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ABSTRACT: Background and Obijective: Laryngeal
dystonia (LD) is focal task-specific dystonia, predominantly
affecting speech but not whispering or emotional vocaliza-
tions. Prior neuroimaging studies identified brain regions for-
ming a dystonic neural network and contributing to LD
pathophysiology. However, the underlying temporal dynam-
ics of these alterations and their contribution to the task-
specificity of LD remain largely unknown. The objective of the
study was to identify the temporal-spatial signature of altered
cortical oscillations associated with LD pathophysiology.
Methods: We used high-density 128-electrode electro-
encephalography (EEG) recordings during symptomatic
speaking and two asymptomatic tasks, whispering and
writing, in 24 LD patients and 22 healthy individuals to
investigate the spectral dynamics, spatial localization,
and interregional effective connectivity of aberrant corti-
cal oscillations within the dystonic neural network, as
well as their relationship with LD symptomatology.
Results: Symptomatic speaking in LD patients was charac-
terized by significantly increased gamma synchronization in

-
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the middle/superior frontal gyri, primary somatosensory
cortex, and superior parietal lobule, establishing the
altered prefrontal-parietal loop. Hyperfunctional connec-
tivity from the left middle frontal gyrus to the right
superior parietal lobule was significantly correlated with
the age of onset and the duration of LD symptoms.
Asymptomatic whisper in LD patients had not no statisti-
cally significant changes in any frequency band, whereas
asymptomatic writing was characterized by significantly
decreased synchronization of beta-band power localized
in the right superior frontal gyrus.

Conclusion: Task-specific oscillatory activity of
prefrontal-parietal circuitry is likely one of the
underlying mechanisms of aberrant heteromodal integra-
tion of information processing and transfer within the
neural network leading to dystonic motor output. © 2023
International Parkinson and Movement Disorder Society.
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Laryngeal dystonia (LD) is one of the common forms
of isolated focal dystonia characterized by involuntary
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contractions of the vocal fold muscles, leading to uncon-
trolled voice breaks and strained, strangled, or breathy
quality of voice. A prominent feature of LD is task-
specificity as patients experience dystonic symptoms dur-
ing voiced speech production but not whispering or emo-
tional vocalizations, such as laughing or crying.'*

The exact pathophysiology of isolated dystonia and
particularly the task-specificity of symptoms remain
unclear. A recent series of neuroimaging studies have
demonstrated distributed brain abnormalities, defining
dystonia as a functional and structural neural network
disorder.>” Task-specific dystonias, such as LD,
writer’s cramp, or musician’s dystonia, have been fur-
ther associated with alterations in brain regions respon-
sible for complex sensorimotor processing, guidance,
and integration during movement planning and execu-
tion.®! Among these, the premotor and parietal areas
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have been identified as critical nodes of the task-specific
dystonic network and correlated with the polygenic risk
of dystonia development'? and with the external
stressors likely triggering symptom manifestation in sus-
ceptible individuals."?

The temporal dynamics of these network alterations
are, however, less clear. A single electroencephalography
(EEG) study in LD patients has reported reduced alpha-
band desynchronization in primary somatosensory and
premotor cortices during sustained vowel production.'®
Another magnetoencephalography (MEG) study in LD
patients has described altered beta and high-gamma
activity in the left primary somatosensory cortex, right
inferior frontal gyrus, and superior/middle temporal gyri
locked to the glottal movement onset during vowel pro-
duction."® While providing initial insights into the tempo-
ral features of brain alterations in LD, both studies had
several limitations, including small cohorts and simplistic
experimental and analytical designs that narrowly
focused on the investigation of a few electrodes, brain
regions, and frequency bands during the production of a
single sustained vowel, a task known to be a less
symptom-evoking condition compared to speaking.

More extensive EEG/MEG studies in patients with focal
hand dystonia during various manual tasks have determined
the presence of abnormal preparatory potential preceding
voluntary movement execution and deficiencies in the hand
movement-related synchronization and desynchronization in
the alpha and beta bands.'®*® Furthermore, alterations in
beta- and gamma-band activity have been identified along
with aberrant functional coupling between primary motor
and somatosensory cortices and between the parietal cortex
and cerebellum.”**” It, however, remains unclear whether
the band-specificity and spatial location of altered oscillatory
activity are related to dystonic task production and, impor-
tantly, how these temporal abnormalities impact the func-
tion of the dystonic neural network.’

In this study, we used high-density EEG recordings dur-
ing a complex, fully symptomatic task production (speak-
ing) and two comparable but asymptomatic tasks
(whispering and writing) in LD patients and healthy indi-
viduals to determine the spectral dynamics, spatial localiza-
tion, and effective connectivity between network regions
with aberrant cortical oscillations. We hypothesized that
selective alteration of temporal information processing in
sensorimotor and frontoparietal cortical regions during
symptomatic speaking but not asymptomatic tasks is a
characteristic feature of the dystonic network dynamics,
contributing to the task-specific pathophysiology of LD.

Methods

Study Participants

A total of 51 subjects, including 26 patients with iso-
lated focal LD and 27 healthy controls, participated in

the study. Among these, two LD patients and five
healthy controls were excluded from the final analysis
because of technical issues during data collection or
insufficient quality of EEG recordings. The final cohorts
included 24 LD patients (mean age 57.0 &+ 12.5 years;
13 females/11 males) and 22 healthy controls (mean
age 62.2 + 8.2 years; 14 females/8 males) (see demo-
graphics in Table 1). There were no significant differ-
ences in age (t44 = 1.65, P =0.10) or sex (Xz =0.42,
P = 0.51) between the groups. All subjects were right-
handed and native English speakers. No subject had
any past or present history of neurological (except for
LD and associated voice tremor), psychiatric, or laryn-
geal problems as determined by the review of a case his-
tory, laryngeal/neurological evaluations, and perceptual

TABLE 1 Demographic characteristics of enrolled participants

Healthy

Characteristic LD patients controls

Participants (n) 24 22

Age (years; 57.0 £ 125 62.2+ 8.2

mean £ SD)
Sex (female/male) 13/11 14/8

Handedness Right
(Edinburgh
Inventory)

Language Native English

Cognitive status >26
(MoCA)

Centrally acting None
medications

Last botulinum toxin >3 months NA

treatment

17 adductor/6 NA
abductor/1
mixed/11 with
voice tremor

LD phenotype

LD genotype 22 sporadic/2 familial NA

LD age of onset (years;  45.0 £ 14.4 NA
mean + SD)

LD duration (years; 12.0 £9.0 NA
mean £ SD)

LD severity
BFMDRS 5.6 £22 NA
Voice symptoms 23.3 £ 123 NA

(breaks, harshness,
breathiness;
mean * SD)

Abbreviations: LD, laryngeal dystonia; SD, standard deviation; MoCA, Montreal
Cognitive Assessment; NA, not applicable; BEMDRS, Burke—Fahn—Marsden
Dystonia Rating Scale.
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analysis of voice and speech recordings.* None of the
subjects were carriers of TORI1A/DYT1, THAP1/
DYT6, TUBB4A/DYT4, GNAL/DYT25, KMT2B/
DYT28, or GNAO1 mutations as confirmed by whole-
exome sequencing. None of the subjects had any gross
radiological abnormalities on their structural magnetic
resonance imaging. None of the subjects were on any
centrally acting medications prior to or during study
participation. Patients who received botulinum toxin
injections to manage LD symptoms participated at least
3 months after their last injection when fully symptom-
atic. All subjects gave written informed consent before
study participation, which was approved by the Institu-
tional Review Board of Mass General Brigham.

Data Acquisition

Whole-brain EEG data were acquired using a
128-channel EGI GES 400 system (Magstim, Inc.) at
a sampling rate of 1000 Hz. All leads were referenced to
channel Cz, and impedances were kept below 50 kQ fol-
lowing the manufacturer’s recommendations. The higher
input impedance of EGI amplifiers compared to amplifiers
from other manufacturers allows for higher tolerable
scalp impedance while providing an equivalent signal-
to-noise ratio.”®

During the experiment, all subjects were seated in a
comfortable chair in front of a computer monitor and
speakers. The experimental stimuli included (1) overt
production of English sentences as a symptom-eliciting
speech task; (2) whispered production of the same sen-
tences as an asymptomatic but related speech task; and
(3) writing of the sentences as an asymptomatic
unrelated motor task. The experimental stimuli (eg,

A. Experimental Paradigm

Symptomatic speaking

( TEMPORAL

Preprocessing > | Spectral topography >| Source localization

SIGNATURE OF FOCAL DYSTONIA
“Sam has a rabbit in his hat”, “Are the olives large?”,
“My father has a new car”) were presented to the sub-
ject acoustically via speakers one at a time as samples
of either voiced or whispered speech production or
visually on the computer monitor as samples of writing
(Fig. 1A). The sentences comprised a high load of
vowels and voiceless consonants to elicit symptoms of
adductor and abductor LD, respectively. At each trial,
subjects were asked to carefully listen to (3.75s) or
read (5 s) the presented sentence and then cued with an
arrow to repeat it as a voiced or whispered sentence
(4 s) or write it (5 s) on the paper (Fig. 1A). Each condi-
tion was continuously acquired in a block design, with
sentences randomized between subjects. Subjects were
instructed to remain as still as possible throughout the
entire experiment to minimize motion artifacts. A total
of 100 speaking, 100 whispering, and 50 writing trials
were collected for each subject.

Data Analysis

Data analysis was performed in a hierarchical four-step
procedure including: (1) EEG signal preprocessing;
(2) spectral topography of cortical oscillations; (3) source
localization of statistically significant effects in spectral
topography; and (4) effective connectivity of statistically
significant source activity (Fig. 1B). EEG data
preprocessing and spectral topography analysis were per-
formed using MATLAB (R2021a, MathWorks, Inc.) and
the EEGLAB toolbox (version 2021.1).>’ Source localiza-
tion and effective connectivity analyses were performed
using SPM12 software. The computation of the lead field
matrix  (forward model) was performed using
OpenMEEG software.*® Statistical analysis of EEG signal

B. Analytical Pipeline

| Effective connectivity
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FIG. 1. (A) Schematic illustration of the experimental paradigm for task production, including symptomatic speaking, asymptomatic whispering, and
asymptomatic writing. (B) The analytical pipeline of electroencephalography (EEG) data processing, including Preprocessing, Spectral topography,
Source localization, and Effective connectivity procedures. ICA, independent component analysis; IC, independent component; CAR, common average
referencing; LD, laryngeal dystonia; GLM, general linear model; VOI, volume of interest; DCM, dynamic causal modeling; CSD, cross-spectral density;

PEB, parametric empirical Bayes.
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differences between the groups was performed using a
linear mixed-effect (LME) model in R software (version
4.3.0) with lme4 and car packages.

EEG Signal Preprocessing and Signal Artifact
Removal

In each subject, the EEG signal was high-pass filtered
using a zero-phase Hamming windowed sinc finite
impulse response filter (FIR) with a cutoff frequency of
1 Hz to remove direct current (DC) offsets. To reduce
power line noise at 60 Hz in the signals, a zero-phase
Hamming windowed sinc notch filter with cutoff fre-
quencies at 55 and 65 Hz was used.

The artifact-contaminated EEG channels were identi-
fied using normalized kurtosis, following which spheri-
cal interpolation was used to reconstruct rejected
channels from the signal of neighboring electrodes. This
processing led to a removal of a median of 19 (14.8%)
interpolated channels/subject in LD patients and a
median of 18 (14.1%) interpolated channels/subject in
healthy controls, with no significant differences between
groups (P = 0.54).

Next, data were downsampled to 250 Hz to reduce the
computational load in subsequent processing steps. The
remaining artifacts were reduced using independent com-
ponent analysis (ICA), which was performed using the
infomax algorithm (runica). The resulting ICs were sub-
mitted to the ADJUST plug-in for automatic identifica-
tion and removal of ICs associated with generic
discontinuities, eye movement, facial muscle, and neck
tension-related artifacts.*' This processing led to the addi-
tional removal of a median of 19 (14.8%) ICs/subject in
LD patients and 17 (13.3%) ICs/subject in healthy con-
trols, with no significant differences between groups
(P = 0.36). These removed ICs accounted for 1.6% of
the explained variance median in LD patients and 2.9%
of the explained variance median in healthy controls,
with no significant difference between groups (P = 0.42).

Finally, the number of channels was reduced to
70 a priori selected, more centrally located electrodes,
which spatially covered broad areas of frontal, cen-
tral, and parietal brain regions relevant to the dysto-
nia pathophysiology.***° This multi-step artifact
removal procedure allowed us to exclude peripheral,
motion-prone electrodes without compromising suffi-
cient density of signal sampling from sensorimotor
cortical regions of interest (ROIs).

The signal of the final set of 70 electrodes was re-
referenced to the common average (CAR) to further
reduce signal contamination.’® Segments of EEG
recordings between 1 s before the task cue (pre-trial
baseline period) and 4 s after the task cue (task
period) were extracted as data epochs for further
analysis.

Spectral Topography of Cortical Oscillations

Spectral analysis of each electrode was performed
using Welch’s power spectral density estimate using
50% overlapping Hamming windows (length 1 s). The
size of the fast Fourier transform (FFT) was set to
250 points, resulting in a frequency resolution of 1 Hz.
Spectral power was computed for the pre-trial baseline
period and the subsequent task period, respectively.
Single-trial baseline correction was performed by con-
verting each spectrum to decibels (dB) and subtracting
the baseline power from the task power. Next,
frequency bins were pooled to vyield the average
measures of the five standard frequency bands, includ-
ing delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz),
beta (13-30 Hz), and gamma (30-50 Hz).

The Shapiro-Wilk test of normality found that 43%
of the data were not normally distributed (W > 0.48,
P <0.05). Thus, statistical analysis of between-group
and within-group effects was performed using an LME
model with groups, experimental tasks, and frequency
bands as fixed factors and subjects as random factor.
Type II Wald chi-square tests were used to examine the
main effects and their interactions at the overall statisti-
cal significance of P <0.01. Post hoc independent
Mann-Whitney tests were performed to determine dif-
ferences in spectral topography between LD patients
and healthy controls at cluster-corrected P <0.01 to
account for multiple corrections. With a cluster defined
as a group of contiguously neighboring significant elec-
trodes, the cluster-based correction was performed with
a significance set at 295% of the largest size of clusters
in the randomly permutated data (1000 times) within
each band.

Source Localization

All electrodes were first co-registered using a standard
head model and default cortical mesh resolution. The
lead field matrix (forward model) was computed using
the EEG BEM volume conduction model.>” EEG data
were inverted using Greedy Search (GS), an optimized
version of the multiple sparse prior (MSP) approach.
Source localization analysis focused on the EEG fre-
quency bands found to be significantly different during
spectral topography analysis between LD patients and
healthy controls. For this, the window of interest was
reduced to 0-4000 ms to focus on task-related activity
and Hanning windowed to smooth the beginning and
end points of the data segments. Subject-specific inverse
solutions were computed using a group inversion,
including all subjects. Group inversion assumes that the
responses in all subjects are explained by the same set
of sources, thus circumventing the problem of ‘too
focal’ source activations with consequently little spatial
overlap between subjects. The average source activity
within the given time window was computed with
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A. Temporal Alterations in Band Power Synchronization during Symptomatic Speaking
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FIG. 2. (A) Temporal alterations in band power synchronization during symptomatic speaking. Group-level differences in spectral power across five fre-
quency bands between patients with laryngeal dystonia (LD) and healthy controls. Significant increases in gamma synchronization are highlighted with
a boxplot, with the distribution of the mean gamma band power pooled over the significant channels in both groups. (B) Spatial location of increased
gamma band power synchronization. Clusters of significantly different source activity in the gamma frequency band between patients with LD and con-
trols during speaking are shown in a series of brain slices in the MNI (Montreal Neurological Institute) standard space. (C) Abnormal inter-regional influ-
ences of gamma oscillations are shown using the second-level parametric empirical Bayes (PEB) analysis for cross-spectral density (CSD) dynamic
causal modeling (DCM). The left panel shows the schematic of six regions used in DCM analysis. The middle and right panels show between-group dif-
ferences in effective connectivity. L-MFG, left middle frontal gyrus; R-SFG, right superior frontal gyrus; R-S1/L-S1, right/left primary somatosensory
cortex; R-SPL/L-SPL, right/left superior parietal lobule; ns, non-significant. (D) Significant correlations between clinical features and gamma cross-
spectral power connectivity.
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default cortical smoothing and used in the general lin-
ear model (GLM) to examine the differences between
LD patients and healthy controls at P < 0.05.

Effective Connectivity

To determine the directional influence of one region upon
another, the analysis of effective connectivity was performed
using statistically significant regions x frequency bands of
between-group source activity and cross-spectral density
dynamic causal modeling (DCM). For this, source time
series were extracted from ROI, defined as a sphere with a
10-mm radius centered at the highest # voxel value of each
cluster. A fully connected model was constructed, with three
types of connectivity between all ROIs, including forward
or bottom-up connections, backward or top-down connec-
tions, and lateral connections targeting all subpopulations.*®
The full model parameters were estimated in each subject,
and interregional effective connections were defined as prob-
ability density functions.

The parametric empirical Bayes (PEB) model*” exam-
ined which connections best describe the mean group
effect across all subjects and the differences between LD
patients and healthy controls. Because the PEB employs
the framework of Bayesian statistics, the significance of
parameters at the group level is assessed using posterior
probabilities (PP) instead of traditional inferential sta-
tistics.*® P values 0.80 were considered significant.

Clinical Correlations

Clinical information on the LD symptom onset and
duration was obtained during study participation.
Symptom severity was assessed using the Burke-
Fahn-Marsden Dystonia Rating Scale (BFMDRS). In
addition, voice and speech were recorded during the
production of sustained vowels, repeated syllables,
and a set of 20 symptom-provoking speech sentences
in LD patients. Symptom severity was perceptually

quantified by calculating the number of dystonic
voice breaks per sentence.*' LD-associated harshness
and breathiness of voice quality were assessed using a
visual analog scale (0: no symptoms, 100: most severe
symptoms) as described previously.** The mean
symptom score used for correlations with EEG-
derived features was calculated by averaging all voice
symptom measures (ie, breaks, harshness, and breath-
iness). Correlations between clinical measures and
(1) significant topographic clusters of spectral power
between-group differences; (2) significant clusters of
source power activity; and (3) significant between-
group differences in effective connectivity were exam-
ined using Spearman’s rank correlation coefficients at
Bonferroni-corrected P < 0.05.

Data Sharing

The dataset used and analyzed in the current study is
available from the corresponding author upon reason-
able request.

Results

The LME analysis found significant group x task,
group X band, and group x task x band interactions
(all P<2 x 1071°).

During symptomatic speech production, compared to
healthy controls, LD patients had significantly increased
synchronization of gamma-band spectral power in the
electrodes spanning from the right frontal region to
the left parietal region (U= 139.0, P = 0.006)
(Fig. 2A). Spatially, abnormal source activity of the
gamma frequency band was localized in the right supe-
rior frontal gyrus (SFG), left middle frontal gyrus
(MFG), bilateral primary somatosensory cortex (S1),
and bilateral superior parietal lobule (SPL) (Fig. 2B,

TABLE 2 Clusters of different source activity between laryngeal dystonia patients and healthy controls

Brain region t-score

Peak coordinates (x, y, 2) Cluster size (mm?)

Symptomatic speaking

R superior frontal gyrus 2.25
L middle frontal gyrus 2.12
R primary somatosensory cortex 2.19
L primary somatosensory cortex 2.18
R superior parietal lobule (precuneus) 1.98
L superior parietal lobule (precuneus) 1.84

Asymptomatic writing

R superior frontal gyrus 1.84

14, 62, 16 3352
—36, 46, 20 3368
40, =36, 60 504

—40, —38, 60 488
10, =70, 54 1736
-8, —62, 60 1272

14, 62, 18 456

Abbreviations: R, right; L, left.
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Table 2). Effective connectivity analysis between these
regions showed that LD patients, compared to healthy
controls, had significantly increased forward connectiv-
ity from the left MFG to the right SFG and bilateral
SPL, as well as significantly increased backward con-
nectivity from the left MFG to the right SPL, from the
right SFG to the left MFG, and bidirectionally between
the left MFG and the left SPL (Fig. 2C). Furthermore,
altered backward connectivity from the left MFG to the
right SPL was significantly correlated with the age of
dystonia onset (Rg= —0.52, P = 0.009) and the dura-
tion of LD symptoms (Rg = 0.53, P = 0.007) (Fig. 2D).

During asymptomatic task production, there were no
statistically significant between-group differences in any
frequency band during whispering (all U =>205.0,
P > 0.19) but significantly decreased synchronization of
beta-band power during writing in LD patients com-
pared to healthy controls (U= 131.0, P = 0.009)

( TEMPORAL

SIGNATURE OF FOCAL DYSTONIA
(Fig. 3A). The corresponding between-group differences
in beta-band source activity during writing were local-
ized in the right SFG (Fig. 3B). There were no statisti-
cally significant correlations between the temporal
characteristics of asymptomatic task production and

clinical features of LD.

Discussion

Our findings of abnormal cortical oscillations, their
source locations, and corresponding effective connectiv-
ity defined spectral-, regional-, and network-level aber-
rations  contributing to LD  pathophysiology.
Specifically, we determined that increased gamma-band
oscillations are a characteristic temporal feature of LD
task-specificity, being selectively abnormal during
symptomatic speaking but not during speech-related or

A. Temporal Alterations in Band Power Synchronization during Asymptomatic Tasks

theta

Whisper

Writing

-2

B. Spatial Location of Decreased Beta

Band Power Synchronization during Writing

2 Power spectral density (dB)

-

g 8%
.\t:— 12 ‘
o} $
g A
S
8 0
I 5
Q 5

=1 s

Patients Controls

FIG. 3. (A) Temporal alterations in band power synchronization during asymptomatic tasks. Group-level differences in spectral power across five fre-
quency bands between patients with laryngeal dystonia (LD) and healthy controls. Significant decreases in beta synchronization are highlighted with a
boxplot, with the distribution of the mean gamma band power pooled over the significant channels in both groups. Results of grand average scalp
topography of group differences of spectral power between patients with LD and healthy controls during asymptomatic whisper and writing for five fre-
quency bands. (B) Spatial location of decreased beta band power synchronization. The cluster of significantly different source activity in the beta fre-
quency band between patients with LD and controls during speaking is shown on a brain slice in the Montreal Neurological Institute (MNI) standard

space.
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unrelated asymptomatic motor behaviors, such as whis-
pering and writing. We further demonstrated that these
abnormal oscillations originate from a distributed net-
work of prefrontal, somatosensory, and parietal areas
and are characterized by hyperfunctional reciprocal
prefrontal-parietal connections and additional inter-
hemispheric influences within prefrontal and parietal
regions. Together, these findings shed light on the
mechanisms of neural dynamics underlying dystonic
network activity in LD.

Gamma oscillations are generated by fast-spiking
inhibitory interneurons™*° and contribute to balancing
basal ganglia-thalamo-cortical ~ excitation.*®*”  These
oscillations play an important role in temporal encoding,
sensory processes in terms of binding features into a
coherent percept, storage and recall of information, and
feedback processing, including those during movement
execution.”®>? In line with these physiological character-
istics, our data show that disruption of gamma synchro-
nization during LD-symptomatic task production stems
not from the classical primary motor cortex but from
regions involved in higher-order processes for planning
and multimodal integration that are necessary for info-
rming and guiding movement execution.

Specifically, dystonia task-specific abnormalities in
gamma-band activity were found to primarily originate
from MFG/SFG and SPL, establishing an altered prefron-
tal-parietal loop. Recent studies in LD and other forms of
dystonia have highlighted the involvement of these
regions in the disorder pathophysiology by demonstrat-
ing structural and functional alterations in the prefrontal
areas during sensory discriminatory and cognitive execu-
tive processing, as well as their relevance to the disease
penetrance.”*>? Similarly, alterations in the parietal cor-
tex and their associations with the polygenic risk and
extrinsic symptom-triggering factors have been implicated
in the pathophysiology of task-specific  dys-
tonias.'>'%°® Furthermore, using GABAergic neuro-
receptor mapping, loss of inhibition has been
demonstrated in these prefrontal and parietal regions
across different forms of dystonia.®®®” As gamma oscilla-
tions depend on synaptic inhibition driven by GABAergic
interneurons,*** our finding of aberrant gamma syn-
chronization in regions previously reported to have loss
of inhibition points to important consequences of altered
prefrontal-parietal neural dynamics on the execution of
motor programs in patients with dystonia.

The findings of altered effective connectivity offer
important insights into the mechanistic processes likely
underlying abnormal frontoparietal neural dynamics in
LD patients. The DCM model allows for inference on
the functional cortical hierarchy between neural
populations by modeling three types of extrinsic con-
nections (forward, backward, and lateral) that differ in
terms of their origin and neural subpopulation target.”’
Our finding of increased connectivity in both forward

and backward connections within the frontoparietal
information stream points to the altered interplay
between different cortical layers and populations of
neurons in these regions. Moreover, the directionality
of these alterations highlights the prominence of left
MFG, which appears to act as a hub influencing the
activity of the bilateral SPL and right SFG via both for-
ward and backward connections. Conversely, the left
SPL and right SFG directly influence the activity of the
left MFG via backward connections, thus closing
the loop of abnormal information flow within the
dystonic neural network during symptomatic speech
production. Notably, the correlations between the
MFG-to-SPL hyperfunctional connectivity and LD clini-
cal characteristics suggest greater alterations at a youn-
ger age of onset and greater changes with the longer
duration of dystonia, further pointing to the signifi-
cance of prefrontal-parietal connectivity as a potential
endophenotypic marker of the disorder.

Other significant increases in gamma-band synchroni-
zation during symptomatic speech production in LD
patients were found in the bilateral primary somatosen-
sory cortex. As a common pathophysiological feature
of dystonia, sensory alterations are thought to contrib-
ute to impaired processing of sensory feedback from
the dystonic body region and abnormal coupling
between sensory input and motor output.®>"'”3 Our
findings suggest that task-specific temporal alterations,
specifically within the gamma-band range, likely under-
lie previously described dystonia-related structural,
functional, and neurotransmission abnormalities in the
primary somatosensory cortex.

The specificity of these spatial-temporal abnormalities
related to the LD symptom-evoking task production is
further evident in comparison with a distinct signature of
temporal dynamics during the production of asymptom-
atic behaviors. The latter ranged from no significant
alterations during asymptomatic whisper to nominal
decreases of beta-band synchronization during asymp-
tomatic writing in LD patients compared to healthy indi-
viduals. Beta oscillations play a role in long-range
synchronization between neural assemblies,”*” including
those relevant to movement execution.”®”” Previous stud-
ies in patients with focal hand dystonia have demon-
strated altered beta-band event-related synchronization
(ERS) across various symptomatic and asymptomatic
manual motor tasks.'”'%2%8%81 Our finding of similarly
deficient beta-band activity during asymptomatic writing
in LD patients might reflect a shared pathophysiological
feature of globally impaired sensorimotor integration in
focal dystonias. Furthermore, localization of beta syn-
chronization changes in the right SFG points to the spa-
tial overlap of multi-band alterations in this region
during both symptomatic speaking and asymptomatic
writing in LD patients. However, the presence of beta-
band deficiency during asymptomatic writing but not
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asymptomatic whispering is puzzling. We speculate that
the potential differences in motor characteristics of writ-
ing versus whispering, as well as the distinct central con-
trol of hand movements versus voice production, likely
contribute to distinct alterations during these asymptom-
atic behaviors in LD patients.

While this study defined neural dynamics of brain
alterations in LD, its limitations should be acknowl-
edged. It is important to note that gamma-band mea-
surements are known to be sensitive to artifacts due to
orofacial and neck muscle activity. We addressed this
technical drawback by implementing multi-step
processing for the removal of contaminated signal and
limiting our analysis to the a priori selected electrodes,
which helped exclude motion-prone signal without
compromising its sampling from regions of interest.
The lack of correlations of altered gamma oscillations
with LD symptom severity is an indication that the
gamma-band changes are less likely to be driven by
speech-related muscle activity. The relevance of identi-
fied increases in gamma oscillations to LD pathophysi-
ology rather than muscle artifacts is further supported
by findings of prior studies using invasive recordings
during deep brain stimulation surgery in patients with
other forms of dystonia. For example, narrowband
gamma oscillations (60-90 Hz) have been shown to
have increased activity in the primary sensorimotor
cortex,®” globus pallidus,®* and subthalamic nucleus®*
contributing to abnormal involuntary movements in
patients with generalized, cervical, and cranial dys-
tonias. Others found broadband gamma activity of the
globus pallidus to correlate with hand movement
amplitude and velocity in patients with cervical and
segmental dystonia.®’

In conclusion, our findings of increased gamma oscilla-
tions during symptomatic speaking and decreased beta
oscillations during asymptomatic writing are characteris-
tic features of temporal alterations of the prefrontal-
parietal circuitry in LD pathophysiology. Such task-
specific oscillatory activity of prefrontal-parietal circuitry
is likely one of the underlying mechanisms of aberrant
heteromodal integration of information processing within
the neural network leading to dystonic motor output. ®
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