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Abstract 
We present the novel use of a neuroimaging technique, magnetoencephalo-
graphy (MEG), for examining therapy-related changes in neural activity dur-
ing a speech and a non-speech motor task in children with speech sound dis-
orders (SSD). Nine children (mean age = 4.2 years) with SSD were scanned in 
the MEG before and after an eight-week course of intensive motor speech 
therapy. MEG tasks involved an oromotor and a syllable production task. 
MEG analyses identified significant post-therapy changes in brain regions re-
lated to oromotor control and speech production. Behavioral assessments 
showed significant improvements on measures of motor speech skills and ar-
ticulation following intervention. This is the first demonstration of the ability 
of MEG to: 1) capture brain activations resulting from oromotor movements 
and simple syllable production in young children, and 2) capture brain 
changes related to speech therapy. As the findings from this study are prom-
ising, we discuss directions for the design of future studies to further examine 
specific neural dysfunctions in speech sound disorders. 
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1. Introduction 

The production of speech sounds requires the integration of several neural 
pathways and complex speech motor movements that require the control and 
coordination of multiple oral motor systems. Impairments or an inability to effi-
ciently control and coordinate these motor systems would impact the accuracy 
of speech production and intelligibility. Speech sound disorders (SSD) are com-
plex behavioural speech disorders in children, referring to deficits in motor 
speech control of the articulatory mechanisms (i.e., phonetic disorders, child-
hood apraxia of speech) and/or deficits in the general processing, organization, 
and cognitive representation of linguistic information. It is likely that children 
with SSD are a heterogeneous group at many levels, and vary in terms of their 
severity, error types, causal and maintenance factors. The etiology of most SSD is 
unknown. Differential diagnosis is often challenging in these children as they 
may show mixed profiles [1].  

Neuroimaging studies have shown that infarcts to the left hemisphere, espe-
cially those involving the inferior frontal regions, including Broca’s area (e.g., [2] 
[3]) and the insula (e.g., [4] [5]) have consistently been associated with motor 
speech planning difficulties in adults. There have been fewer neuroimaging stu-
dies examining the neural activities underlie the articulatory control and/or 
phonological processing in children with SSD. In a group of adolescents with a 
history of SSD [6], a functional magnetic resonance imaging (fMRI) study ex-
amining phonological memory in a non-word repetition task reported a marked 
right lateralized hypoactivation in inferior frontal and middle temporal gyri for 
the SSD cohort, suggesting deficits in phonological processing and speech per-
ception. In addition, hyperactivation was observed in bilateral pre-motor and 
supplementary motor cortices, supramarginal gyrus, inferior parietal lobe, and 
cerebellum suggesting compensatory increases in cognitive effort and additional 
recruitment of articulatory rehearsal networks and/or phonologic stores. Simi-
larly, Preston and colleagues [7] studied fMRI responses in children aged 8 to 11 
years, whose speech errors had not yet resolved by age 8.5 years, and found that 
their neural activation patterns to words and non-words differed from that of 
typically speaking controls. Children with speech errors showed hypoactivation 
in left middle temporal gyrus and hyperactivation in several cortical (e.g., bila-
teral parietal regions and left superior temporal gyrus) and subcortical (e.g., 
globus pallidus and insula) regions relative to controls. More recently, an 
event-related potentials study involving children aged 9 - 15 years with deficits 
in motor speech control and planning, compared to control children with typical 
speech during a picture-naming task. The results showed reduced amplitudes 
over the right hemisphere prior to the production of multisyllabic relative to 
monosyllabic words in the children with motor speech control deficits [8]. These 
studies provided consistent findings indicating different cortical activities related 
to processing of speech production areas in children with SSD.  

Far less investigated are the neurobiological underpinnings of treatment-related 
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changes in SSD. Using structural imaging, a study from our group [9] found that 
young children (aged 3 - 6 years) with idiopathic apraxia (a form of SSD) had 
thicker left supramarginal gyri than age-matched controls, which subsequent to 
motor speech intervention, showed thinning to levels comparable to the con-
trols. We suggested that these changes may reflect experience-dependent struc-
tural neuroplasticity in areas responsible for sensorimotor integration and pho-
nological processing.  

The goal of the current study is to characterize changes in cortical activity as-
sociated with participation in a motor-based intervention in children with SSD. 
We employed Magnetoencephalography (MEG) to investigate the changes in 
neural dynamics in children with SSD over a course of intensive speech therapy. 
MEG is a technique that captures task-related neuronal firing with high tempor-
al and spatial resolution [10]. MEG has increasingly been used to investigate the 
localization [11], lateralization [12] [13], and performance [14] on speech and 
language tasks in children.  

Neuroimaging studies have provided converging evidence that the motor cor-
tex provides a common bilateral structural network for various basic voluntary 
oromotor tasks [15] [16] suggesting the verbal and non-speech oral movements 
may share the similar neural pathway during the initial processing stage [17]. 
Therefore, in this study, we used a non-speech jaw opening task and a simple 
syllable PA repetition task to observe the cortical activities before and after an 
eight-week course of motor speech intervention. Along with the acquisition of 
MEG data, three standardized speech tests were administered to assess motor 
speech control and articulation as well as a speech acoustic measure for PA pro-
ductions. We hypothesized that motor speech therapy would result in changes in 
the functional activity of cortical regions known to support the motor control of 
speech. Our specific aim was to use MEG to gain insight into the neural me-
chanisms underlying motor speech control and production. 

2. Methods  
2.1. Participants 

This study was approved by the Hospital for Sick Children Research Ethics 
Board. Written informed consent and/or verbal assent was obtained from par-
ents and children, respectively. 

In the current study, fourteen children were recruited as participants and 
completed the intervention. However, two children did not return for 
post-intervention scanning and three children moved excessively in the MEG for 
the pre, post or both scans. As a result, nine children with SSD (mean age = 4.2 
years) formed the final analysis cohort (Table 1). Participants were selected 
from the waiting list for speech therapy at The Speech and Stuttering Institute, 
Toronto, Canada. The Speech and Stuttering Institute keeps a waitlist for fami-
lies interested in commencing therapy. For this study, families were contacted 
over the summer and recruited to this study which began at the same time as the  
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Table 1. Participant demographics. 

Mean age 4.2 ± 1.13 years 

Sex 7 boys; 2 girls 

PPVT-3 106 ± 12.38 

EVT-2 109 ± 9.91 

 
school year. In the absence of known neurological diseases and hearing difficul-
ties, participants selected for the study were confirmed with the diagnosis of 
moderate to severe oral motor control issues and motor planning deficits (see 
[18] for a checklist). At the time of recruitment and during the study, none of 
the children received any additional therapy outside of the study (as reported by 
caregivers). To confirm that participants’ gross language skills were intact and at 
an age-appropriate level, the Peabody Picture Vocabulary Test, 3rd edition 
(PPVT-3; [19]) and the Expressive Vocabulary Test, 2nd edition (EVT-2; [20]) 
were administered prior to the first MEG recording. Participants scored within 
normal limits across all language measures. For all participants, parents gave 
written informed consent and children gave verbal assent to participate in the 
study. Additionally, 15 typically developing control participants (aged 3 - 4 
years) were recruited from the community, and were negative for a history of 
developmental speech-language delays, neurological conditions and hearing is-
sues. All completed a first scan and agreed to return 8 - 10 weeks later for a 
second scan. However, there was a 75% attrition rate in the control group with 
only four children returning; there were insufficient data for subsequent analy-
sis. 

2.2. Intervention 

For the children with SSD, a motor speech intervention called PROMPT 
(Prompts for Restructuring Oral and Muscular Phonetic Targets; [21]) was cho-
sen as it has demonstrated efficacy in treating children with speech sound dis-
orders and speech motor control issues (e.g., [9] [22] [23] [24]). The PROMPT 
approach is a dynamic tactile and kinesthetic based treatment approach designed 
to cue or “prompt” correct articulatory positions, movement trajectories (at the 
phoneme, word, and phrasal level) and movement sequencing to facilitate the 
production of target sounds in connected speech. In this study, participants re-
ceived twice-weekly sessions of PROMPT therapy for eight weeks; each session 
was 45-minute long and parents were assigned ten-minutes of homework to be 
completed daily with the child. A licensed speech-language pathologist with spe-
cialized training in PROMPT (DG) offered all of the treatment sessions. Treat-
ment fidelity was monitored for 20% of the sessions by using standard proce-
dures that reflect an integration of treatment delivery and clinical skill as a single 
quantifiable metric (with established inter-rater reliability using Krippendorff’s 
Alpha > 80%; [25]).  
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2.3. Behavioral Measures of Oral Motor Skills 

As well, three standardized tests were given for all participants before and after 
the intervention. The first was the Verbal Motor Production Assessment for 
Children (VMPAC; [26]) which is used to assess the neuromotor integrity of the 
speech motor system. For the purposes of this study, only the sub-tests most perti-
nent to volitional oral motor control (that is, the Focal oral motor (VMPAC-FOC) 
and Sequencing (VMPAC-SEQ) sub-tests) were utilized. The second was the 
Goldman-Fristoe Test of Articulation, 2nd Edition (GFTA-2; [27]) which is a 
systematic assessment of a child’s articulation of English consonants. The third 
test was the Hodson Computerized Analysis of Phonological Patterns (HCAPP; 
[28]) used to measure changes in the child’s phonological system by assessing 
productions for phonological deviations. All assessments were administered 
within two weeks of the beginning and end of therapy by licensed therapists who 
were blind to the diagnosis and treatment of each child and conducted at the 
Speech and Stuttering Institute (Toronto, Canada). 

Further, acoustic measurements on voice onset time (VOT) for PA produc-
tions before and after speech therapy were analyzed. VOT has been used to re-
flect subtle motor speech coordination skills where a smaller VOT variability for 
voiceless stops may reflect a better inter-gestural coordination in children [29] 
[30].  

2.4. MEG Data Acquisition and Analysis Procedure 

MEG data were acquired with participants lying supine in a CTF 151-channel 
whole-head MEG system (MISL, Coquitlam BC). MEG signals were acquired 
continuously, digitized at a sampling rate of 625 Hz with a 200 Hz low-pass fil-
ter. After completion of the MEG, a co-registered structural MRI was obtained 
for each subject (T1-weighted sagittal 3D MPRAGE, FOV/Res = 192 × 240 × 
256, 1 mm ISO voxels, TR/TE/TI/FA = 2300/2.96/900/9, GRAPPA = 2) on a 3T 
scanner with a 12-channel head coil (Siemens Tim Trio, Erlagen, Germany). 

Participants visited the MEG Lab twice: once before the intervention, and 
again, 9 - 10 weeks later, after the intervention. Within the MEG scanner, par-
ticipants performed an oromotor task and a syllable repetition task. These two 
tasks were translated directly from our prior investigation of the neural corre-
lates underlying speech and non-speech productions in control adults where we 
successfully identified involvement of motor-related neural mechanisms for the 
oromotor task, and language/speech-related neural mechanisms for the syllable 
repetition task [17]. The oromotor task involved opening and closing their 
mouth (mouth open-close; MOC) in one complete smooth movement. The syl-
lable PA task involved producing the speech sound /pα/ aloud. Prior to data ac-
quisition, participants practiced each task and were instructed to stay “as still as 
statues” in the scanner. Movement tolerance during scanning was 5 mm. Partic-
ipants completed 115 trials of each task in separate conditions. Between trials, 
subjects fixated on a small white circle on the screen. When the colour of the circle 
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changed to green, this was the cue to perform the task. Trials were cued with a 
variable interstimulus interval of 3.5 - 3.9 sec. To help separate intentional 
movements from spurious movements, all participants wore an ultra-
sound-emitting device taped to their jaw. This device tracked jaw movement and 
displacement as an additional analog-to-digital channel on the MEG recording 
(see [17] for a full description). This recording was visually scanned for unusual 
deflections, and when seen, that trial was excluded from further processing. 

Continuous MEG data were epoched into trials (−1.0 sec to +1.0 sec) 
time-locked to the presentation of the visual cue. Epoched data were analysed 
using a free, downloadable source reconstruction packaged called Brainwave 
(http://cheynelab.utoronto.ca/brainwave). Data were band pass filtered from 1 to 
40 Hz and a non-overlapping, sliding window approach was taken with nine 50 
ms windows from 100 - 550 ms (i.e., 100 - 150 ms, 150 - 200, 200 - 250, 250 - 
300, 300 - 350, 350 - 400, 400 - 450, 450 - 500 and 500 - 550 ms) and submitted 
to event-related beamforming [31] over integrated time windows to identify 
neural sources active in each of these windows. 

Pre- and post-intervention clinical test scores and acoustic analysis measures 
were statistically compared with paired-samples t-tests. Brain magnitude and la-
tency data were obtained from reconstructed virtual waveforms and submitted 
to permutation testing using a single-threshold maximal statistic, which ac-
counts for multiple comparisons. 

3. Results 

All participants exhibited moderate to severe oral motor control issues on the 
VMPAC with primary difficulties involving jaw and orofacial control, including 
decreased jaw stability, limited control of the degree of jaw range of motion 
(overshoot/overextension), decreased lip retraction and overly retracted lips. 
Thus the goals were increased jaw control, decreased overall excursion, im-
proved midline control, and better facilitation of jaw grading for speech produc-
tion, such as for bilabial speech sounds. Results from the standardized testing are 
summarized in Table 2 which showed gains on all measures as tested with 
paired samples t-tests: VMPAC-FOC (t = 5.94, p < 0.001; Cohen’s d = 1.0); 
VMPAC-SEQ (t = 4.82, p < 0.001; Cohen’s d = 0.9); GFTA-2 (t = 2.38, p < 0.05; 
Cohen’s d = 0.7) and HCAPP (t = −5.84, p < 0.001; Cohen’s d = 0.9). These indi-
cate a positive effect of the intervention on motor speech skills and articulation. 

Acoustic analyses demonstrated an increase in the mean VOT from 
pre-intervention (mean ± SD: 63.3ms ± 39.0) to post-intervention (79.5 ± 33.7). 
Coefficient of variance (CoV) decreased from pre (61.6%) to post (42.4%). 

The MEG analysis program provides the timing, Talairach coordinates, ana-
tomical and Brodmann area labels for all brain areas that were significantly dif-
ferent before and after the intervention (p < 0.025) for both MOC and PA tasks. 
These are summarized in Table 3 and the spatiotemporal progression of these 
significant activations are visualized in Figure 1. Figure 2 contains the 3-dimensional  
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Table 2. Standardized scores for VMPAC-FOC and VMPAC-SEQ subtest, GFTA-2 and 
HCAPP at PRE-intervention (PRE) and POST-intervention (POST) testing for each par-
ticipant. 

Participant 
VMPAC-FOC VMPAC-SEQ GFTA-2 HCAPP 

PRE POST PRE POST PRE POST PRE POST 

P1 69 83 63 83 66 66 214 163 

P2 67 78 81 87 40 54 104 36 

P3 50 61 30 48 65 90 130 64 

P4 55 69 49 70 58 70 55 32 

P5 63 71 54 61 69 70 106 82 

P6 69 83 63 83 82 79 84 61 

P7 77 81 71 80 72 87 102 78 

P8 76 78 73 80 73 69 112 92 

P9 82 87 73 74 64 84 117 75 

 
Table 3. Timing, coordinates and anatomical labels for regions showing significant 
pre-post differences in the two task conditions. 

 
Time Value X Y Z Talairach Location (Brodmann Area) 

Mouth 
Open-Close 

100 - 150 2.22 −32 9 33 L precentral gyrus (BA9) 

 
150 - 200 1.91 −44 27 −5 L inferior frontal gyrus (BA47) 

  
1.87 51 −42 6 R middle temporal gyrus (BA21) 

  
1.84 −44 24 21 L pre-central gyrus (BA6) 

 
200 - 250 2.24 40 12 10 R insula (BA13) 

 
250 - 300 2.09 48 −41 32 R supramarginal gyrus (BA40) 

 
300 - 350 2.04 −51 −31 −5 L middle temporal gyrus (BA21) 

 
350 - 400 2.06 −32 28 17 L insula (BA13) 

  
2.02 −55 −19 8 L superior temporal gyrus (BA41) 

 
400 - 450 2.08 −59 −8 4 L superior temporal gyrus (BA22) 

 
450 - 500 2.32 55 −26 23 R inferior parietal gyrus (BA40) 

 
500 - 550 2.12 −51 24 6 L inferior frontal gyrus (BA45) 

PA 100 - 150 
     

 
150 - 200 0.86 −48 −42 13 L middle temporal gyrus (BA21) 

 
200 - 250 0.93 −42 17 17 R superior temporal gyrus/insula (BA13) 

 
250 - 300 

     

 
300 - 350 

     

 
350 - 400 1.18 40 23 3 R inferior frontal gyrus (BA45) 

 
400 - 450 

     

 
450 - 500 

     

 
500-550 
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Figure 1. Brodmann Area labels for areas showing significant changes by task and time-window. An “up” arrow (↑) indicates an 
increase in activation in that area. A “down” arrow (↓) indicates a decrease in activation in that area. A pair of arrows (↑↓) indi-
cates an initial increase followed by a subsequent decrease. The reverse situation of an initial decrease followed by an increase was 
never seen. The equivocal symbol (≈) indicates that while the statistical comparison was significant, investigation of the virtual 
sensor did not clearly indicate a direction. An asterisk (*) indicates that the virtual sensor from this region is included in Figure 3. 
 

 
Figure 2. Three-dimensional brain images showing the areas that were significantly different between the pre- and 
post-intervention conditions for both the MOC task and the /pα/ production task. 
 

brain images for areas that were significantly different between pre- and 
post-intervention indicated. 

To further explore the timing of differences in brain areas as a function of 
speech intervention, we reconstructed virtual sensors which demonstrate the 
time course of activations, pre and post intervention, for each condition. These 
are shown in Figure 3. In this figure, the blue line indicates the magnitude of  
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Figure 3. Virtual sensors for each task. 
 

brain activations in the PRE condition and the red line shows the magnitude of 
activations in the POST condition. Sections where the lines are thicker indicate 
time points when the pre and post conditions are significantly different. Signifi-
cant differences are always marked on the upper line; thus Table 3 also indicates 
the direction of change in each brain region. Only changes reaching statistical 
significance, and sustained for >50 ms (the duration of our beamforming win-
dow) are interpreted and these are identified by a box for an increase in activa-
tion and a circle when there is a decrease in activation. The most striking result 
is the reproducibility of the tracings despite being recorded 9 to 10 weeks apart. 
This attests to the technical quality of the MEG recording [32]. 

In the oromotor (Mouth open-close) task (Figure 3, left panel), the contrasts 
indicate that all sustained, significant changes occurred in the left hemisphere. 
The POST condition had significantly higher activations, early in the response, 
in the frontal cortex (inferior frontal gyrus, BA 44/45), motor cortex (precentral 
gyrus, BA 6) and insula (BA 13); whereas, later in the response, there was a de-
crease in activation in the motor cortex, temporal cortex (superior temporal gy-
rus, BA 41/22) and insula. In the speech (PA) task (Figure 3, right panel), sur-
prisingly, there are few differences, and the contrasts indicate reduced activa-
tions in the right frontal cortex (inferior frontal gyrus, BA 45) and the left tem-
poral cortex which included the supramarginal gyrus (BA 40) and middle tem-
poral gyrus (BA 21). 

4. Discussion 

This is the first study to use MEG to investigate neural changes in children with 
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SSD who underwent a brief intensive motor speech intervention. Using two 
simple but different motor speech tasks (i.e., MOC and PA production) which 
we have tested in control adults, we were able to identify changes in specific 
responses in brain areas that may be associated with motor speech control. In 
conjunction with the MEG analysis, clinical assessments of motor speech skills 
were acquired which indicated a positive effect on motor speech control and 
thus provide preliminary support for the possible benefits of PROMPT interven-
tion in children with SSD. Over the course of eight-weeks of intensive therapy, 
our MEG study showed changes in the functional activation of cortical regions 
related to motor speech control and speech production that are in line with the 
behavioral data from the motor and speech assessments. 

With regards to the neural correlates of non-speech oromotor control, we 
were able to use virtual sensor analyses to contrast differences in the timing and 
magnitude of activations generated by mouth open-close movements before and 
after PROMPT intervention (Figure 2, left panel). Our data showed marked dif-
ferences in brain activation in several regions associated with oromotor control. 
The most striking observation is that the majority of changes are in the left he-
misphere, where the impact of therapy is characterized by an early increase fol-
lowed by a later decrease in activation. 

While each individual virtual sensor could be interpreted separately, it is the 
overall pattern of findings that tells the story. There are two time windows where 
changes occur in concert across sensors. The first is around time zero, and the 
second is around 200 ms. At time zero, across the frontal, motor and insular 
sensors, there is greater activation post-intervention. This time zero activation is 
surprising as it occurs prior to the presentation of the visual stimulus, and sug-
gests that participants may be anticipating the task and possibly preparing earli-
er; thus, resulting in the production of more consistent responses. The later de-
crease in activation suggests they rely less on these areas and neural and re-
sponse preparation is subsumed earlier. An alternative explanation is that these 
differences are attributable to the participants’ greater familiarity with the task 
during the second MEG session; however, the participants also showed signifi-
cantly improved scores on standardized testing and significant changes on 
acoustic analysis of voice-onset time. Taken together, there is strong suggestion 
that there is a relation between the clinical and acoustic improvements and the 
observed brain changes. 

An interesting post-intervention change of note is in the left insula in the 200 - 
300 ms time window. Here, visual inspection shows that this region has much 
higher activation post-therapy; while the peaks reach statistical significance, our 
stringent statistical criteria do not show a sustained significant change. However, 
there is evidence that one important role of the insula is in motor control and 
articulatory planning (e.g., [4] [5] [17] [33] [34]). Our finding of greater activa-
tion in the left insula along with earlier activations in frontal and motor areas 
following intervention may be a reflection of better oromotor coordination and 
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control. 
For the MOC condition, we also saw a sustained decrease of activation in 

primary auditory (BA 21) and association areas (BA 41, BA 22) in the 300 - 450 
time range. These areas typically play a role in language comprehension and 
thus we did not expect to see their involvement in this task. We speculate that 
the child may be verbally “coaching” him/herself through the task in the “pre” 
condition, and with increased familiarity with the task or perhaps with better 
motor control, this “coaching” is not as essential in the “post” condition. This 
hypothesis requires further testing. 

For the PA production task, in the left hemisphere, the activations are 
well-formed, clear and reproducible in the frontal, motor and insular regions. 
The other significant change is in the left temporal region and shows a decrease 
in activation post-intervention. However, when looking at the entire waveform, 
it is clear that while the decrease is sustained and reaches statistical significance, 
the overall pattern is one where the waveform shows a clearer set of peaks 
post-intervention. In the neurophysiology literature, this is interpreted as im-
proved synchronization of the neurons activated in this region. This is of interest 
as studies show the left middle temporal gyrus to play an important role in 
speech comprehension and production [35], with a recent meta-analysis con-
firming its role in both functions [36]. Thus, this finding of more synchronized 
activity in the temporal regions post-intervention may provide additional rein-
forcement of improved perception of speech-related functions which is key to 
successful speech production. 

With regards to the right hemisphere, the frontal region showed significantly 
less activation post-intervention. The homologous language region in the right 
hemisphere has been found to activate in situations where additional support is 
required to process speech and language, for example in young children, or in some 
clinical conditions. The finding here of decreased activation post-intervention sug-
gests less reliance on this region, and possibly a more efficient, mature response 
overall. 

One striking feature from the PA recordings is the similarity and reproduci-
bility of the waveforms before and after intervention which is more than nine 
weeks apart. This overall finding of few differences pre- and post-intervention 
on the PA task may be due to the fact that the /pα/ phoneme is already 
well-learned in our group. Reviewing the treatment goals for each participant, 
only two had treatment goals that included increased labio-facial control for lip 
movements involving /p/. It may be that MEG, with its high spatial temporal 
resolution, is able to capture the brain changes associated with very subtle im-
provements, and MEG resolution is high enough to be specific to the task ap-
plied. This would suggest that future studies need to adjust the stimulation pa-
rameters to fit the particular difficulties experienced by each child. 

Finally, our MEG results are supported by our acoustic findings. Measuring 
VOT has been used in developmental studies to indicate the mastery of speech 
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gestural coordination. During typical motor speech development, children exhi-
bit a shorter and more variable VOT relative to adults, and with development, 
the VOT increases and becomes less variable (e.g., [29] [30] [37] [38]). This is 
the pattern seen in the current study. After PROMPT therapy, the mean VOT is 
increased and CoV is decreased. 

5. Conclusions 

In summary, we found a positive outcome effect of PROMPT on motor speech 
control and articulation for children with SSD, and we observed dynamic 
changes in associated brain regions after an eight-week course of intensive mo-
tor speech therapy. Using a pre-post design with a brief, intense intervention, 
there is good evidence that participation in the therapy program drove the ob-
served functional changes in the regions associated with oromotor control and 
speech production. This is an important area of study as it suggests a mechanism 
of therapeutic action that underlies behavioral change. Understanding mechan-
isms of action has immediate ramifications for improving service delivery 
(treatment dosage, intensity & delivery method) but also demonstrates treatment 
efficacy which facilitates accountability with stakeholders and improves “buy-in” 
from parents. 

For future research, children with SSD who do not undergo treatment (wait-
list group) or an age-matched control group with no speech and language issues 
should be recruited to act as a control group. This will allow us to tease apart 
treatment versus maturation changes in neurophysiological processes. Another 
possible design would be to incorporate three time points, so as to ascertain 
whether treatment gains are sustained and retained. Future research would also 
benefit from the inclusion of different levels of stimulus complexity, as well as 
specific tasks targeted for each child’s therapy goals. The former suggestion 
would provide further insight into the theoretical aspects of phonological 
processing, motor planning and articulatory control during speech preparation 
in SSD, possibly leading to the identification of neurophysiology markers of 
subtypes of speech impairment during speech production. The latter would al-
low the development of individualized treatment plans that can be tracked or 
monitored for efficacy. While there are many opportunities for future research, 
this first study using MEG demonstrates the value of this neuroimaging modali-
ty to capture subtle brain functional changes, and its feasibility for testing young 
children with clinical conditions, including SSD. 
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