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Background: Writer’s cramp (WC) is an adult-onset focal dystonia that impairs

hand and arm movements during writing tasks. Previous studies have identified

abnormal resting state connectivity between the basal ganglia and cerebellum

in WC. However, the role of brain state in modulating these dynamics remains

poorly understood, limiting advances in clinical therapies.

Objective: This study investigated how a motor priming paradigm affects

resting state dynamics in functional networks implicated in WC dystonia.

Methods: FourteenWCparticipants and 20HV underwent functional MRI (fMRI)

during two resting brain states: naïve rest and rest following a motor priming

paradigm (non-naïve rest). Group Independent Component Analysis was

applied to isolate independent spatial components called functional

networks (FNs) known to play a role in dystonia including the cerebellar,

basal ganglia, sensorimotor, and superior parietal networks. The default

mode network served as a control. To compare resting state brain dynamics

between WC and HV, amplitude of low frequency fluctuations (ALFF) were

extracted for each FN and resting state. Frequency- and state-dependent

differences in ALFF were statistically assessed using general linear modeling.

Results: At 0.02 Hz, ALFF differences in the cerebellar network were influenced

by both group identity and rest condition, with WC exhibiting decreased values

during non-naïve rest, opposite to the pattern observed in HV. In contrast, at

0.10 Hz, WC showed increased ALFF values in the superior parietal network

compared with HV, and this difference was independent of the motor

priming paradigm.

Conclusion: Brain state significantly influences resting state dynamics in WC

dystonia, with the cerebellar and superior parietal networks exhibiting distinct

state- and frequency-dependent engagement. These findings highlight the
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importance of integrating motor priming paradigms with neuromodulation

therapies to selectively engage key brain networks implicated in WC

dystonia and potentially improve therapeutic outcomes.

KEYWORDS

writer’s cramp, functional network, superior parietal cortex, cerebellum, amplitude of
low frequency fluctuation

Introduction

Focal hand dystonia (FHD) is an adult-onset dystonia

characterized by involuntary muscle contractions that result in

abnormal, repetitive, and often painful postures of the fingers,

hand and arm [1]. Writer’s cramp (WC) is a task-specific form of

focal hand dystonia with patients manifesting dystonic

symptoms primarily during writing task [2]. Despite its

debilitating impact, current therapies such as medications and

neurotoxin injections offer limited benefit with poor side effect

profiles [3]. To develop more effective treatments for dystonia,

there is a critical need for neuroimaging studies to identify

pathological brain regions that could serve as targets for

therapeutic intervention.

Resting state functional MRI (rest fMRI) has emerged as a

powerful tool for investigating the neural mechanisms of dystonia.

Prior studies in focal adult dystonias identified abnormalities in

functional connectivity during naïve rest. Specifically, patients with

focal adult dystonias exhibit decreased connectivity between the

sensorimotor cortex and the superior parietal cortex compared to

healthy volunteers (HV) [4]. Dresel and colleagues also reported

decreased connectivity between the sensorimotor cortex and

superior parietal cortex, and increased connectivity between the

sensorimotor and cerebellum [5]. More recently, Mantel and

colleagues used a data driven approach called independent

components analysis (ICA) to observe reduced connectivity

between the functional networks (FNs) of basal ganglia and

cerebellum in WC compared to HV [6]. Collectively, these rest-

fMRI studies identified key abnormalities in the brain regions

sensorimotor cortex, and superior parietal cortex, and FNs of

basal ganglia, and cerebellum during naïve rest in WC dystonia.

Although prior studies have identified brain abnormalities

during naïve rest, the resting-state brain signal following a motor

task—referred to as non-naïve rest—remains largely unexplored

in dystonia. The non-naïve rest state provides unique insights

into how behavioral priming paradigms influence resting state

brain function [7]. For example, a rest fMRI study in healthy

adults demonstrated increased connectivity between the left and

right motor cortices following a behavioral priming paradigm

compared to naïve rest [8]. Behavior priming paradigms are

particularly relevant in task-specific dystonias like WC, where

clinical symptoms are triggered by specific motor tasks and may

reflect state-dependent changes in brain dynamics that are not

evident during naïve rest. Our group also recently performed a

clinical trial applying transcranial magnetic stimulation (TMS) in

WC patients. To engage the relevant brain networks, we aimed to

deliver TMS while WC patients were engaged in the writing task.

Since TMS cannot be accurately delivered during a motor task,

TMS delivery was interleaved with the writing task. The writing

task, therefore, served as a motor priming paradigm and TMS

was ultimately delivered during a non-naïve resting brain state.

Importantly, delivery of TMS during non-naïve rest state led to

improvement in dysfluent writing behavior in WC [9]. Both

prior observational studies and our recent clinical trial highlight

the importance of understanding the brain dynamics in non-

naïve resting brain state and its role in future clinical

interventions.

Functional connectivity is a common approach to study

resting-state brain function but is limited in its ability to

resolve abnormalities within functional networks. While

functional connectivity analyzes BOLD signal of highly

correlated brain regions within or between functional

networks, the amplitude of low-frequency fluctuations (ALFF)

provides a complementary approach to study the strength of

resting state brain signal within a functional network [10–12].

Biologically, ALFF values represent spontaneous neural activity

of a brain network with higher values representing greater neural

activity in a functional network [13]. Changes in ALFF values in

key brain regions were demonstrated to be an early predictor of

brain pathology in neonatal brain disorder and Alzheimer’s

disease [14, 15]. ALFF values, therefore, can be used to gain

mechanistic insight on the neural basis of a behavior priming

paradigm and identify key functional networks engaged by a

motor priming paradigm which in turn can serve as targets for

future clinical interventions.

In this study, we examined how a motor priming paradigm

influenced resting state brain dynamics in a cohort WC dystonia

and healthy participants. We compared two distinct brain states:

naïve rest (baseline) and non-naïve rest (following a motor

priming paradigm). We hypothesized that the five FNs of

interest will demonstrate differences in ALFF values due to

group identity and rest condition. Rest-fMRI data from both

rest-states were analyzed using group independent component

analysis (ICA). Group ICA is a data-driven method to identify

independent spatial components called functional networks

(FNs) [16]. FNs for the cerebellum, basal ganglia,

sensorimotor cortex, superior parietal cortex and as a control,

default mode network were selected for spectral power analysis.

For each FN and group (HV and WC), ALFF values between

naïve rest and non-naïve rest were compared.
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Methods

Participants

The study was approved by the Duke Health Institutional

Review Board (IRB: 0094131) and performed in accordance with

the Declaration of Helsinki. All enrolled participants gave written

informed consent. Inclusion criteria were isolated right-hand

dystonia during the writing task diagnosed by a Movement

Disorder Specialist, more than 3 months from the last

botulinum toxin injection, and more than 1 month from

trihexyphenidyl medication. Exclusion criteria were any

contraindications to receiving MRI. Aged-matched, right-hand

dominant HVs without structural brain disorders or psychiatric

illnesses were also recruited for the study. A total of

39 participants consented to the study (22 HV and 17 WC).

Rest-fMRI study design

All participants completed two ten-minute rest fMRI scans.

During the first rest fMRI (naïve rest), participants stared at a

fixation cross while keeping their hands at rest. CIGAL software

was used to present the fixation cross [17]. After completion of

the first rest fMRI, participants performed three sequential motor

tasks of decreasing complexity: writing, four-button sequence

typing and finger flexion-extension over 22 min with their right

hand (Figure 1). This hierarchical design was chosen to capture

the spectrum of dystonia severity in patients. Patients with simple

writer’s cramp only manifest dystonic symptoms during writing

while patients with complex writer’s cramp manifest dystonic

symptoms during both writing, and other complex motor tasks

such sequence typing. Patients with severe dystonia display

dystonic symptoms even during simple motor tasks such as

finger flexion-extension. Therefore, three motor tasks ranging

from complex motor skill of writing to complex motor

movement of (sequence typing) and simple motor task

(flexion-extension) were performed by participants to

differentially engage brain networks important for hand

movement. This paradigm allows us to evaluate how resting

state brain dynamics was influenced by recent motor

engagement, providing insights into state-dependent and

frequency-dependent changes in resting state brain function.

The performance of all three tasks by participants was

monitored using an MRI compatible tablet and button box,

the output of which was visible to the study team in real time

outside the MRI scanner. At the end of each MRI, the study team

member documented that the study participant performed all

three motor tasks. The three motor tasks were followed by a

second rest fMRI scan (non-naïve rest) during which participants

stared again at a fixation cross while keeping their hands at

rest (Figure 1).

Image acquisition

Structural and functional MRI were acquired from all

participants using a 3-Tesla GE scanner equipped with an 8-

channel head coil. Structural T1-weighted images were acquired

using a BRAVO imaging sequence with the following parameters:

256 × 256 matrix, repetition time (TR) = 7.316 s; echo time (TE) =

3.036 s; field of view (FOV) = 25.6 mm2, bandwidth 41.67 Hz/Pixel,

1 mm slice thickness. Functional echo-planar images were acquired

using the following parameters: voxel size = 3.5 × 3.5 × 4.0 mm3,

TR = 2 s, TE = 30 ms, flip angle = 90°, FOV = 22 cm, bandwidth =

250 Hz/Pixel, 37 interleaved slices, total run time: 10 min.

FIGURE 1
Schematic diagram of the resting state fMRIs performed before and after a motor priming paradigm. Each participant performed rest-fMRI
before (naïve-rest) and after (non-naïve rest) a motor priming paradigm. During the two rest-fMRIs, participants kept their right hand at rest while
staring at a fixation cross. During the motor priming paradigm, instructions were presented on a screen. Writing: participants copied a holo-
alphabetic sentence on a digital writing tablet. Typing: participants typed four digit sequences every 4 seconds. Extend: participants mimicked
an image of the right hand flexing and extending.
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Image preprocessing

Before starting with the MRI analysis, the T1, and rest fMRI

images were structured according to the Brain Imaging Data

Structure (BIDS) specifications [18]. Preprocessing of rest fMRI

data was performed using the fMRIPrep toolbox 20.2.0 with the

default processing steps utilizing the software packages FSL,

FreeSurfer, ANTs, and AFNI [19]. For further details on each

preprocessing step in fMRIprep, please refer to the online

documentation under.1 Briefly, a reference volume and its skull-

stripped version were first generated. The BOLD reference image

was then co-registered to the T1-weighted anatomical reference.

Head-motion parameters with respect to the BOLD reference

(transformation matrices, and six corresponding rotation and

translation parameters) were estimated before any spatiotemporal

filtering. The BOLD runs were then slice-time corrected and finally

resampled into MNI152NLin2009cAsym standard space with a

voxel size of 3.5 mm × 3.5 mm × 4 mm3.

Several confounding time-series were calculated during

preprocessing: cerebrospinal fluid, white matter, framewise

displacement (FD), and motion outliers were extracted for

whole-brain masks, which were later used as nuisance regressors.

After data collection, participants with excessive head movements

defined by mean frame-wise displacement >0.3 mm were excluded

from the study. This threshold resulted in five participants, two HV

and three WC, being excluded from the data analysis.

Generation of independent functional
brain networks

Group spatial independent component analysis (ICA) on

the rest fMRI of each WC and HV was performed using GIFT

v3.0 Toolbox on Matlab R2019b [16]. ICA estimates spatially

maximally independent sources from the linearly mixed

signals contained in a spatiotemporal fMRI dataset,

providing spatial maps of temporally coherent brain

regions (functional networks) [16]. The calculated spatially

independent components represent either meaningful

(i.e., intrinsic connectivity networks (ICNs)) or spurious

(e.g., noise) information. As a first step, the number of

independent components in the dataset was established.

The infomax algorithm in GIFT toolbox estimated

40 independent components. GIFT toolbox was then used

to generate 40 independent components. To distinguish ICNs

from spurious components, the spatial maps of each

component was correlated with publicly available maps of

ICNs identified in a meta-analysis of fMRI studies performed

by Laird and colleagues using multiple regression [20–23].

The non-noise independent component with the best fit

(highest coefficient of determination) was selected.

Independent components representing noise were identified

by standardized visual inspection of their spatial (activation

pattern and tissue overlap with grey matter (GM)) and

temporal characteristics (e.g., presence of saw tooth and

high frequency patterns or spikes) as previously described

[24]. Of the 40 ICNs generated, 30 had spatial distributions

that visually were consistent with known ICNs. Of the

30 identified ICNs, the ICNs for cerebellum (CBL, ~Laird’s

ICN14), basal ganglia-thalamus (BG, Laird’s ICN3), superior

parietal cortices (SPC, Laird’s ICN 9), and sensorimotor

cortex (SMC, Laird’s ICN 8) were selected for further

analysis based on prior studies implicating their role in

adult focal dystonias [6]. The default mode network (DMN,

Laird’s ICN 13) was selected as a positive control since two

prior studies have reported no significant differences in

network signal between healthy and focal dystonias [25, 26]

(Figure 2). The ICASSO toolbox was then used to test the

reliability of these ICNs [27]. Specifically, group ICA was

repeated 30 times, the known ICNs were clustered, and their

quality was quantified using the index Iq (range 0–1). The Iq

index reflects the difference between intra- and extra-cluster

similarity with 1 representing high intra-cluster and low

extra-cluster reliability. All k ICNs had Iq >0.95, indicating
high-quality, stable functional network estimations.

Generation of time frequency plots

From the GIFT toolbox, the time courses for each subject,

rest-state and FN of interest was extracted. The nuisance

regressors of white matter, cerebrospinal fluid, framewise

displacement, and motion outlier variables were regressed

out from these time courses using a linear model. The

regressed time course data was then used to estimate time

frequency plots from 0.01 to 0.1 Hz for each rest fMRI, each

subject and each FN of interest using the MATLAB function

spectrogram(), with a window length of 100 samples and an

overlap of 80 samples [6, 19, 28, 29]. Time frequency plots

from one WC and one HV were presented for the five FNs

of interest.

Analysis of amplitude of low frequency
fluctuations (ALFF)

The regressed time course data for each subject, FN, and rest

state was also fast fourier transformed using the MATLAB function

fft. The ALFF data was then interpolated from 0.01 to 0.1 Hz in steps

of 0.01 Hz and log base transformed for each subject, FN and rest-

state. The log base 10 transformed ALFF data was presented

graphically and used for statistical analysis [6, 19, 28, 29].1 https://fmriprep.org/en/stable/
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Statistical analysis

To evaluate for age differences betweenHVandWC, an unpaired

t-test was performed, and equal variance was not assumed. To

evaluate for sex differences, Fisher exact test was performed. To

determine the frequency band to analyze for group differences in

ALFF values, a Cohen’s Dwas calculated across all FNs and rest states.

To focus on clinically meaningful differences, frequency bands that

showed large group differences in ALFF values (defined as Cohen’s

D > |0.8|) were selected for statistical analysis. Statistical differences in

ALFF values due to group identity and rest condition were then

calculated using general linear modeling. In each GLM analysis, the

ALFF value of the FN was the dependent variable and the covariates

were rest condition (naïve vs. non-naïve), group (HV vs. WC) and

interaction term (rest condition*group). Statistical significance was

defined as p-values <0.05.

Results

Participant clinical characteristics

Data from 20 HV to 14 WC were used for brain imaging

analysis with no significant differences in mean age (t = −4.42, p =

0.330) or sex (p = 0.275, Fisher exact test) (Table 1). All subjects in

the study were right-handed. WC subjects showed a mean disease

duration of 20 years [standard deviation (SD) 14 years]. Technical

differences in fMRI signal between the two study groups was

measured using the head motion parameter of mean framewise

displacement. No differences in mean framewise displacement were

observed between WC and HV (naïve: t = 0.012 p = 0.527; non-

naïve rest: t = 0.022 p = 0.296). Therefore, functional brain signal

during rest-fMRI across the two groups during naïve and non-naïve

rest was technically comparable.

Motor priming paradigm changed resting
state spectral power in cerebellum and
superior parietal cortex

After group ICA extraction and removal of head motion

parameters, the time courses of the FNs were used to generate

FIGURE 2
Five functional networks of interest. The activation pattern of five functional networks identified by GICA are shown in sagittal, coronal and axial
planes (MNI coordinates are listed below each functional network) and according to neurological convention. The functional networks include
cerebellum (CBL), basal ganglia (BG), sensorimotor cortex (SMC), superior parietal cortex (SPC), and default mode network (DMN).

TABLE 1 Study Cohort and MRI motion parameters.

Demographics

Categories HV WC p-value

n 20 14

Age (yrs) 62 [12] 57 [13] 0.330

Gender (F/M) 9/11 3/11 0.275

Disease Duration (yrs) — 19 [14]

MRI Framewise Displacement (mm)

Rest sequence HV WC p-value

Naïve rest 0.15 [0.05] 0.15 [0.06] 0.527

Non-naive rest 0.14 [0.05] 0.16 [0.07] 0.296

Data presented as mean [SD].
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time-frequency plots and visualize dynamic changes in spectral power

along the frequency domain and rest states. Representative time-

frequency plots for aHV and aWCparticipant are shown in Figure 3.

These time-frequency plots demonstrate three key points. First, both

HV and WC exhibit higher spectral powers in the low frequency

bands. Two,WC qualitatively showed differences in their resting state

spectral power compared to HV. Specifically, during naïve-rest, WC

show higher spectral power in the CBL, SMC and SPCFNs compared

to HV (Figure 3, naïve rest panels). Three, performance of a motor

priming paradigm inHVandWCchanged the pattern of resting state

spectral power across all FNs (Figure 3, non-naïve rest panels).

To quantify group differences in resting state spectral power,

ALFF values were calculated for each subject, rest state, and FN of

interest (Figure 4). Frequency bands that showed large differences in

ALFF values between HV and WC (defined as Cohen’s D > |0.8|)

were selected for statistical analysis of spectral power. As a result, the

frequency band of 0.02 Hz in the CBL FN and 0.10 Hz in the SPC

FN met the criteria for further analysis of ALFF values.

A statistical analysis of ALFF values in CBL FN at 0.02 Hz

showed no significant differences due to group identity

(estimate: −0.12, SE: 0.063, p = 0.052) or rest condition

(estimate = 0.04, SE 0.063, p = 0.564) but a significant

interaction between group and rest condition (estimate:

−0.125, SE 0.063, p = 0.0498) (Figure 5A). These findings

suggest that the differences in ALFF values in the CBL were

due to both group identity and rest condition with higher ALFF

values observed in HV during non-naïve rest and lower ALFF

values observed in WC during non-naïve rest. For the superior

parietal FN at 0.10 Hz, a significant difference in ALFF values

were observed due to group identity (estimate: −0.12, SE: 0.041,

p = 0.0059) but not rest condition (0.022, SE 0.041, p = 0.592) or

interaction between group and rest condition (estimate: 0.070, SE

0.041, p = 0.092) (Figure 5B). These findings suggest that the

differences in ALFF values in the SPC were due to group identity

only and irrespective of naïve or non-naïve rest.

Collectively, these findings demonstrate that a motor priming

paradigmdifferentially affects resting state spectral power in the CBL

of HV andWCparticipants. Group differences in the spectral power

are also observed in SPC FNs but these differences are irrespective of

the motor priming paradigm.

Discussion

This study investigated how a motor priming paradigm

affected resting-state brain function in writer’s cramp

dystonia. Using amplitude of low-frequency fluctuations, we

identified spectral power differences in the cerebellar network

FIGURE 3
Representative time-frequency plots across five functional networks in WC and HV during two different rest states. A representative time
frequency plot for the five functional networks was generated from aWC and HV participant. Each plot presents the resting state brain pattern across
the frequency domain (y-axis: 0.01–0.1 Hz) and time (x-axis: 600 s) with the color scale indicating the amplitude of the frequency bands also known
as the power. The time frequency plots demonstrate different patterns of brain power during naïve and non-naïve rest. These differences were
observed during specific frequency bands for each FN in both HV and WC participants.
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that depended on both performance of a motor priming

paradigm and group identity. In addition, spectral power in

the superior parietal cortex network was increased in

writer’s cramp patients compared to healthy volunteers

irrespective of performance of a motor priming paradigm.

Collectively, these findings suggest that performance of a

motor priming paradigm in task-specific focal hand

dystonia may selectively engage deep brain networks such as

the cerebellum. Non-invasive brain stimulation techniques

such as TMS may, therefore, improve modulation of deep

brain regions in dystonia by interleaving stimulation

delivery with a motor priming paradigm.

Our primary study finding is that the cerebellar network

showed differences in spectral power that depend on both

performance of a motor priming paradigm and group

identity. Specifically, WC subjects demonstrate decreased

spectral power in the cerebellar network during non-naïve rest

compared to naïve rest. In contrast, HV demonstrated increased

spectral power in the cerebellar network during non-naïve rest

compared to naïve rest. The motor priming paradigm, therefore,

had opposite effects on the cerebellar network at rest based on

group identity. The differential effect of a motor priming

paradigm demonstrate that the resting cerebellar network is

dysfunctional in WC dystonia and this novel brain response

can be harnessed to improve clinical response to

neuromodulation therapies. Indeed, in our prior TMS study,

we observed significant changes in cerebellar connectivity after

active TMS compared to sham TMS further supporting that

alternating stimulation blocks with a motor priming paradigm

may allow us to uniquely engage and modulate the deep

cerebellar network. In summary, the present study finding of

a differential effect of the motor priming paradigm in the

cerebellum could be harnessed to improve response to

neuromodulation therapies. Specifically, in WC patients

undergoing TMS, performance of a motor priming paradigm

interleaved with TMS delivery may allow for engagement and

FIGURE 4
WC participants exhibit brain-state dependent changes in spectral power in the cerebellum and superior parietal cortex. Line graph shows
differences in spectral power in five functional networks of interest in HV andWC during naïve rest and non-naïve rest. The spectral power across all
frequency bands and functional networks were compared to determine which frequency bands show largest differences in ALFF values (Cohen’s D >
0.8) between HV andWC. The frequency band of 0.02 Hz in the cerebellum and 0.10 Hz in superior parietal cortex (indicated by rectangle bars)
showed largest differences in spectral power across all frequency bands and functional networks and were selected for further analysis. Data are
presented as log10(ALFF) and error bars represent standard error of the mean.
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modulation of the deep cerebellar functional network and

thereby, improve therapeutic outcomes in patients.

Another key study finding was increased spectral power in

the functional network of superior parietal cortex in WC

compared to healthy and this relationship was irrespective

of a motor priming paradigm. Future studies are needed to

better understand all the brain regions activated in the

superior parietal cortex network. However, at minimum,

the superior parietal cortex is known to play a critical role

in manipulation of working memory [30, 31]. Specifically, the

superior parietal cortex integrates somatosensory information

about the hand into motor planning [30, 31]. The elevated

spectral power in the functional network of the superior

parietal cortex during both naïve and non-naïve rest

periods may be a manifestation of the abnormal

sensorimotor integration in WC and serve as an

endophenotype for this brain disorder. Interestingly, in our

prior study applying 10 Hz TMS in WC dystonia, we reported

a strong correlation between BOLD activity at the superior

parietal cortex and dysfluent writing behavior after sham-

TMS and this correlation was reduced after active-TMS.

Therefore, the present observational study and previous

interventional study support a key role for the superior

cortex network.

The frequency-specific alterations in resting-state power

highlight the dynamic nature of dystonia-related brain

abnormalities. In WC patients, decreased power in the cerebellar

network was observed at 0.02 Hz, a frequency band linked to long-

range neural communication, such as connection with the

sensorimotor network [32]. This suggests that cerebellar network

dysfunction in the ultra-low-frequency band may underlie the

impaired connectivity with the sensorimotor network previously

reported in other studies [5, 6]. In contrast, the superior parietal

network exhibited increased power at 0.10 Hz, a frequency band

associated with task-related neural synchronization [33]. Superior

parietal network dysfunction in the higher frequency band may,

therefore, contribute to the deficits in sensorimotor integration

clinically observed in WC. Together, these frequency-dependent

changes—observed in the cerebellar network and the superior

parietal network—provide valuable insights into the complexity

of dystonia-related brain abnormalities and their relationship to

clinical symptoms.

The state- and frequency-dependent changes in brain

power observed in this study carry significant implications

for developing targeted clinical therapies for dystonia.

Current neuromodulation approaches, such as transcranial

magnetic stimulation and deep brain stimulation, typically

target specific brain networks without accounting for the

differential effect brain state may have on engaging brain

networks. Our findings suggest that integrating

neuromodulation therapies with motor priming paradigms

could more effectively engage key brain networks implicated

in task-specific dystonias, potentially enhancing therapeutic

outcomes. For instance, targeting the cerebellum following a

motor priming paradigm may align treatment delivery with

the brain states most relevant to dystonia pathophysiology,

thereby optimizing clinical results.

The application of group ICA and ALFF analysis in this study

established a robust framework for examining state- and

frequency-dependent changes in brain power. By isolating key

functional networks and quantifying their ALFF values, we

identified distinct patterns of functional network engagement

in WC dystonia that might have been missed using traditional

functional connectivity methods. Furthermore, the

incorporation of a motor priming paradigm enabled us to

investigate how recent motor activity modulates resting-state

brain dynamics, offering a more comprehensive perspective on

the neural mechanisms underlying task-specific dystonia.

While this study offers valuable insights into the brain

mechanisms underlying WC, several limitations should be

acknowledged. First, the study cohort, though consistent with

prior neuroimaging studies in dystonia, is relatively small. Future

FIGURE 5
A motor priming paradigm differentially affects resting-state
spectral power in the cerebellum and superior parietal cortex of
WC. (A) Differences in spectral power in the cerebellum functional
network were dependent on the group identity and rest
condition with higher values observed in HV during non-naïve rest
and lower values observed inWC during non-naïve rest. (B) For the
superior parietal cortex functional network (SPC FN), WC exhibited
increased spectral power compared toHV but no differences were
observed due to rest condition or interaction term.
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studies with larger cohorts are needed to validate these findings

and explore the effects of behavior priming paradigms in other

types of focal adult dystonias. Second, while the motor priming

paradigm of writing, typing, and flexion-extension tasks

effectively revealed state-dependent brain changes on fMRI, it

may not fully capture the complexity of other dystonic-inducing

motor behaviors. Incorporating ecologically valid tasks, such as

music playing, into fMRI protocols could provide deeper insights

into the neural correlates of other task-specific dystonias. Third,

the two rest fMRIs were performed in a fixed design with naïve

rest performed first and non-naïve rest performed after a motor

priming paradigm. This fixed design was necessary as naïve rest

by definition has to be performed prior to any motor tasks. But

the fixed design may have led to fatigue or boredom for the study

participants and affected the non-naïve rest scans. Any effects of

fatigue and boredom, however, would have been experienced

across both HV and WC alike. Finally, although ALFF analysis

provides critical insights on brain power, integrating

complementary measures, such as functional connectivity and

graph theory, in future studies with larger study cohort and

longer rest-fMRI sequences could offer a more comprehensive

understanding of network-level abnormalities in resting-state

brain dysfunction in focal adult dystonias.

In summary, this study demonstrates that brain state

significantly influences the engagement of key brain networks

in writer’s cramp dystonia. The cerebellar network and superior

parietal network exhibit distinct state- and frequency-dependent

changes in resting-state brain dynamics. These findings

highlight the importance of incorporating motor priming

paradigms into the development of targeted clinical therapies

for dystonia. By aligning clinical interventions with specific

brain states and frequency bands, it may be possible to

enhance the precision and efficacy of neuromodulation

therapies, ultimately improving outcomes for individuals with

writer’s cramp dystonia.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Duke

institutional regulatory board. The studies were conducted in

accordance with the local legislation and institutional

requirements. The participants provided their written

informed consent to participate in this study.

Author contributions

NB-P conceptualized the study, collected study data. NB-P

and PM performed data analysis. JV assisted with fMRI coding.

ML critiqued the data and statistical analysis. NB-P wrote the

manuscript. All authors contributed to the article and approved

the submitted version.

Funding

The author(s) declare that financial support was received

for the research and/or publication of this article. This work

was supported by grants to PM from NIH MSTP Training

Grant (5T32GM145449-03) and a Wakeman Fellowship of

Duke University School of Medicine. NB-P was supported by

Dystonia Medical Research Foundation (Clinical Fellowship

Training Program), Doris Duke Charitable Foundation

(Fund to Retain Clinician Scientists), American Academy

of Neurology (career development award) and NIH NCATS

(1KL2TR002554). NB-P was also supported by a career

development award from the Dystonia Coalition

(NS065701, TR001456, NS116025) which is part of the

National Institutes of Health (NIH) Rare Disease Clinical

Research Network (RDCRN), supported by the Office of Rare

Diseases Research (ORDR) at the National Center for

Advancing Translational Science (NCATS), and the

National Institute of Neurological Diseases and

Stroke (NINDS).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Author disclaimer

The content is solely the responsibility of the authors and

does not necessarily represent the official views of the

funding agencies.

Dystonia Published by Frontiers09

Mulcahey et al. 10.3389/dyst.2025.14533

https://doi.org/10.3389/dyst.2025.14533


References

1. Albanese A, Bhatia K, Bressman SB, Delong MR, Fahn S, Fung VS, et al.
Phenomenology and classification of dystonia: a consensus update. Mov Disord
(2013) 28(7):863–73. doi:10.1002/mds.25475

2. Hallett M. Pathophysiology of writer’s cramp. Hum Mov Sci (2006) 25(4-5):
454–63. doi:10.1016/j.humov.2006.05.004

3. Wenning GK, Kiechl S, Seppi K, Muller J, Hogl B, Saletu M, et al. Prevalence of
movement disorders in men and women aged 50-89 years (Bruneck study cohort): a
population-based study. Lancet Neurol (2005) 4(12):815–20. doi:10.1016/S1474-
4422(05)70226-X

4. Norris SA, Morris AE, Campbell MC, KarimiM, Adeyemo B, Paniello RC, et al.
Regional, not global, functional connectivity contributes to isolated focal dystonia.
Neurology (2020) 95(16):e2246–58. doi:10.1212/WNL.0000000000010791

5. Dresel C, Li Y, Wilzeck V, Castrop F, Zimmer C, Haslinger B. Multiple changes
of functional connectivity between sensorimotor areas in focal hand dystonia.
J Neurol Neurosurg Psychiatry (2014) 85(11):1245–52. doi:10.1136/jnnp-2013-
307127

6. Mantel T, Meindl T, Li Y, Jochim A, Gora-Stahlberg G, Kraenbring J, et al.
Network-specific resting-state connectivity changes in the premotor-parietal axis in
writer’s cramp. Neuroimage Clin (2018) 17:137–44. doi:10.1016/j.nicl.2017.10.001

7. Schacter DL, Buckner RL. Priming and the brain. Neuron (1998) 20(2):185–95.
doi:10.1016/s0896-6273(00)80448-1

8. Tung KC, Uh J, Mao D, Xu F, Xiao G, Lu H. Alterations in resting functional
connectivity due to recent motor task.Neuroimage. (2013) 78:316–24. doi:10.1016/j.
neuroimage.2013.04.006

9. Bukhari-Parlakturk N, Mulcahey PJ, Lutz MW, Ghazi R, Huang Z, Dannhauer
M, et al. Motor network reorganization associated with rTMS-induced writing
improvement in writer’s cramp dystonia. Brain Stimul (2025) 18:198–210. doi:10.
1016/j.brs.2025.02.005

10. Liu X, Wang S, Zhang X, Wang Z, Tian X, He Y. Abnormal amplitude of low-
frequency fluctuations of intrinsic brain activity in Alzheimer’s disease. J Alzheimers
Dis (2014) 40(2):387–97. doi:10.3233/JAD-131322

11. Zang YF, He Y, Zhu CZ, Cao QJ, Sui MQ, LiangM, et al. Altered baseline brain
activity in children with ADHD revealed by resting-state functional MRI. Brain Dev
(2007) 29(2):83–91. doi:10.1016/j.braindev.2006.07.002

12. Dosenbach NUF, Raichle ME, Gordon EM. The brain’s action-mode network.
Nat Rev Neurosci (2025) 26:158–68. doi:10.1038/s41583-024-00895-x

13. Di X, Kim EH, Huang CC, Tsai SJ, Lin CP, Biswal BB. The influence of the
amplitude of low-frequency fluctuations on resting-state functional connectivity.
Front Hum Neurosci (2013) 7:118. doi:10.3389/fnhum.2013.00118

14. Yan K, Xiao F, Jiang Y, Lu C, Zhang Y, Kong Y, et al. Amplitude of low-
frequency fluctuation may be an early predictor of delayed motor development due
to neonatal hyperbilirubinemia: a fMRI study. Transl Pediatr (2021) 10(5):1271–84.
doi:10.21037/tp-20-447

15. Mu Y, Li Y, Zhang Q, Ding Z, Wang M, Luo X, et al. Amplitude of low-
frequency fluctuations on Alzheimer’s disease with depression: evidence from
resting-state fMRI. Gen Psychiatr (2020) 33(4):e100147. doi:10.1136/gpsych-
2019-100147

16. Calhoun VD, Adali T, Pearlson GD, Pekar JJ. A method for making group
inferences from functional MRI data using independent component analysis. Hum
Brain Mapp (2001) 14(3):140–51. doi:10.1002/hbm.1048

17. Voyvodic JT. Real-time fMRI paradigm control, physiology, and behavior
combined with near real-time statistical analysis. Neuroimage (1999) 10(2):91–106.
doi:10.1006/nimg.1999.0457

18. Gorgolewski KJ, Auer T, Calhoun VD, Craddock RC, Das S, Duff EP, et al. The
brain imaging data structure, a format for organizing and describing outputs of
neuroimaging experiments. Sci Data (2016) 3:160044. doi:10.1038/sdata.2016.44

19. Esteban O, Ciric R, Finc K, Blair RW, Markiewicz CJ, Moodie CA, et al.
Analysis of task-based functional MRI data preprocessed with fMRIPrep. Nat
Protoc (2020) 15(7):2186–202. doi:10.1038/s41596-020-0327-3

20. Kozak LR, van Graan LA, Chaudhary UJ, Szabo AG, Lemieux L. ICN_Atlas:
automated description and quantification of functional MRI activation patterns in
the framework of intrinsic connectivity networks. Neuroimage (2017) 163:319–41.
doi:10.1016/j.neuroimage.2017.09.014

21. Laird AR, Fox PM, Eickhoff SB, Turner JA, Ray KL, McKay DR, et al.
Behavioral interpretations of intrinsic connectivity networks. J Cogn Neurosci
(2011) 23(12):4022–37. doi:10.1162/jocn_a_00077

22. Ray KL, McKay DR, Fox PM, Riedel MC, Uecker AM, Beckmann CF, et al.
ICA model order selection of task co-activation networks. Front Neurosci (2013) 7:
237. doi:10.3389/fnins.2013.00237

23. Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE, et al.
Correspondence of the brain’s functional architecture during activation and rest.
Proc Natl Acad Sci U S A. (2009) 106(31):13040–5. doi:10.1073/pnas.0905267106

24. Kelly RE, Jr., Alexopoulos GS, Wang Z, Gunning FM, Murphy CF, Morimoto
SS, et al. Visual inspection of independent components: defining a procedure for
artifact removal from fMRI data. J Neurosci Methods (2010) 189(2):233–45. doi:10.
1016/j.jneumeth.2010.03.028

25. Mohammadi B, Kollewe K, Samii A, Beckmann CF, Dengler R, Munte TF.
Changes in resting-state brain networks in writer’s cramp.Hum Brain Mapp (2012)
33(4):840–8. doi:10.1002/hbm.21250

26. Kita K, Rokicki J, Furuya S, Sakamoto T, Hanakawa T. Resting-state basal
ganglia network codes a motor musical skill and its disruption from dystonia. Mov
Disord (2018) 33(9):1472–80. doi:10.1002/mds.27448

27. Himberg J, Hyvarinen A, Esposito F. Validating the independent components
of neuroimaging time series via clustering and visualization. Neuroimage (2004)
22(3):1214–22. doi:10.1016/j.neuroimage.2004.03.027

28. Lv H, Wang Z, Tong E, Williams LM, Zaharchuk G, Zeineh M, et al.
Resting-state functional MRI: everything that nonexperts have always wanted
to know. AJNR Am J Neuroradiol (2018) 39(8):1390–9. doi:10.3174/ajnr.
A5527

29. Vinding MC, Waldthaler J, Eriksson A, Manting CL, Ferreira D, Ingvar M,
et al. Oscillatory and non-oscillatory features of the magnetoencephalic
sensorimotor rhythm in Parkinson’s disease. NPJ Parkinsons Dis (2024) 10(1):
51. doi:10.1038/s41531-024-00669-3

30. Wenderoth N, Toni I, Bedeleem S, Debaere F, Swinnen SP. Information
processing in human parieto-frontal circuits during goal-directed bimanual
movements. Neuroimage (2006) 31(1):264–78. doi:10.1016/j.neuroimage.2005.
11.033

31. Wolpert DM, Goodbody SJ, Husain M. Maintaining internal representations:
the role of the human superior parietal lobe. Nat Neurosci (1998) 1(6):529–33.
doi:10.1038/2245

32. Hiltunen T, Kantola J, Abou Elseoud A, Lepola P, Suominen K, Starck T,
et al. Infra-slow EEG fluctuations are correlated with resting-state network
dynamics in fMRI. J Neurosci (2014) 34(2):356–62. doi:10.1523/JNEUROSCI.
0276-13.2014

33. Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science
(2004) 304(5679):1926–9. doi:10.1126/science.1099745

Dystonia Published by Frontiers10

Mulcahey et al. 10.3389/dyst.2025.14533

https://doi.org/10.1002/mds.25475
https://doi.org/10.1016/j.humov.2006.05.004
https://doi.org/10.1016/S1474-4422(05)70226-X
https://doi.org/10.1016/S1474-4422(05)70226-X
https://doi.org/10.1212/WNL.0000000000010791
https://doi.org/10.1136/jnnp-2013-307127
https://doi.org/10.1136/jnnp-2013-307127
https://doi.org/10.1016/j.nicl.2017.10.001
https://doi.org/10.1016/s0896-6273(00)80448-1
https://doi.org/10.1016/j.neuroimage.2013.04.006
https://doi.org/10.1016/j.neuroimage.2013.04.006
https://doi.org/10.1016/j.brs.2025.02.005
https://doi.org/10.1016/j.brs.2025.02.005
https://doi.org/10.3233/JAD-131322
https://doi.org/10.1016/j.braindev.2006.07.002
https://doi.org/10.1038/s41583-024-00895-x
https://doi.org/10.3389/fnhum.2013.00118
https://doi.org/10.21037/tp-20-447
https://doi.org/10.1136/gpsych-2019-100147
https://doi.org/10.1136/gpsych-2019-100147
https://doi.org/10.1002/hbm.1048
https://doi.org/10.1006/nimg.1999.0457
https://doi.org/10.1038/sdata.2016.44
https://doi.org/10.1038/s41596-020-0327-3
https://doi.org/10.1016/j.neuroimage.2017.09.014
https://doi.org/10.1162/jocn_a_00077
https://doi.org/10.3389/fnins.2013.00237
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1016/j.jneumeth.2010.03.028
https://doi.org/10.1016/j.jneumeth.2010.03.028
https://doi.org/10.1002/hbm.21250
https://doi.org/10.1002/mds.27448
https://doi.org/10.1016/j.neuroimage.2004.03.027
https://doi.org/10.3174/ajnr.A5527
https://doi.org/10.3174/ajnr.A5527
https://doi.org/10.1038/s41531-024-00669-3
https://doi.org/10.1016/j.neuroimage.2005.11.033
https://doi.org/10.1016/j.neuroimage.2005.11.033
https://doi.org/10.1038/2245
https://doi.org/10.1523/JNEUROSCI.0276-13.2014
https://doi.org/10.1523/JNEUROSCI.0276-13.2014
https://doi.org/10.1126/science.1099745
https://doi.org/10.3389/dyst.2025.14533

	Motor priming induces changes in resting state dynamics in cerebellum of writer’s cramp dystonia: insights for clinical the ...
	Introduction
	Methods
	Participants
	Rest-fMRI study design
	Image acquisition
	Image preprocessing
	Generation of independent functional brain networks
	Generation of time frequency plots
	Analysis of amplitude of low frequency fluctuations (ALFF)
	Statistical analysis

	Results
	Participant clinical characteristics
	Motor priming paradigm changed resting state spectral power in cerebellum and superior parietal cortex

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Author disclaimer
	References


