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Background: Reduced intracortical inhibition is a neurophysiologic finding in focal dystonia
that suggests a broader problem of impaired cortical excitability within the brain. A robust
understanding of the neurophysiology in dystonia is essential to elucidate the pathophysiology of
the disorder and develop new treatments. The cortical silent period (cSP) is a reliable, non-invasive
method to measure intracortical inhibition in the primary motor cortex associated with a muscle of
interest. In adductor spasmodic dysphonia (AdSD), cSP of the laryngeal motor cortex (LMC)
which directly corresponds to the affected musculature, the thyroarytenoid (TA), has not been
examined.

Obijective: This work evaluated the cSP of the LMC and the relationship between cSP and
functional magnetic resonance imaging (fMRI) blood-oxygen-level dependent (BOLD) activation
in people with AdSD (n = 12) compared to healthy controls (CTL, n = 14).

Results: Shortened LMC cSP were observed bilaterally in people with AdSD vs CTL (F(q, g9) =
19.5226, p < 0.0001), with a large effect size (77 = 0.1834). Between-group fMRI analysis
revealed greater activation in bilateral LMC in the AdSD > CTL contrast as compared to CTL >
AdSD contrast. Correlation analysis showed that people with AdSD have positive correlation of
left LMC BOLD activation and the cSP. Further, the right LMC cSP lacks either positive or
negative associations with BOLD activation. CTL individuals displayed both positive and negative
correlations between cSP and BOLD activation in the left LMC. In CTL, the LMC cSP and BOLD
activation showed exclusively negative correlations in both hemispheres.

Conclusion: In AdSD, the cortical activation during phonation may not be efficiently or
effectively associated with inhibitory processes, leading to muscular dysfunction. These findings
may give insight into the maladaptive cortical control during phonation in people with AdSD.

Keywords
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Introduction

Dystonia is a movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal, often repetitive, movements, postures, or both. Focal
dystonia is a subclassification of dystonia where only one body region is affected, examples
include blepharospasm, oromandibular dystonia, cervical dystonia, writer’s cramp (focal
hand dystonia), and laryngeal dystonia (spasmodic dysphonia) [1]. A common
pathophysiologic feature within these sub-types of focal dystonia is impaired intracortical
inhibition and surround inhibition [2,3]. Cortical inhibition can be assessed indirectly with
transcranial magnetic stimulation (TMS) paradigms, e.g. short interval intracortical
inhibition, inter-hemispheric inhibition and cortical silent period (cSP) [4]. Previous work
using TMS has indicated reduced inhibition to be characteristic of focal hand dystonia [5],
cervical dystonia [6] and spasmodic dysphonia (in cortical regions corresponding to non-
affected muscles) [7].

Adductor spasmodic dysphonia (AdSD) is a primary, adult-onset, focal dystonia affecting
intrinsic laryngeal muscles during speech. In AdSD, spasms in the laryngeal thyroarytenoid
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(TA) affect voluntary control by vocal fold hyperadduction disrupting vowel sounds [8],
negatively impacting effective communication, occupation, and social engagement [9]. The
pathophysiology of AdSD remains unknown. Studies using neuroimaging techniques have
reported impaired brain activation in sensorimotor areas [10,11] and structural abnormalities
[12] in AdSD. However, some inconsistencies exist, such as findings of both reduced [10]
and increased [11] activity in sensory and/or motor cortices in AdSD using functional
magnetic resonance imaging (fMRI). While functional neuroimaging provides valuable
information, it is an indirect measure of neural activity and cannot identify the types of
neural process being activated during a task, i.e. excitatory or inhibitory processes. Thus, it
is difficult to gain insights into the cortical physiology of AdSD with neuroimaging alone.

TMS is a potentially complementary tool to neuroimaging alone, as it adds the evaluation of
corticospinal excitability. AdSD studies utilizing TMS to evaluate motor cortex inhibition in
hand [7,13] and facial [14] muscles have revealed shortened cSP (i.e., less inhibition)
suggesting reduced intracortical inhibition in muscles not directly affected by the disorder.
However, the intracortical inhibition of the laryngeal motor cortex (LMC), which directly
controls the affected muscles (i.e. TA) in AdSD, has not been investigated. Technically, it is
difficult to assess LMC intracortical inhibition because the recording EMG electrodes must
be placed into the affected TA muscles. Due to recent advances in TMS techniques [15,16]
this investigation is now possible. Thus, the purposes of this study were to (1) compare
cortical excitability of the LMC between AdSD and healthy controls (CTL) using TMS, and
(2) determine if there is a relationship between intracortical excitability measures (i.e. cSP)
and neural activation revealed by fMRI [i.e. beta weight values of the blood-oxygen-level
dependent (BOLD) signal]. Our primary hypothesis was that individuals with AdSD would
have significantly shorter cSP duration in bilateral LMC and increased BOLD activation in
M1 compared to CTL. Our secondary hypothesis was that in AdSD, there would be a
negative correlation between LMC cSP and BOLD activation, indicating decreased
inhibition.

Materials and methods

Participants

All participants gave written, informed consent, according to the Declaration of Helsinki
[17] prior to participating. Sixteen healthy participants in CTL group (51.5 + 7.7 yrs; 6
females) and thirteen people with AdSD (63.5 + 5.6 yrs; 8 females) participated in two
testing sessions. fMRI was performed on the first day, TMS assessment was performed on
the second day. The interval between fMRI and TMS was a maximum of seven days, but for
most participants it was one or two days. All participants were screened according to TMS
[18] and neuroimaging [19] safety guidelines. TMS findings for eleven of the healthy
participants were reported previously in a paper describing the laryngeal TMS methodology
[15]. For AdSD, only participants with diagnosis from a laryngolo-gist who met criteria
regarding their voice deficit were recruited. Potential participants with AdSD and voice
tremor were excluded due to potential confounding pathology. Participants receiving
botulinum toxin injections were tested when the effects of the toxin were diminished (1-7
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days before re-injection). This study was approved by the Institutional Review Board of the
University of Minnesota.

Cortical silent period

For our purposes we refer to the cSP collected from the TA muscle elicited by stimulation
over the LMC as the LMC cSP; and refer to the LMC cSP collected from the left and right
TA muscles as left TA cSP and right TA cSP respectively. TMS was delivered to the LMC
area associated with TA muscle activation according to established parameters [15] using a
70 mm figure-of-eight coil connected to the Bistim? and 2002 stimulator set (The Magstim
Company Ltd, UK). LMC cSP responses were collected as previously reported [15]. Briefly,
after skin preparation, fine-wire electrodes (#019-772,800, Nicolet Co., Middleton, WI)
were inserted bilaterally into the TA muscles (i.e. vocal folds). TA EMG signals were
amplified with a gain of x300 by bi-polar pre-amps (Y03-002, Motion Lab Systems, Inc.,
Baton Rouge, LA), passed through a bandpass filter (15-2000 Hz), and digitized by a 24-bit
analog-to-digital converter (N19234, National Instruments Co., Austin, TX) in AC coupling
mode (0.5Hz) with the sampling rate of 6.4k Hz. All data were collected and stored using a
custom data acquisition program written with LabVIEW (V2012, National Instruments,
Austin, TX) on a laptop computer (Latitude, Dell Co., Ltd, Round Rock, TX) which was
also used to monitor real-time EMG activity. The insertion of the fine-wire electrodes into
the target TA muscle was verified with participant vocalization using a short (0.5-1s)
phonation task of /i/. Then, peripheral nerve stimulation was applied by placing the TMS
coil over the mastoid bone to stimulate the vagas nerve that innervates the TA muscle. Five
trials of peripheral stimulation were collected during participant phonation of a sustained /i/
to verify the fine wire electrode insertion in the TA muscle. Coil placement for peripheral
nerve stimulation was tangential to the tip of mastoid bone and oriented in a posterior-
anterior direction. The center of the coil was located above the mastoid (the exit of vagus
nerve from the skull through the jugular foramen) behind the ear. This placement is
consistent with previous studies [20,21]. The peripheral stimulation intensity was set to 40%
of maximum TMS output. The responses were confirmed by observing the latency of the
peripheral stimulation evoked potentials which occurred within a physiologically acceptable
range of 3-8 ms after the stimulus. If verification failed, insertion of another fine-wire
electrode was conducted until reliable TA EMG responses were observed. During all cortical
TMS stimulation trials, participants were instructed to phonate a sustained (2-3s) /i/ at a
comfortable pitch and volume. The purpose of this sustained phonation was to generate the
cSP in response to TMS. The phonation during cSP testing was not normalized to maximum
voluntary volume and pitch due to difficulty of precisely generating these two vocal factors.
Participants were instructed to phonate at a comfortable and natural pitch and volume. It is
unlikely that cSP values were affected by this lack of standardization, however, as
contraction strength of the target muscle does not significantly influence cSP duration [22—
27]. Fifty trials of LMC cSP were collected from bilateral TAs in responses to TMS over
each hemisphere. Given the bilateral cortical control of the TA muscles, there are
consequently four cSP values for each participant: left TA cSP from left hemisphere LMC
stimulation, right TA cSP from left hemisphere LMC stimulation, left TA cSP from right
hemisphere LMC stimulation and right TA c¢SP from right hemisphere LMC stimulation. In
total, 100 trials of stimulation were delivered with an interstimulus interval of approximately
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5-8s. This stimulation pace was selected to prevent vocal fatigue and neuromodulation
effects. Real-time EMG was displayed on a screen for the investigator to constantly monitor
the status of the electrodes and the TA muscle EMG during the experiment. In participants
with AdSD, if a burst of tension was observed, the participant was instructed to relax and the
next trial was delayed. The stimulation intensity was determined via the cSP threshold,
which was defined as the lowest intensity that can evoke a visible cSP in 3 out of 5 trials
[15].

Functional magnetic resonance imaging

A block-design was used to determine BOLD response during the phonation task. Thirteen
rest and twelve active blocks (15s each) were interleaved. The task performed involved
repeated phonation of /i/ for 0.5s-1s for 15s in the active blocks, and rest for 15s in the rest
blocks. Thorough task training was completed prior to data acquisition to insure competence
with the task and minimize head or jaw motion. In addition, head motion was minimized
using padding and placement of surgical tape across the forehead and nose to provide
sensory cues to reduce motion. Participants were instructed to rest comfortably with the
mouth slightly open and to not move the lip, tongue or jaw throughout the entire task fMRI
scan.

Images were acquired on a 3-Tesla Scanner (Prisma, Siemens Healthineers, Germany) using
a 32-channel head coil. T1-weighted structural images were acquired (256 mm x 0.8 mm
thick sagittal slices, TE1 =1.81 ms, TE2 =3.6 ms, TE3 =5.39 ms, TE4 =7.81 ms, Tl =
1000 TR = 2500 ms, flip angle = 8). For fMRI, whole brain echo planar functional images
were acquired using 208 mm x 2 mm thick axial slices with the following parameters: TE =
37 ms, TR =800 ms, matrix = 104 mm x 104 mm x 72 mm, multi-band = 8. Imaging data
were motion corrected and dewarped within FEAT utility of FMRIB Software Library (FSL,
v5.0.1, Analysis Group, FMRIB, Oxford, UK) with the spatial smoothing FWHM parameter
of 4 mm. In the individual level general linear model, a 3-column format description of the
blocks were used with the convolution of Double-Gamma HRF. All motion correction
parameters were regressed out. Images were co-registered with each individual’s T1-
weighted structural image and normalized to Montreal Neurological Institute standard space
(MNI1152).

Data analysis

Only the anatomical MRI was used in the TMS neuronavigation process. All data processing
and analysis for TMS and fMRI was completed at the conclusion of the data collection with
investigators blinded to group allocation.

For LMC cSP, trials that were contaminated by large TMS artifact were excluded due to
difficulty in determining the offset of cSP. Group differences were tested by three-way
ANOVA with group (AdSD vs CTL), stimulated hemisphere (left vs right) and TA side (left
vs right) as factors. Tukey’s HSD test was used for post-hoc analyses. Significance level was
set to p < 0.05 and Bonferroni corrections were used for all tests. Effect size of the three-
way ANOVA was evaluated by using the equation of:
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2 _ Test sumof squares
" Total sum of squares

According to Cohen’s guidelines, effect size (77) scale is small: 0.01, medium: 0.059 and
large: 0.138 [28].

Between group fMRI BOLD responses were compared by using a fixed model in FEAT
higher-level analysis in FSL. For within group correlation between LMC cSP and BOLD
activation analysis, average cSP values from bilateral TA responses were calculated and
input into the GLM model of FEAT in FSL and used to calculate correlations, within which
both positive and negative correlations between cSP duration and beta weight responses of
BOLD were calculated. The rationale for the averaging of bilateral TA cSP is the bilateral
control of each LMC over the TA muscles. For example, the left LMC cSP was represented
by the participant’s average cSP duration from both the left and right TA muscles in
response to the same stimulation. Additionally, there was no cSP duration difference noted
between TA sides in this or previous work [15]. Given that inhibition level is negatively
correlated with cSP duration [4], a positive correlation between BOLD and cSP would
suggest that higher BOLD activation corresponds to more inhibition as measured with cSP,
whereas a negative correlation would indicate that higher BOLD activation is associated
with less inhibition. All MRI analyses were done in the MNI152 standard space with an M1
mask from AFNI software package [29]. Voxel-wise significance was set to p < 0.001.
Multiple comparison corrections were carried out using Gaussian random field theory
method in FSL. Activations and correlations are discussed related to results within the LMC
area as well as general M1 activation. Given that there is no definitive definition of LMC
boarders, the region was defined according to the locations reported in previous fMRI and
TMS publications [30-33]. Specifically, the LMC area was represented by a sphere with a
radius of 5 mm which was centered to the MNI coordinates of: left LMC, (-50,-14,40); and
right LMC, (51,-15,41) [32]. Given the difference in age between groups, age was used as a
co-variant to regress out potential age effect.

All participants tolerated MRI and TMS procedures with expected mild adverse events
related to fine-wire EMG electrode placement, including skin soreness (n = 6), bruising (n =
1) and throat tenderness (n = 3). LMC cSP data were excluded (hn =2 CTL, n =1 AdSD) or
limited to one side only (n =1 CTL and n = 2 AdSD) due to fine-wire EMG signals.
Fourteen healthy (53.0 £ 7.6 yrs; 5 females) and twelve AdSD (63.5 + 5.6 yrs; 8 females)
participants’ data were analyzed. Cortical stimulation intensities and AdSD participants’
symptom of duration information are listed in Table 1. Details of the data exclusion due to
stimulation artifact is listed in Supplementary Table 1. A representative sample of the
waterfall plot illustrating all 50 trials from one AdSD and CTL participant is illustrated as
well as averaged traces demonstrating the cSP is shown in Fig. 1.
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Cortical silent period

The primary finding of this study was that the LMC cSP duration in AdSD was significantly
shorter than CTL, regardless of which hemisphere was stimulated or the TA side recorded
from (F (1,98) = 20.5402, p < 0.0001). This significantly lower intracortical inhibition
between groups has a large effect size of 2 = 0.1834 (Fig. 2). No significant difference was
detected between hemispheres (F(y, 99) = 0.0219, p = 0.8826), TA side (F(y, g9) = 0.0411, p =
0.8398) or in any interactions between the three factors (Fig. 2). cSP durations and the MEP
latency values for peripheral and cortical stimulation are listed in Table 2.

Functional magnetic resonance imaging

The fMRI findings demonstrated differences between groups which revealed greater
activation bilaterally in M1 in the AdSD > CTL contrast as compared to CTL > AdSD,
meaning there was overall greater cortical activation in people with AdSD vs CTL. The
AdSD > CTL activation was evenly distributed between hemisphere; the CTL > AdSD
activation was heavily biased to the left LMC as shown in Fig. 3.

Correlation analyses

An exploratory analysis was performed to examine the relationship between individual LMC
cSP durations and BOLD beta weight responses in M1 to infer associations between the
TMS-derived intracortical inhibition measure and the fMRI-derived ‘activation’ during
phonation. Results revealed findings contrary to our hypothesis which postulated that in
AdSD there would be a negative association between inhibition and activation, suggesting
more BOLD is associated with less inhibition. However, in AdSD, the LMC ¢SP and BOLD
activation were primarily positively correlated and had broader distribution in the right
hemisphere. Additionally, there were a sparse number of negatively correlated regions in the
left hemisphere. In CTL, the LMC cSP and BOLD activation showed exclusively negative
correlations in both hemispheres with broader distribution in the right hemisphere (Fig. 4).

Discussion

These results reveal that individuals with AdSD demonstrate significantly shortened cSP
durations in the cortical areas corresponding to the affected muscles (TA) compared to CTL.
The cSP reflects GABARg receptor mediated inhibitory processes within cortical motor areas
[34]. Thus, a shortened cSP indicates a reduced level of intracortical inhibition in LMC. This
is the first report of laryngeal cSP in people with AdSD, but results are in alignment with
related studies. Shortened cSP collected from hand and masseter have been previously
reported in people with AdSD [14]. Therefore, mounting TMS evidence suggests there is
insufficient inhibition in laryngeal, facial and hand regions of M1 in AdSD. This impaired
inhibition is similar to findings in other types of focal dystonias, e.g. focal hand dystonia
[35,36], cervical dystonia [37] and cranial dystonia [38], revealing neurophysiologic
commonalities in the disorders.

The phonation task fMRI demonstrated overactivation in AdSD compared to CTL bilaterally
in M1, but less activation in the left LMC region. This suggests AdSD has hyperactivity in
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M1, but not particularly in the phonation motor areas known to be more active in the left
hemisphere for voice production [30,32]. These findings agree with a previous whole brain
fMRI study that demonstrated overactivation in AdSD vs CTL [12]. Several neuroimaging
studies have revealed greater activation in the laryngeal sensorimotor cortex during
symptomatic and asymptomatic tasks in people with AdSD [11,12,39-41]; however, the
nature of the neural activities measured (i.e., excitatory or inhibitory processes) with BOLD
are unknown. Considering that cSP reflects an intracortical inhibitory process [34], the
correlation analysis between LMC cSP and BOLD provides an exploratory insight into this
mechanism by evaluating the relationship between a known inhibitory measure (i.e. cSP)
with BOLD activation.

In the correlation analysis between LMC cSP and M1 BOLD activation, the results
demonstrated a distribution between groups that was contrary to our hypothesis: there were
mostly positive correlations in bilateral M1 with a few negative correlations in the left M1 in
AdSD. Significant correlations within the LMC voxels were almost exclusively positive
correlations and in the left hemisphere. This suggests that in people with AdSD, the left
LMC has BOLD activation associated primarily with inhibitory (positive correlation)
processes, and lacks BOLD activation that is measurably associated, either positively or
negatively, with inhibitory process in the right LMC. This demonstrates a nearly complete
contrast to the CTL group in which exclusively negative correlations were located in
bilateral M1 with broader distribution in the right M1 (Fig. 4). This suggests that in CTL, the
neural activity of phonation (as reflected by BOLD) is associated with excitatory processes,
due to the negative correlation with inhibitory cSP; while, in AdSD, the neural activity is
primarily associated with inhibitory processes. When considered collectively with the task
fMRI results, whereby AdSD demonstrated more overall BOLD activation in bilateral M1,
but opposite correlations with CTL, it may suggest that, in AdSD, the cortical activity is not
efficiently (more BOLD activation) or effectively (opposite correlation) associated with
focused inhibitory process.

Surprisingly, in AdSD there was also a positive correlation bilaterally in superior M1
regions, which is difficult to interpret, as these cortical regions are distant from the LMC,
were not stimulated to produce the cSP response, and are associated with different body
somatotopy, such as the hand or trunk.

The significant correlations between TMS and fMRI suggest an association of brain
activities, however these measurements were not collected simultaneously, which is a
limitation of this work. The only TMS measure reported in this work was the cSP, which
limits our ability to draw conclusions about the neural elements that are related to the
cortical hyperactivity observed in the AdSD fMRI group data. This was a necessary
limitation due to the inherent tonic activity in the TA muscle, which impairs the ability to
perform other TMS outcomes that require a resting or relaxed muscle (i. g. paired pulse
measures or a stimulus response curve) [15,16]. Another limitation of this study is the lack
of age-matching between groups. This limitation was due to the difficulty in recruiting older
healthy participants for fine-wire insertion. It has been reported that untreated AdSD has not
been observed to worsen with advancing age, suggesting that it is not a degenerative disorder
[42,43]. Furthermore, age was used as a co-variant in the correlation analysis to regress out
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any potential age effect, thus the effect on our results may be lessened. In this fMRI
experiment design, there was no control task to demonstrate that the results are specifically
related to spasmodic dysphonia symptoms; however, given that there is a CTL group serving
as a contrast in both between-group fMRI difference and within-group TMS and BOLD
correlation analysis, this lack of control task may have a minor effect on the results. Future
work may explore non-dystonic phonation tasks, such as a whisper, for a control task.

Quality of the fine-wire electrodes insertion was validated by responses to both peripheral
and cortical stimulation. The slightly longer latency (3-5 s) of the evoked potentials in left
TA compared to the right TA are consistent with previously reported findings given the
longer path of the left recurrent laryngeal nerve around the heart [15,44,45] which helped to
confirm the validity of the electrode insertion in this work.

Conclusion

This is the first study to report shortened cSP from the LMC in AdSD. This finding,
combined with the hyperactivation found during an fMRI phonation task, suggests impaired
efficiency and effectiveness of the neural activity related to inhibitory processes during
symptomatic phonation tasks in AdSD. Further, other non-symptomatic regions within M1
also displayed hyperactivity, as measured by task fMRI, and may be involved in phonation
tasks, either as a compensatory effect or a consequence of AdSD pathology. Overall, these
findings advance our understanding of the pathophysiology of AdSD and may suggest
potential neuromodulation interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.
Mean cortical silent period (xSD) in AdSD vs CTL. Shortened cSP in laryngeal motor

cortex (LMC) was observed in AdSD as compared to CTL. *: p<0.0001. Effect size: 77 =
0.1834. (TA = thyroarytenoid muscle)
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Z score

AdSD>CTL
CTL>AdSD

Fig. 3.

Bgtween group comparisons of fMRI BOLD activation in M1 during phonation. Dashed
lines (projection of a circle with a radius of 5mm): estimated LMC area projection on
inflated brain surface. Warm colors represent AdSD>CTL, cool colors represent
CTL>AdSD. Results indicate greater activation in AdSD vs CTL in LMC area, particularly
in the left hemisphere.
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Fig. 4.
Laryngeal motor cortex (LMC) cortical silent period (cSP) and BOLD activation correlation.

In AdSD (top), the cSP were primarily positively correlated with BOLD with significant
correlations exclusively in the left LMC. There were negative correlations in the more
superior M1 regions not associated with the larynx. In the control group (CTL) (bottom), the
cSP displayed both positive and negative correlations with BOLD. There was primarily
positive correlations that were stronger in the left vs right. Negative correlations were few
and in the left LMC only. Dashed lines (projection of a circle with a radius of 5mm):
estimated LMC area projection on inflated brain surface.
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