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Abstract  14 
 15 
Writer’s cramp (WC) dystonia is a disabling brain disorder characterized by abnormal postures 16 
during writing tasks. Although abnormalities were identified in the sensorimotor, parietal, basal 17 
ganglia, and cerebellum, the network-level interactions between these brain regions and dystonia 18 
symptoms are not well understood. This study investigated the relationship between peak 19 
accelerations, an objective measure of writing dysfluency, and functional network (FN) activation 20 
in WC and healthy volunteers (HVs). Twenty WC and 22 HV performed a writing task using a 21 
kinematic software outside an MRI scanner and repeated it during functional MRI. Group 22 
independent component analysis identified 21 FNs, with left sensorimotor, superior parietal, 23 
cerebellum, and basal ganglia FNs selected for further analysis. These FNs were activated during 24 
writing and no group differences in FN activity were observed. Correlational analysis between FN 25 
activity and peak acceleration behavior revealed that reduced activity in left sensorimotor and 26 
superior parietal FNs correlated with greater writing dysfluency in WC, a pattern distinct from HVs. 27 
These findings suggest that enhanced activation of the left sensorimotor and superior parietal 28 
networks may mitigate writing dysfluency in WC. This study provides a mechanistic hypothesis to 29 
guide the development of network-based neuromodulation therapies for WC dystonia. 30 
 31 
Author’s summary  32 
 33 
A critical barrier to advancing clinical therapies for writer’s cramp (WC) dystonia is the limited 34 
understanding of how brain activation patterns associate with worsening disease severity. Our 35 
study addressed this gap by integrating an objective behavioral measure of WC dystonia 36 
symptom with changes in functional network activity, revealing the direction of brain activity 37 
associated with increased symptom severity. We showed that reduced activity in the left 38 
sensorimotor and superior parietal cortices correlated with greater writing dysfluency. These 39 
findings suggested that neuromodulation strategies aimed at increasing activity in these cortical 40 
regions may offer a promising avenue for developing network-based therapies for WC dystonia. 41 
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1. Introduction  82 
 83 
Dystonia is a rare and disabling brain disorder characterized by abnormal postures that can 84 
manifest in an isolated limb or be generalized to the whole body (1-3). Despite significant 85 
disabilities resulting from this brain disorder, treatment options are limited, with no disease 86 
modifying treatments and limited efficacy of symptomatic therapies (1). The absence of disease-87 
modifying treatments for dystonia is partly due to a limited understanding of how alterations in 88 
brain activity contribute to the development of dystonia symptoms. 89 
 90 
Writer’s Cramp (WC) is a subtype of adult focal dystonia that can be used to study the relationship 91 
between brain abnormalities and dystonia symptoms (4). This is because WC dystonia is clinically 92 
stereotyped (1, 3), exhibits brain state dependency with controlled writing tasks (4), and symptom 93 
severity can be assessed using objective measures of writing dysfluency in such tasks (5).  94 
 95 
Prior neuroimaging studies in WC dystonia identified multiple brain abnormalities that spanned 96 
the cortical and subcortical brain regions.  Specifically, decreased functional activity was reported 97 
in brain regions of premotor cortex, parietal cortex, basal ganglia and cerebellum in WC compared 98 
to healthy volunteers (HV) (6). Despite knowledge of decreased regional brain activities, 99 
uncertainties remain about the relationship between these brain abnormalities and dystonia 100 
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symptom severity. A barrier to studying the relationship between changes in brain activity and 101 
dystonia symptom severity is the lack of objective behavioral measures. Previous studies have 102 
used clinician-rated scales and disease duration to measure dystonia symptoms (7, 8). One study 103 
demonstrated that increased connectivity between the primary sensory and primary motor 104 
cortices was associated with higher scores on a clinician-rated scale in WC while another study 105 
reported stronger parietal to premotor connectivity was associated with reduced symptom 106 
duration in WC participants (6, 8). Collectively, prior neuroimaging studies in WC identified an 107 
association between changes in intra-cortical connectivity and increased symptom severity as 108 
assessed by clinician-rated scales or disease duration. It remains unclear whether the changes 109 
in brain connectivity to behavior relationship are due to changes in both brain regions or a single 110 
brain region. 111 
 112 
Furthermore, clinician-rated measures consist of categorical gradations with intra-operator 113 
variability that may lack the sensitivity to detect key changes in brain activity and dystonia 114 
symptom severity. Recently, a detailed analysis of 22 kinematic writing measures in WC and 115 
healthy volunteers (HV) showed that the sum of acceleration peaks in a single sentence 116 
(henceforth peak accelerations) demonstrated high diagnostic potential (sensitivity, specificity, 117 
and intra-participant reliability) to differentiate WC from HV and associated with patient reported 118 
dystonia and disability scales (5). The peak accelerations measure, therefore, represents an 119 
objective behavioral measure that can be used to study the relationship between WC dystonia 120 
symptom severity and changes in brain activity patterns. Elucidating the relationship between 121 
changes in brain activity and dystonia symptom severity may enable us to identify the direction of 122 
brain changes that could improve behavior, thereby informing the development of future clinical 123 
interventions for this disabling brain disorder. 124 
 125 
This study aimed to identify changes in brain activity associated with dysfluent writing behavior in 126 
WC. We hypothesized that decreased BOLD activity in sensorimotor cortex may contribute to 127 
greater writing dysfluency in WC participants. To test this hypothesis, WC and HV participants 128 
completed a kinematic writing assay outside the MRI scanner and then repeated it during a writing 129 
task fMRI. Group independent component analysis (ICA) was then used to generate functional 130 
networks (FNs), which were subsequently correlated with the behavioral measure of peak 131 
accelerations. Overall, this study aimed to investigate the relationship between FN activity and 132 
dysfluent writing behavior in WC dystonia to inform future clinical interventions. 133 
 134 
2. Materials and Methods 135 
 136 
2.1 Study Design: The study was approved by the Duke Health Institutional Review Board (IRB: 137 
0094131) and performed in accordance with the Declaration of Helsinki. All enrolled participants 138 
gave written informed consent. Inclusion criteria for writer’s cramp dystonia were isolated right-139 
hand dystonia during the writing task diagnosed by a Movement Disorder Specialist, more than 140 
three months from the last botulinum toxin injection, and more than one month from 141 
trihexyphenidyl medication. Exclusion criteria were any contraindications to receiving MRI. Aged-142 
matched, right-hand dominant HVs without structural brain disorders or psychiatric illnesses were 143 
also recruited for the study. A total of 44 participants consented to the study (23 HV and 21 WC).  144 
All study participants completed a writing behavior assay and a task-based fMRI during two in-145 
person observational research visits. 146 
 147 
2.2 Writing behavior assay:  All participants performed a behavioral writing assay during their 148 
first visit.  The baseline visit consisted of participants using a sensor-based pen on a digital tablet 149 
(MobileStudio Pro13; Wacom Co, Ltd, Kazo, Japan). Participants copied a holo-alphabetic 150 
sentence ten times in a writing software (MovAlyzer, Tempe, AZ, USA). The sensor-based pen 151 
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recorded the x, y, and z positions and the time function of the participants’ writings. The writing 152 
software then transformed the writing samples' position parameters and time functions using a 153 
Fast Fourier transform algorithm to calculate the kinematic features automatically, including a 154 
measure of peak accelerations. A previously detailed analysis of these kinematic writing 155 
measures showed that peak accelerations differentiated WC dystonia from healthy with high 156 
sensitivity, specificity, and intra-participant reliability, and associated with patient reported 157 
dystonia and disability scales (5).  158 
 159 
2.3 Brain imaging: All study participants completed a task-based fMRI during their second visit. 160 
Study design: Participants were visually presented instructions to copy a holo-alphabetic 161 
sentence using CIGAL software (9). CIGAL software also recorded the participants’ writing on the 162 
tablet (9). Participants copied the sentence in a 20s block design (on-block) alternated by rest 163 
blocks of 16s (off-block) for twelve repetitions. To generalize the functional activation pattern 164 
during the writing task and minimize learning, participants copied a different holo-alphabetic 165 
sentence during each writing block. Data acquisition: Structural and functional MRI were acquired 166 
from all participants using a 3-Tesla GE scanner. Structural T1-weighted images were acquired 167 
using echo-planar imaging with the following parameters: 256 x 256 matrix, TR = 7.316 s; TE = 168 
3.036 s; FOV= 25.6mm2, bandwidth 41.67 Hz/Pixel, 1mm slice thickness. Functional echo-planar 169 
images were acquired using the following parameters: voxel size = 3.5×3.5×4.0 mm3, TR = 2 s, 170 
TE = 30 ms, flip angle = 90o, FOV = 22 cm, bandwidth = 250 Hz/Pixel, 37 interleaved slices. 171 
During the functional scans, participants were asked to minimize their head movements. Image 172 
preprocessing: All fMRI images were preprocessed using fMRIPrep, an automated pipeline to 173 
perform brain extraction, head motion, distortion, slice timing correction, intraparticipant 174 
registration, and spatial normalization (10). fMRIPrep also provided an estimation of scan quality 175 
for each fMRI run. Participants with excessive head movements, defined as a mean frame-wise 176 
displacement greater than 0.5 mm, were excluded from the study. This threshold resulted in two 177 
participants, one from each group, being excluded from further data analysis (final study cohort: 178 
22 HVs and 20 WCs). 179 
 180 
2.4 Generation of functional networks (FNs): Pre-processed fMRI were input into GIFT v3.0 181 
Toolbox on MATLAB R2019b to perform group independent component analysis (GICA) (11). 182 
Based on the GIFT Toolbox’s estimated number of components across the data set, 46 candidate 183 
FNs were generated using the InfoMax algorithm. FNs were then identified by visually comparing 184 
them with established brain network atlases (12-15). Of the 46 FNs generated, 21 had spatial 185 
distributions consistent with known human brain regions. The FNs for left sensorimotor cortex, 186 
superior parietal cortices, basal ganglia-thalamus, and cerebellum were selected for further 187 
analysis based on a prior study implicating their role in WC dystonia (6). GICA’s ICASSO function 188 
was then used to test the reliability of these known FNs (16). Specifically, GICA was repeated 30 189 
times to compute the Iq index. The Iq index represents high intra-cluster and low extra-cluster 190 
reliability. The Iq index was greater than 0.95 for all known FNs, indicating highly reliable, 191 
reproducible, and stable FN estimation.  192 
 193 
2.5 Estimation of FN task activation: Study participant's FN BOLD timecourses for each of their 194 
four FNs were extracted from the GIFT toolbox and z-score normalized across the duration of the 195 
writing task. FN activation for the writing task was estimated via the Pearson’s correlation (R-196 
value) between the FN BOLD timecourse and the writing task model timecourse. The writing task 197 
model timecourse was computed by convolving the writing task presentation timecourse with 198 
FSL’s canonical hemodynamic response function(17). Pearson’s correlations were transformed 199 
to Fisher z-scores (18, 19). The approach utilized here is adapted from traditional signal 200 
estimation techniques in task fMRI, where the task model time course is compared to the BOLD 201 
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time course of each voxel (20). In this adaptation, the BOLD time course of each voxel is replaced 202 
by the FN BOLD time course. 203 
 204 
2.6 Statistical analysis: To analyze age and sex differences between HV and WC, an unpaired 205 
t-test was performed, and equal variance was not assumed. To evaluate for sex differences, a   206 
Fisher exact test was performed. To analyze for group differences in MRI head motion parameters 207 
and peak accelerations behavior, an unpaired t-test was performed, and equal variance was not 208 
assumed. To analyze group differences in BOLD activity in each FN, a mixed effects model for 209 
repeated measures was performed. Changes in BOLD activity during the on-block and off-block 210 
of writing were analyzed separately. The dependent variable was BOLD activity for each FN. The 211 
covariates were group (HV vs. WC), and repeated measures were TR with compound symmetry 212 
covariance structure. To analyze for group differences in FN correlation to the writing task time 213 
course, the Fisher z-scores between the two groups in each FN were compared using an unpaired 214 
t-test and equal variance was not assumed. To analyze the correlation between FN BOLD activity 215 
and peak accelerations behavior, each participant’s Fisher z-scored FN BOLD activity during the 216 
writing task was correlated with their peak accelerations’ behavior and presented on a scatterplot 217 
graph with the R-value for each group. To analyze for group differences in correlation of FN BOLD 218 
activity to peak accelerations behavior, a generalized linear regression analysis was performed. 219 
The dependent variable was peak accelerations behavior, the covariates were group (HV vs. 220 
WC), FN activity and interaction term (group*FN activity). All generalized linear regression results 221 
were adjusted for multiple comparisons using the Benjamini-Hochberg method (17, 21).  222 
 223 

3. Results 224 
 225 
3.1 Group characterization: Data from forty-two participants (22 HV and 20 WC) were used in 226 
the present study.  There were no significant differences in mean age (t(39)= -0.354, p = 0.725) 227 
or sex (p = 0.315, Fisher exact test) (Table 1). All WC participants reported onset of dystonia 228 
symptoms during the task of writing. Six of the 20 participants in the study reported dystonia 229 
symptoms only occurred during the task of writing (simple writer’s cramp) while 14 of the 20 230 
participants reported dystonia symptoms occurred with other tasks in addition to writing (complex 231 
writer’s cramp). The mean duration of dystonia symptoms was 16.2 years [SD 14.10]. A 232 
comparison of kinematic writing behavior demonstrated that individuals with WC manifested 233 
greater peak accelerations behavior during writing compared to HV (HV mean: 308 [SD 52] 234 
counts, WC mean 472 [185] counts, HV vs. WC mean difference: 164 counts, t(22): 3.83, p = 235 
0.0009, unpaired t-test) (Figure 1).  236 
 237 
Table 1: Study participant demographics  238 

 
HV  

(n = 22) 
WC  

(n = 20) 
p-value 

Age (years) 57 [12.93] 55 [13.79] 0.725 

Sex (M/F) 14/8 16/4       0.315 

Disease duration (yrs)  16.2 [14.10]  

Data are presented as mean [SD]. 239 
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 240 

Figure 1. WC participants show greater dysfluent writing behavior. Participants copied ten 241 
sentences in a digital software that reported the number of peak accelerations in each sentence. 242 
Each data point represents the mean peak acceleration counts per participant with box plots 243 
showing the 25%, 50% and 75% of the data distribution and the error bars showing the minimum 244 
and maximum. ***p<0.001  245 
 246 
 247 
3.2 No differences in MRI head motion parameters: To investigate the brain changes during 248 
the dystonia inducing writing task, participants performed a sentence copying task in a block 249 
design (Figure 2A). We compared the head motion parameter of mean frame wise displacement 250 
between HV and WC participants during the writing task. There were no significant differences in 251 
mean frame wise displacement across the two groups (HV: 0.20 [0.07] a.u., WC: mean 0.26 [SD 252 
0.12] a.u., p = 0.10, two tailed unpaired t-test). Therefore, BOLD activity of the four FNs across 253 
the two study cohorts was technically comparable.  254 
 255 
3.3 Comparable FN engagement during dystonic writing task: Preprocessed fMRI brain 256 
images during the writing task were input into a GICA analysis to generate FNs (Figure 2A). Of 257 
the 21 FNs with identifiable brain regions generated by GICA, the FNs for left sensorimotor cortex 258 
(SM-L), superior parietal cortices (SPC), cerebellum (CBL) and basal ganglia (BG) were selected 259 
for further analysis (Figure 2B-E). As expected, the time courses of these FNs demonstrated 260 
increased activation during the writing task and decreased activation during the rest period. A 261 
comparison of the activation patterns between WC and HV revealed no statistically significant 262 
differences in activation during the writing or rest blocks (Table 2). However, trends were 263 
observed during the writing block with WC demonstrating decreased SML activation (difference -264 
0.08 a.u., p = 0.073) and decreased basal ganglia activation (difference = -0.16 a.u., p =0.069) 265 
compared to HV. During the rest block, WC demonstrated a trend towards increased basal 266 
ganglia activation in WC compared to HV (difference = 0.18 a.u., p = 0.09).  267 
 268 
To determine if there were any delays in FN activation relative to the writing task presentation, 269 
each FN in HV and WC was correlated with the writing task model timecourse and there were no 270 
group differences observed (SML: HV vs. WC mean difference = - 0.02 a.u., p = 0.787; SPC: - 271 
0.15 a.u., p = 0.168; CBL: - 0.07 a.u., p = 0.404; BG: -0.13 a.u., p = 0.223).  272 
 273 
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 274 

Figure 2. WC and HV participants’ functional networks (FNs) show comparable 275 
engagement to the writing task. A) Participants performed sentence copying task alternated by 276 
rest in MRI scanner for twelve writing epochs. GICA analysis was used to generate FNs (B-E, left 277 
panel). Group differences in FN BOLD activity during the writing epoch were compared for B) left 278 
sensorimotor (SM-L), C) bilateral superior parietal cortices (SPC), D) cerebellum (CBL) and E) 279 
basal ganglia (BG). F) The correlation between the writing task model timecourse and FN BOLD 280 
activity in HV (blue lines and boxplot) and WC (red) were evaluated. There were no statistical 281 
differences between HV and WC in activation of the four networks during the writing task.    282 
 283 
 284 
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Table 2: Differences in functional network (FN) activation during writing and rest blocks 285 
in healthy and writer’s cramp dystonia. 286 
 287 

FNs 

 

Task 

block 

HV WC Mixed model for 
repeated measures 

Mean (SE) HV vs. WC 
difference (SE) 

p-value 

SML writing 0.45 (0.032) 0.37 (0.033) -0.08 (0.046) 0.073t 

SML rest -0.44 (0.054) -0.33 (0.057) 0.11 (0.078) 0.157 

SPC writing 0.18 (0.045) 0.10 (0.047) -0.08 (0.065) 0.240 

SPC rest -0.02 (0.056) 0.07 (0.059) 0.09 (0.082) 0.288 

CBL writing 0.07 (0.055) 0.05 (0.058) 0.02 (0.080) 0.814 

CBL rest 0.06 (0.068) 0.04 (0.071) -0.03 (0.098) 0.794 

BG writing 0.07 (0.058) -0.09 (0.061) -0.16 (0.084) 0.069t 

BG rest 0.003 (0.070) 0.18 (0.074) 0.18 (0.102) 0.090t 

SE: standard error; p-values are unadjusted. t = trend towards p < 0.05 288 

 289 
3.4 Decreased SML and SPC FN activity correlates with increased dysfluent writing: To 290 
investigate the relationship between changes in FN activity and dysfluent writing behavior, each 291 
FN’s mean BOLD activity was correlated with peak accelerations across all participants. WC 292 
participants showed a strong correlation between increasing SML activity and decreasing peak 293 
acceleration behavior. This correlation was significantly different from HV (WC: R= -0.67, p 294 
=0.001; HV: R= -0.28, p = 0.22, HV vs. WC mean difference: 656, p = 0.006, generalized linear 295 
regression) (Figure 3A and Table 3). WC participants also showed a strong correlation between 296 
increasing SPC activity and decreasing peak acceleration that was significantly different from HV 297 
(WC: R= -0.65, p=0.002; HV: R = -0.10, p = 0.66 HV vs. WC mean difference: 467, p = 0.006, 298 
generalized linear regression)) (Figure 3B). No significant correlations were observed between 299 
FNs of BG and CBL and peak accelerations behavior in HV or WC (Figure 3C and 3D and Table 300 
3).  301 
 302 
Overall, a brain-behavior correlational analysis revealed that SML and SPC FN activation 303 
inversely correlated with dysfluent behavior in WC but not HV suggesting that increasing 304 
activation of these two FNs selectively correlates with reduced dysfluent behavior in WC 305 
participants.   306 
 307 
 308 
 309 
 310 
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 311 
 312 
Figure 3: Increased activity in left sensorimotor and superior parietal functional networks 313 
(FNs) correlated with reduced writing dysfluency in WC dystonia. Each data point represents 314 
a participant’s correlation between their FN activity and peak accelerations behavior. Increased 315 
activation of the left sensorimotor and superior parietal FNs correlated with decreased peak 316 
acceleration behavior in WC (red line), distinct from HV (blue). 317 
 318 
 319 
 320 
Table 3: Association between functional network (FN) activation during writing task and 321 
peak accelerations behavior in healthy and writer’s cramp dystonia. 322 
 323 

Functional 
Networks 

HV WC 
Generalized linear regression 

R p-value R p-value HV vs. WC 
mean difference (SE) 

p-value 

SML -0.28 0.58 -0.67 0.008 656 (193) 0.006 

SPC -0.10 0.81 -0.65 0.008 467 (147)  0.006 

CBL -0.08 0.81 -0.10 0.81 42 (159) 0.48 

BG -0.06 0.81 -0.22 0.72 137 (148) 0.79 

SE: standard error; p-values adjusted for multiple comparison at p<0.05 324 

 325 

 326 
 327 
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4. Discussion 328 
 329 
The study aimed to understand the relationship between FN activity and dysfluent writing 330 
behavior in WC dystonia. The study employed a three-pronged methodological approach. First, 331 
we employed a data driven analysis to organize brain regions into temporally coherent FNs and 332 
selected four FNs based on their relevance to to the pathophysiology of dystonia. Second, we 333 
used a software-based objective writing metric with high sensitivity and reliability, overcoming 334 
the limitations of clinician-rated scales. Thirdly, the study incorporated a within-participant 335 
design wherein participants underwent behavioral and fMRI assessments, allowing for an 336 
examination of the neural correlates of dystonic symptoms at the individual level. The key study 337 
finding is that reduced BOLD activity in the left sensorimotor and superior parietal FNs 338 
correlated with increased dysfluent writing behavior. Therefore, clinical interventions that 339 
increase activation of these brain regions may reduce dysfluent writing behavior in WC. 340 
Findings from this study provide a mechanistic hypothesis to guide the development of 341 
neuromodulation therapies for focal hand dystonia. 342 

The primary study finding is that decreased activation of the left sensorimotor FNs is associated 343 
with increased writing dysfluency in WC. Writing is a learned motor skill that requires receiving 344 
sensory input from the hand and precisely executing the hand movements. In healthy 345 
participants, right handwriting activates the left premotor cortex, a subregion of the sensorimotor 346 
cortex (22). In contrast, right handwriting in WC demonstrated decreased BOLD activity in the 347 
left premotor cortex (6). The present study affirmed this finding by demonstrating a trend 348 
towards decreased BOLD activity in the left sensorimotor FN. Notably, the present study builds 349 
upon prior research by demonstrating that decreased BOLD activity in the left sensorimotor FN 350 
correlated with greater disease severity in WC dystonia.  351 

Another key study finding was that decreased BOLD activity in the superior parietal cortex 352 
correlated with increased writing dysfluency in WC. The superior parietal cortex plays a crucial 353 
role in generating a mental representation of limb function and integrating complex sensory 354 
information to guide precise limb movements, a process known as sensorimotor integration (23, 355 
24). Reduced BOLD activity and connectivity in the superior parietal cortex was previously 356 
reported in WC (6, 25). Increasing parietal-premotor cortex connectivity correlated with reduced 357 
disease severity as measured by a dystonia rating scale (6, 25). However, it remained unclear if 358 
this brain connectivity to behavior relationship was due to changes in both parietal and premotor 359 
cortex activity or only one of these brain regions. The present study suggests that a functional 360 
impairment in superior parietal cortex activity contributes to greater dystonia disease severity in 361 
WC. 362 

Our study findings have important implications for clinical therapies for WC dystonia. The 363 
inverse correlation between the left sensorimotor and superior parietal cortex activity and 364 
dysfluent writing behavior suggests that increasing BOLD activity in these brain regions may 365 
alleviate dystonia symptoms. Non-invasive brain stimulation techniques, such as transcranial 366 
magnetic stimulation (TMS) could be used to increase activation of these cortical brain regions. 367 
To date, two studies applied TMS to the primary somatosensory cortex and reported behavioral 368 
benefit in WC participants (26, 27). One prior study applied TMS to the inferior parietal lobe and 369 
reported increased parietal-premotor cortex connectivity in WC (28). The present study findings 370 
align with prior TMS studies reporting increased activation of primary somatosensory and 371 
parietal cortices may improve behavioral outcome or brain connectivity in WC dystonia.  372 
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The present study also observed trends towards decreased basal ganglia activity during the 373 
writing task. These findings align with prior studies reporting decreased BOLD activity in the left 374 
putamen, a subregion of the basal ganglia, in WC participants (6). Interestingly, our study also 375 
found a trend toward increased BG activation during rest in WC. Future studies with larger 376 
samples sizes are needed to investigate this reciprocal brain activation pattern in the basal 377 
ganglia during the active writing and rest brain states in WC participants.    378 

While this study provides valuable insights, several limitations should be acknowledged. First, 379 
although the sample size was sufficient to detect significant brain-behavior relationships, it may 380 
have lacked the statistical power to detect smaller, yet potentially meaningful, group differences 381 
in FN activation. Future studies with larger cohorts are, therefore, needed to confirm these study 382 
findings and explore additional FN activity to behavior relationships. Second, the study focused 383 
on a single writing task, which may not capture the full spectrum of dystonic symptoms in WC. 384 
Including other tasks that elicit dystonia, such as typing or music playing, could provide a more 385 
comprehensive understanding of the neural mechanisms underlying task-specific focal hand 386 
dystonia. Lastly, a theoretical consideration in neuroimaging studies is that network-level 387 
changes observed during motor tasks may be confounded by differences in movement 388 
performance rather than underlying brain pathology. However, our findings argue against this 389 
possibility, as we did not observe the same correlation between FN activity and behavior in both 390 
healthy controls and dystonia participants. 391 

In summary, a critical knowledge gap in the field of dystonia neuroimaging is the limited 392 
understanding of the complex relationships between brain abnormalities and behavioral 393 
manifestations of dystonia, which ultimately hampers the development of more effective clinical 394 
therapies for individuals with dystonia. Our study attempts to bridge this gap by coupling 395 
objective writing measures with a FN-based brain imaging analysis to demonstrate that reduced 396 
activity in the left sensorimotor and superior parietal cortices contributes to greater dysfluent 397 
writing behavior in WC participants. These findings also suggest that enhancing activity at the 398 
left sensorimotor and superior parietal cortices may improve dystonic writing symptoms in WC 399 
and provide a mechanistic hypothesis for the development of targeted neuromodulation 400 
therapies for this debilitating disorder. 401 

 402 
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Table 1: Study participant demographics  513 

 
HV  

(n = 22) 
WC  

(n = 20) 
p-value 

Age (years) 57 [12.93] 55 [13.79] 0.725 

Sex (M/F) 14/8 16/4       0.315 

Disease duration (yrs)  16.2 [14.10]  

Data are presented as mean [SD]. 514 

 515 
 516 
 517 
 518 
 519 

 520 

Figure 1. WC participants show greater dysfluent writing behavior. Participants copied ten 521 
sentences in a digital software that reported the number of peak accelerations in each sentence. 522 
Each data point represents the mean peak acceleration counts per participant with box plots 523 
showing the 25%, 50% and 75% of the data distribution and the error bars showing the minimum 524 
and maximum. ***p<0.001  525 
 526 
 527 
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 528 

Figure 2. WC and HV participants’ functional networks (FNs) show comparable 529 
engagement to the writing task. A) Participants performed sentence copying task alternated by 530 
rest in MRI scanner for twelve writing epochs. GICA analysis was used to generate FNs (B-E, left 531 
panel). Group differences in FN BOLD activity during the writing epoch were compared for B) left 532 
sensorimotor (SM-L), C) bilateral superior parietal cortices (SPC), D) cerebellum (CBL) and E) 533 
basal ganglia (BG). F) The correlation between the writing task model timecourse and FN BOLD 534 
activity in HV (blue lines and boxplot) and WC (red) were evaluated. There were no statistical 535 
differences between HV and WC in activation of the four networks during the writing task.    536 
 537 
 538 
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Table 2: Differences in functional network (FN) activation during writing and rest blocks 539 
in healthy and writer’s cramp dystonia. 540 
 541 

FNs 

 

Task 

block 

HV WC Mixed model for 
repeated measures 

Mean (SE) HV vs. WC 
difference (SE) 

p-value 

SML writing 0.45 (0.032) 0.37 (0.033) -0.08 (0.046) 0.073t 

SML rest -0.44 (0.054) -0.33 (0.057) 0.11 (0.078) 0.157 

SPC writing 0.18 (0.045) 0.10 (0.047) -0.08 (0.065) 0.240 

SPC rest -0.02 (0.056) 0.07 (0.059) 0.09 (0.082) 0.288 

CBL writing 0.07 (0.055) 0.05 (0.058) 0.02 (0.080) 0.814 

CBL rest 0.06 (0.068) 0.04 (0.071) -0.03 (0.098) 0.794 

BG writing 0.07 (0.058) -0.09 (0.061) -0.16 (0.084) 0.069t 

BG rest 0.003 (0.070) 0.18 (0.074) 0.18 (0.102) 0.090t 

SE: standard error; p-values are unadjusted. t = trend towards p < 0.05 542 

 543 
 544 
 545 
 546 
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 547 
 548 
Figure 3: Increased activity in left sensorimotor and superior parietal functional networks 549 
(FNs) correlated with reduced writing dysfluency in WC dystonia. Each data point represents 550 
a participant’s correlation between their FN activity and peak accelerations behavior. Increased 551 
activation of the left sensorimotor and superior parietal FNs correlated with decreased peak 552 
acceleration behavior in WC (red line), distinct from HV (blue). 553 
 554 
 555 
 556 
 557 
 558 
 559 
 560 
 561 
 562 
 563 
 564 
 565 
 566 
 567 
 568 
 569 
 570 
 571 
 572 
 573 
 574 
 575 
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Table 3: Association between functional network (FN) activation during writing task and 577 
peak accelerations behavior in healthy and writer’s cramp dystonia. 578 
 579 

Functional 
Networks 

HV WC 
Generalized linear regression 

R p-value R p-value HV vs. WC 
mean difference (SE) 

p-value 

SML -0.28 0.58 -0.67 0.008 656 (193) 0.006 

SPC -0.10 0.81 -0.65 0.008 467 (147)  0.006 

CBL -0.08 0.81 -0.10 0.81 42 (159) 0.48 

BG -0.06 0.81 -0.22 0.72 137 (148) 0.79 

SE: standard error; p-values adjusted for multiple comparison at p<0.05 580 

 581 

 582 
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