential effects on normalizing brain struc-
ture and functional connectivity that underlies recovery from
stuttering.
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