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Abstract

Writer's cramp (WC) dystonia is a disabling brain disorder characterized by abnormal postures
during writing tasks. Although abnormalities were identified in the sensorimotor, parietal, basal
ganglia, and cerebellum, the network-level interactions between these brain regions and dystonia
symptoms are not well understood. This study investigated the relationship between peak
accelerations, an objective measure of writing dysfluency, and functional network (FN) activation
in WC and healthy volunteers (HVs). Twenty WC and 22 HV performed a writing task using a
kinematic software outside an MRI scanner and repeated it during functional MRI. Group
independent component analysis identified 21 FNs, with left sensorimotor, superior parietal,
cerebellum, and basal ganglia FNs selected for further analysis. These FNs were activated during
writing and no group differences in FN activity were observed. Correlational analysis between FN
activity and peak acceleration behavior revealed that reduced activity in left sensorimotor and
superior parietal FNs correlated with greater writing dysfluency in WC, a pattern distinct from HVs.
These findings suggest that enhanced activation of the left sensorimotor and superior parietal
networks may mitigate writing dysfluency in WC. This study provides a mechanistic hypothesis to
guide the development of network-based neuromodulation therapies for WC dystonia.

Author’'s summary

A critical barrier to advancing clinical therapies for writer's cramp (WC) dystonia is the limited
understanding of how brain activation patterns associate with worsening disease severity. Our
study addressed this gap by integrating an objective behavioral measure of WC dystonia
symptom with changes in functional network activity, revealing the direction of brain activity
associated with increased symptom severity. We showed that reduced activity in the left
sensorimotor and superior parietal cortices correlated with greater writing dysfluency. These
findings suggested that neuromodulation strategies aimed at increasing activity in these cortical
regions may offer a promising avenue for developing network-based therapies for WC dystonia.
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82 1. Introduction

83

84  Dystonia is a rare and disabling brain disorder characterized by abnormal postures that can

85 manifest in an isolated limb or be generalized to the whole body (1-3). Despite significant

86 disabilities resulting from this brain disorder, treatment options are limited, with no disease

87  modifying treatments and limited efficacy of symptomatic therapies (1). The absence of disease-

88  modifying treatments for dystonia is partly due to a limited understanding of how alterations in

89  brain activity contribute to the development of dystonia symptoms.

90

91  Writer's Cramp (WC) is a subtype of adult focal dystonia that can be used to study the relationship

92  between brain abnormalities and dystonia symptoms (4). This is because WC dystonia is clinically

93 stereotyped (1, 3), exhibits brain state dependency with controlled writing tasks (4), and symptom

94  severity can be assessed using objective measures of writing dysfluency in such tasks (5).

95

96  Prior neuroimaging studies in WC dystonia identified multiple brain abnormalities that spanned

97  the cortical and subcortical brain regions. Specifically, decreased functional activity was reported

98 inbrain regions of premotor cortex, parietal cortex, basal ganglia and cerebellum in WC compared

99 to healthy volunteers (HV) (6). Despite knowledge of decreased regional brain activities,
100  uncertainties remain about the relationship between these brain abnormalities and dystonia
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101  symptom severity. A barrier to studying the relationship between changes in brain activity and
102  dystonia symptom severity is the lack of objective behavioral measures. Previous studies have
103  used clinician-rated scales and disease duration to measure dystonia symptoms (7, 8). One study
104  demonstrated that increased connectivity between the primary sensory and primary motor
105 cortices was associated with higher scores on a clinician-rated scale in WC while another study
106  reported stronger parietal to premotor connectivity was associated with reduced symptom
107  duration in WC participants (6, 8). Collectively, prior neuroimaging studies in WC identified an
108 association between changes in intra-cortical connectivity and increased symptom severity as
109 assessed by clinician-rated scales or disease duration. It remains unclear whether the changes
110 in brain connectivity to behavior relationship are due to changes in both brain regions or a single
111 brain region.

112

113  Furthermore, clinician-rated measures consist of categorical gradations with intra-operator
114  variability that may lack the sensitivity to detect key changes in brain activity and dystonia
115 symptom severity. Recently, a detailed analysis of 22 kinematic writing measures in WC and
116  healthy volunteers (HV) showed that the sum of acceleration peaks in a single sentence
117  (henceforth peak accelerations) demonstrated high diagnostic potential (sensitivity, specificity,
118 and intra-participant reliability) to differentiate WC from HV and associated with patient reported
119 dystonia and disability scales (5). The peak accelerations measure, therefore, represents an
120  objective behavioral measure that can be used to study the relationship between WC dystonia
121  symptom severity and changes in brain activity patterns. Elucidating the relationship between
122  changes in brain activity and dystonia symptom severity may enable us to identify the direction of
123  brain changes that could improve behavior, thereby informing the development of future clinical
124  interventions for this disabling brain disorder.

125

126  This study aimed to identify changes in brain activity associated with dysfluent writing behavior in
127  WC. We hypothesized that decreased BOLD activity in sensorimotor cortex may contribute to
128  greater writing dysfluency in WC participants. To test this hypothesis, WC and HV participants
129  completed a kinematic writing assay outside the MRI scanner and then repeated it during a writing
130 task fMRI. Group independent component analysis (ICA) was then used to generate functional
131 networks (FNs), which were subsequently correlated with the behavioral measure of peak
132  accelerations. Overall, this study aimed to investigate the relationship between FN activity and
133  dysfluent writing behavior in WC dystonia to inform future clinical interventions.

134

135 2. Materials and Methods

136

137 2.1 Study Design: The study was approved by the Duke Health Institutional Review Board (IRB:
138 0094131) and performed in accordance with the Declaration of Helsinki. All enrolled participants
139  gave written informed consent. Inclusion criteria for writer's cramp dystonia were isolated right-
140  hand dystonia during the writing task diagnosed by a Movement Disorder Specialist, more than
141  three months from the last botulinum toxin injection, and more than one month from
142  trihexyphenidyl medication. Exclusion criteria were any contraindications to receiving MRI. Aged-
143  matched, right-hand dominant HVs without structural brain disorders or psychiatric illnesses were
144 also recruited for the study. A total of 44 participants consented to the study (23 HV and 21 WC).
145  All study participants completed a writing behavior assay and a task-based fMRI during two in-
146  person observational research visits.

147

148 2.2 Writing behavior assay: All participants performed a behavioral writing assay during their
149 firstvisit. The baseline visit consisted of participants using a sensor-based pen on a digital tablet
150 (MobileStudio Prol3; Wacom Co, Ltd, Kazo, Japan). Participants copied a holo-alphabetic
151 sentence ten times in a writing software (MovAlyzer, Tempe, AZ, USA). The sensor-based pen
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152  recorded the X, y, and z positions and the time function of the participants’ writings. The writing
153 software then transformed the writing samples' position parameters and time functions using a
154  Fast Fourier transform algorithm to calculate the kinematic features automatically, including a
155 measure of peak accelerations. A previously detailed analysis of these kinematic writing
156 measures showed that peak accelerations differentiated WC dystonia from healthy with high
157  sensitivity, specificity, and intra-participant reliability, and associated with patient reported
158 dystonia and disability scales (5).

159

160 2.3 Brain imaging: All study participants completed a task-based fMRI during their second visit.
161 Study design: Participants were visually presented instructions to copy a holo-alphabetic
162  sentence using CIGAL software (9). CIGAL software also recorded the participants’ writing on the
163 tablet (9). Participants copied the sentence in a 20s block design (on-block) alternated by rest
164  blocks of 16s (off-block) for twelve repetitions. To generalize the functional activation pattern
165 during the writing task and minimize learning, participants copied a different holo-alphabetic
166  sentence during each writing block. Data acquisition: Structural and functional MRI were acquired
167 from all participants using a 3-Tesla GE scanner. Structural T1-weighted images were acquired
168 using echo-planar imaging with the following parameters: 256 x 256 matrix, TR =7.316 s; TE =
169 3.036 s; FOV= 25.6mm?, bandwidth 41.67 Hz/Pixel, 1mm slice thickness. Functional echo-planar
170  images were acquired using the following parameters: voxel size = 3.5x3.5x4.0 mm3, TR = 2 s,
171 TE = 30 ms, flip angle = 90°, FOV = 22 cm, bandwidth = 250 Hz/Pixel, 37 interleaved slices.
172  During the functional scans, participants were asked to minimize their head movements. Image
173  preprocessing: All fMRI images were preprocessed using fMRIPrep, an automated pipeline to
174  perform brain extraction, head motion, distortion, slice timing correction, intraparticipant
175 registration, and spatial normalization (10). fMRIPrep also provided an estimation of scan quality
176  for each fMRI run. Participants with excessive head movements, defined as a mean frame-wise
177  displacement greater than 0.5 mm, were excluded from the study. This threshold resulted in two
178 participants, one from each group, being excluded from further data analysis (final study cohort:
179 22 HVs and 20 WCs).

180

181 2.4 Generation of functional networks (FNs): Pre-processed fMRI were input into GIFT v3.0
182  Toolbox on MATLAB R2019b to perform group independent component analysis (GICA) (11).
183 Based on the GIFT Toolbox’s estimated number of components across the data set, 46 candidate
184  FNs were generated using the InfoMax algorithm. FNs were then identified by visually comparing
185 them with established brain network atlases (12-15). Of the 46 FNs generated, 21 had spatial
186 distributions consistent with known human brain regions. The FNs for left sensorimotor cortex,
187  superior parietal cortices, basal ganglia-thalamus, and cerebellum were selected for further
188 analysis based on a prior study implicating their role in WC dystonia (6). GICA’s ICASSO function
189  was then used to test the reliability of these known FNs (16). Specifically, GICA was repeated 30
190 times to compute the Iq index. The Iq index represents high intra-cluster and low extra-cluster
191  reliability. The Iq index was greater than 0.95 for all known FNs, indicating highly reliable,
192  reproducible, and stable FN estimation.

193

194 2.5 Estimation of FN task activation: Study participant's FN BOLD timecourses for each of their
195 four FNs were extracted from the GIFT toolbox and z-score normalized across the duration of the
196  writing task. FN activation for the writing task was estimated via the Pearson’s correlation (R-
197  value) between the FN BOLD timecourse and the writing task model timecourse. The writing task
198 model timecourse was computed by convolving the writing task presentation timecourse with
199  FSL’s canonical hemodynamic response function(17). Pearson’s correlations were transformed
200 to Fisher z-scores (18, 19). The approach utilized here is adapted from traditional signal
201  estimation techniques in task fMRI, where the task model time course is compared to the BOLD
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202  time course of each voxel (20). In this adaptation, the BOLD time course of each voxel is replaced
203 by the FN BOLD time course.

204

205 2.6 Statistical analysis: To analyze age and sex differences between HV and WC, an unpaired
206  t-test was performed, and equal variance was not assumed. To evaluate for sex differences, a
207  Fisher exact test was performed. To analyze for group differences in MRI head motion parameters
208 and peak accelerations behavior, an unpaired t-test was performed, and equal variance was not
209 assumed. To analyze group differences in BOLD activity in each FN, a mixed effects model for
210 repeated measures was performed. Changes in BOLD activity during the on-block and off-block
211  of writing were analyzed separately. The dependent variable was BOLD activity for each FN. The
212  covariates were group (HV vs. WC), and repeated measures were TR with compound symmetry
213  covariance structure. To analyze for group differences in FN correlation to the writing task time
214  course, the Fisher z-scores between the two groups in each FN were compared using an unpaired
215 t-testand equal variance was not assumed. To analyze the correlation between FN BOLD activity
216  and peak accelerations behavior, each participant’s Fisher z-scored FN BOLD activity during the
217  writing task was correlated with their peak accelerations’ behavior and presented on a scatterplot
218  graph with the R-value for each group. To analyze for group differences in correlation of FN BOLD
219  activity to peak accelerations behavior, a generalized linear regression analysis was performed.
220 The dependent variable was peak accelerations behavior, the covariates were group (HV vs.
221  WC), FN activity and interaction term (group*FN activity). All generalized linear regression results
222  were adjusted for multiple comparisons using the Benjamini-Hochberg method (17, 21).

223

224 3. Results

225

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

237

238 Table 1: Study participant demographics

HV wWC p-value
(n=22) (n =20)
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]

239  Data are presented as mean [SD].
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241  Figure 1. WC participants show greater dysfluent writing behavior. Participants copied ten
242  sentences in a digital software that reported the number of peak accelerations in each sentence.
243  Each data point represents the mean peak acceleration counts per participant with box plots
244 showing the 25%, 50% and 75% of the data distribution and the error bars showing the minimum
245  and maximum. ***p<0.001

246

247

248 3.2 No differences in MRI head motion parameters: To investigate the brain changes during
249  the dystonia inducing writing task, participants performed a sentence copying task in a block
250  design (Figure 2A). We compared the head motion parameter of mean frame wise displacement
251  between HV and WC participants during the writing task. There were no significant differences in
252  mean frame wise displacement across the two groups (HV: 0.20 [0.07] a.u., WC: mean 0.26 [SD
253 0.12] a.u., p = 0.10, two tailed unpaired t-test). Therefore, BOLD activity of the four FNs across
254 the two study cohorts was technically comparable.

255

256 3.3 Comparable FN engagement during dystonic writing task: Preprocessed fMRI brain
257  images during the writing task were input into a GICA analysis to generate FNs (Figure 2A). Of
258 the 21 FNs with identifiable brain regions generated by GICA, the FNs for left sensorimotor cortex
259  (SM-L), superior parietal cortices (SPC), cerebellum (CBL) and basal ganglia (BG) were selected
260 for further analysis (Figure 2B-E). As expected, the time courses of these FNs demonstrated
261 increased activation during the writing task and decreased activation during the rest period. A
262  comparison of the activation patterns between WC and HV revealed no statistically significant
263  differences in activation during the writing or rest blocks (Table 2). However, trends were
264  observed during the writing block with WC demonstrating decreased SML activation (difference -
265 0.08 a.u., p = 0.073) and decreased basal ganglia activation (difference = -0.16 a.u., p =0.069)
266 compared to HV. During the rest block, WC demonstrated a trend towards increased basal
267  ganglia activation in WC compared to HV (difference = 0.18 a.u., p = 0.09).

268

269  To determine if there were any delays in FN activation relative to the writing task presentation,
270  each FN in HV and WC was correlated with the writing task model timecourse and there were no
271  group differences observed (SML: HV vs. WC mean difference = - 0.02 a.u., p = 0.787; SPC: -
272 0.15a.u., p=0.168; CBL: - 0.07 a.u., p = 0.404; BG: -0.13 a.u., p = 0.223).

273
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Figure 2. WC and HV participants’ functional networks (FNs) show comparable
engagement to the writing task. A) Participants performed sentence copying task alternated by
rest in MRI scanner for twelve writing epochs. GICA analysis was used to generate FNs (B-E, left
panel). Group differences in FN BOLD activity during the writing epoch were compared for B) left
sensorimotor (SM-L), C) bilateral superior parietal cortices (SPC), D) cerebellum (CBL) and E)
basal ganglia (BG). F) The correlation between the writing task model timecourse and FN BOLD
activity in HV (blue lines and boxplot) and WC (red) were evaluated. There were no statistical
differences between HV and WC in activation of the four networks during the writing task.
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285 Table 2: Differences in functional network (FN) activation during writing and rest blocks
286 in healthy and writer’s cramp dystonia.

287
HV wcC Mixed model for

e Task repeated measures

block Mean (SE) difl;'g/r e\/:c;eV\(lgE) p-value
SML writing 0.45 (0.032) 0.37 (0.033) -0.08 (0.046) | 0.073!
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) | 0.069'
BG rest 0.003 (0.070) 0.18 (0.074) 0.18 (0.102) 0.090!

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

289

290 3.4 Decreased SML and SPC FN activity correlates with increased dysfluent writing: To
291 investigate the relationship between changes in FN activity and dysfluent writing behavior, each
292 FN’s mean BOLD activity was correlated with peak accelerations across all participants. WC
293 participants showed a strong correlation between increasing SML activity and decreasing peak
294  acceleration behavior. This correlation was significantly different from HV (WC: R= -0.67, p
295 =0.001; HV: R=-0.28, p = 0.22, HV vs. WC mean difference: 656, p = 0.006, generalized linear
296  regression) (Figure 3A and Table 3). WC participants also showed a strong correlation between
297 increasing SPC activity and decreasing peak acceleration that was significantly different from HV
298 (WC: R=-0.65, p=0.002; HV: R = -0.10, p = 0.66 HV vs. WC mean difference: 467, p = 0.006,
299 generalized linear regression)) (Figure 3B). No significant correlations were observed between
300 FNs of BG and CBL and peak accelerations behavior in HV or WC (Figure 3C and 3D and Table
301  3).

302

303 Overall, a brain-behavior correlational analysis revealed that SML and SPC FN activation
304 inversely correlated with dysfluent behavior in WC but not HV suggesting that increasing
305 activation of these two FNs selectively correlates with reduced dysfluent behavior in WC
306  participants.

307

308

309

310
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313  Figure 3: Increased activity in left sensorimotor and superior parietal functional networks
314  (FNs) correlated with reduced writing dysfluency in WC dystonia. Each data point represents
315 a participant’s correlation between their FN activity and peak accelerations behavior. Increased
316 activation of the left sensorimotor and superior parietal FNs correlated with decreased peak
317  acceleration behavior in WC (red line), distinct from HV (blue).

318

319

320

321 Table 3: Association between functional network (FN) activation during writing task and
322  peak accelerations behavior in healthy and writer’s cramp dystonia.

323
HV wcC . : .
. Generalized linear regression
Functional
Networks R p-value R p-value HV vs. WC p-value
mean difference (SE)
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

324  SE: standard error; p-values adjusted for multiple comparison at p<0.05
325

326
327
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328 4. Discussion

329

330 The study aimed to understand the relationship between FN activity and dysfluent writing

331  behavior in WC dystonia. The study employed a three-pronged methodological approach. First,
332  we employed a data driven analysis to organize brain regions into temporally coherent FNs and
333  selected four FNs based on their relevance to to the pathophysiology of dystonia. Second, we
334  used a software-based objective writing metric with high sensitivity and reliability, overcoming
335 the limitations of clinician-rated scales. Thirdly, the study incorporated a within-participant

336  design wherein participants underwent behavioral and fMRI assessments, allowing for an

337  examination of the neural correlates of dystonic symptoms at the individual level. The key study
338 finding is that reduced BOLD activity in the left sensorimotor and superior parietal FNs

339 correlated with increased dysfluent writing behavior. Therefore, clinical interventions that

340 increase activation of these brain regions may reduce dysfluent writing behavior in WC.

341  Findings from this study provide a mechanistic hypothesis to guide the development of

342  neuromodulation therapies for focal hand dystonia.

343  The primary study finding is that decreased activation of the left sensorimotor FNs is associated
344  with increased writing dysfluency in WC. Writing is a learned motor skill that requires receiving
345  sensory input from the hand and precisely executing the hand movements. In healthy

346  participants, right handwriting activates the left premotor cortex, a subregion of the sensorimotor
347  cortex (22). In contrast, right handwriting in WC demonstrated decreased BOLD activity in the
348 left premotor cortex (6). The present study affirmed this finding by demonstrating a trend

349  towards decreased BOLD activity in the left sensorimotor FN. Notably, the present study builds
350  upon prior research by demonstrating that decreased BOLD activity in the left sensorimotor FN
351  correlated with greater disease severity in WC dystonia.

352  Another key study finding was that decreased BOLD activity in the superior parietal cortex

353  correlated with increased writing dysfluency in WC. The superior parietal cortex plays a crucial
354  role in generating a mental representation of limb function and integrating complex sensory

355 information to guide precise limb movements, a process known as sensorimotor integration (23,
356  24). Reduced BOLD activity and connectivity in the superior parietal cortex was previously

357  reported in WC (6, 25). Increasing parietal-premotor cortex connectivity correlated with reduced
358 disease severity as measured by a dystonia rating scale (6, 25). However, it remained unclear if
359 this brain connectivity to behavior relationship was due to changes in both parietal and premotor
360 cortex activity or only one of these brain regions. The present study suggests that a functional
361 impairment in superior parietal cortex activity contributes to greater dystonia disease severity in
362 WC.

363  Our study findings have important implications for clinical therapies for WC dystonia. The

364 inverse correlation between the left sensorimotor and superior parietal cortex activity and

365  dysfluent writing behavior suggests that increasing BOLD activity in these brain regions may
366 alleviate dystonia symptoms. Non-invasive brain stimulation techniques, such as transcranial
367  magnetic stimulation (TMS) could be used to increase activation of these cortical brain regions.
368 To date, two studies applied TMS to the primary somatosensory cortex and reported behavioral
369  benefit in WC participants (26, 27). One prior study applied TMS to the inferior parietal lobe and
370  reported increased parietal-premotor cortex connectivity in WC (28). The present study findings
371  align with prior TMS studies reporting increased activation of primary somatosensory and

372  parietal cortices may improve behavioral outcome or brain connectivity in WC dystonia.
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373  The present study also observed trends towards decreased basal ganglia activity during the
374 writing task. These findings align with prior studies reporting decreased BOLD activity in the left
375  putamen, a subregion of the basal ganglia, in WC participants (6). Interestingly, our study also
376  found a trend toward increased BG activation during rest in WC. Future studies with larger
377 samples sizes are needed to investigate this reciprocal brain activation pattern in the basal
378  ganglia during the active writing and rest brain states in WC participants.

379  While this study provides valuable insights, several limitations should be acknowledged. First,
380 although the sample size was sulfficient to detect significant brain-behavior relationships, it may
381 have lacked the statistical power to detect smaller, yet potentially meaningful, group differences
382 in FN activation. Future studies with larger cohorts are, therefore, needed to confirm these study
383 findings and explore additional FN activity to behavior relationships. Second, the study focused
384  on a single writing task, which may not capture the full spectrum of dystonic symptoms in WC.
385 Including other tasks that elicit dystonia, such as typing or music playing, could provide a more
386 comprehensive understanding of the neural mechanisms underlying task-specific focal hand
387  dystonia. Lastly, a theoretical consideration in neuroimaging studies is that network-level

388 changes observed during motor tasks may be confounded by differences in movement

389  performance rather than underlying brain pathology. However, our findings argue against this
390 possibility, as we did not observe the same correlation between FN activity and behavior in both
391 healthy controls and dystonia participants.

392 In summary, a critical knowledge gap in the field of dystonia neuroimaging is the limited

393 understanding of the complex relationships between brain abnormalities and behavioral

394  manifestations of dystonia, which ultimately hampers the development of more effective clinical
395 therapies for individuals with dystonia. Our study attempts to bridge this gap by coupling

396 objective writing measures with a FN-based brain imaging analysis to demonstrate that reduced
397 activity in the left sensorimotor and superior parietal cortices contributes to greater dysfluent
398  writing behavior in WC participants. These findings also suggest that enhancing activity at the
399 left sensorimotor and superior parietal cortices may improve dystonic writing symptoms in WC
400 and provide a mechanistic hypothesis for the development of targeted neuromodulation

401 therapies for this debilitating disorder.

402

403

404

405

406

407

408

409

410

11


https://doi.org/10.1101/2025.03.20.25324331
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.20.25324331; this version posted March 21, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

411

412 References

413

414 1. Albanese A, Bhatia K, Bressman SB, Delong MR, Fahn S, Fung VS, et al. Phenomenology
415 and classification of dystonia: a consensus update. Mov Disord. 2013;28(7):863-73.

416 2. Ortiz R, Scheperjans F, Mertsalmi T, Pekkonen E. The prevalence of adult-onset isolated
417 dystonia in Finland 2007-2016. PLoS One. 2018;13(11):e0207729.

418 3. Epidemiological Study of Dystonia in Europe Collaborative G. A prevalence study of
419 primary dystonia in eight European countries. J Neurol. 2000;247(10):787-92.

420 4. Hallett M. Pathophysiology of writer's cramp. Hum Mov Sci. 2006;25(4-5):454-63.

421 5. Bukhari-Parlakturk N, Lutz MW, Al-Khalidi HR, Unnithan S, Wang JE, Scott B, et al.
422 Suitability of Automated Writing Measures for Clinical Trial Outcome in Writer's Cramp.
423 Mov Disord. 2023;38(1):123-32.

424 6. Gallea C, Horovitz SG, Najee-Ullah M, Hallett M. Impairment of a parieto-premotor
425 network specialized for handwriting in writer's cramp. Hum Brain Mapp. 2016;37(12):4363-
426 75.

427 7. Vo A, Nguyen N, Fujita K, Schindlbeck KA, Rommal A, Bressman SB, et al. Disordered
428 network structure and function in dystonia: pathological connectivity vs. adaptive
429 responses. Cereb Cortex. 2023;33(11):6943-58.

430 8. Dresel C, Li Y, Wilzeck V, Castrop F, Zimmer C, Haslinger B. Multiple changes of
431 functional connectivity between sensorimotor areas in focal hand dystonia. J Neurol
432 Neurosurg Psychiatry. 2014;85(11):1245-52.

433 9. Voyvodic JT. Real-time fMRI paradigm control, physiology, and behavior combined with
434 near real-time statistical analysis. Neuroimage. 1999;10(2):91-106.

435 10. Esteban O, Ciric R, Finc K, Blair RW, Markiewicz CJ, Moodie CA, et al. Analysis of task-
436 based functional MRI data preprocessed with fMRIPrep. Nat Protoc. 2020;15(7):2186-
437 202.

438 11. Calhoun VD, Adali T, Pearlson GD, Pekar JJ. A method for making group inferences from
439 functional MRI data using independent component analysis. Hum Brain Mapp.
440 2001;14(3):140-51.

441 12, Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE, et al. Correspondence of
442 the brain's functional architecture during activation and rest. Proc Natl Acad Sci U S A.
443 2009;106(31):13040-5.

444 13, Laird AR, Fox PM, Eickhoff SB, Turner JA, Ray KL, McKay DR, et al. Behavioral
445 interpretations of intrinsic connectivity networks. J Cogn Neurosci. 2011;23(12):4022-37.
446  14. Ray KL, McKay DR, Fox PM, Riedel MC, Uecker AM, Beckmann CF, et al. ICA model
447 order selection of task co-activation networks. Front Neurosci. 2013;7:237.

448  15. Kozak LR, van Graan LA, Chaudhary UJ, Szabo AG, Lemieux L. ICN_Atlas: Automated
449 description and quantification of functional MRI activation patterns in the framework of
450 intrinsic connectivity networks. Neuroimage. 2017;163:319-41.

451 16. Himberg J, Hyvarinen A, Esposito F. Validating the independent components of
452 neuroimaging time series via clustering and visualization. Neuroimage. 2004;22(3):1214-
453 22.

454  17. Benjamini Y, Cohen R. Weighted false discovery rate controlling procedures for clinical
455 trials. Biostatistics. 2017;18(1):91-104.

456  18. Fisher RA. Papers on the theory of statistical estimation. Volume 2: No publisher given;
457 1921.
458  19. Cohen J, Cohen P. Applied multiple regression / correlation analysis for the behavioral

459 sciences. Second edition. ed. Hillsdale, N.J. ; London: Erlbaum; 1983.
460  20. Woolrich MW, Ripley BD, Brady M, Smith SM. Temporal autocorrelation in univariate
461 linear modeling of FMRI data. Neuroimage. 2001;14(6):1370-86.

12


https://doi.org/10.1101/2025.03.20.25324331
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.20.25324331; this version posted March 21, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

462 21. Hochberg Y, Benjamini Y. More powerful procedures for multiple significance testing. Stat
463 Med. 1990;9(7):811-8.

464  22. Horovitz SG, Gallea C, Najee-Ullah M, Hallett M. Functional anatomy of writing with the
465 dominant hand. PLoS One. 2013;8(7):e67931.

466  23. Kaas J. Somatosensory System. In: JK PGM, ed. The Human Nervous System. London:
467 Elsevier Academic Press; 2004:1061-93.

468  24. Sereno MI, Huang RS. Multisensory maps in parietal cortex. Curr Opin Neurobiol.
469 2014;24(1):39-46.

470  25. Delnooz CC, Helmich RC, Toni I, van de Warrenburg BP. Reduced parietal connectivity
471 with a premotor writing area in writer's cramp. Mov Disord. 2012;27(11):1425-31.

472  26. Havrankova P, Jech R, Walker ND, Operto G, Tauchmanova J, Vymazal J, et al.
473 Repetitive TMS of the somatosensory cortex improves writer's cramp and enhances
474 cortical activity. Neuro Endocrinol Lett. 2010;31(1):73-86.

475  27. Bukhari-Parlakturk N, Mulcahey PJ, Lutz MW, Ghazi R, Huang Z, Dannhauer M, et al.
476 Motor network reorganization associated with rTMS-induced writing improvement in
477 writer's cramp dystonia. Brain Stimul. 2025;18(2):198-210.

478  28. Merchant SHI, Frangos E, Parker J, Bradson M, Wu T, Vial-Undurraga F, et al. The role
479 of the inferior parietal lobule in writer's cramp. Brain. 2020;143(6):1766-79.

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

13


https://doi.org/10.1101/2025.03.20.25324331
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.20.25324331; this version posted March 21, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

513 Table 1: Study participant demographics

HV wC p-value
(n =22) (n =20)
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]

514  Data are presented as mean [SD].
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521  Figure 1. WC participants show greater dysfluent writing behavior. Participants copied ten
522  sentences in a digital software that reported the number of peak accelerations in each sentence.
523  Each data point represents the mean peak acceleration counts per participant with box plots
524 showing the 25%, 50% and 75% of the data distribution and the error bars showing the minimum
525  and maximum. ***p<0.001
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Figure 2. WC and HV participants’ functional networks (FNs) show comparable
engagement to the writing task. A) Participants performed sentence copying task alternated by
rest in MRI scanner for twelve writing epochs. GICA analysis was used to generate FNs (B-E, left
panel). Group differences in FN BOLD activity during the writing epoch were compared for B) left
sensorimotor (SM-L), C) bilateral superior parietal cortices (SPC), D) cerebellum (CBL) and E)
basal ganglia (BG). F) The correlation between the writing task model timecourse and FN BOLD
activity in HV (blue lines and boxplot) and WC (red) were evaluated. There were no statistical
differences between HV and WC in activation of the four networks during the writing task.
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Table 2: Differences in functional network (FN) activation during writing and rest blocks
in healthy and writer’s cramp dystonia.

HV wcC Mixed model for

e Task repeated measures

block Mean (SE) difl;'g/r e\/:c;eV\(lgE) p-value
SML writing 0.45 (0.032) 0.37 (0.033) -0.08 (0.046) | 0.073!
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) | 0.069'
BG rest 0.003 (0.070) 0.18 (0.074) 0.18 (0.102) 0.090!

SE: standard error; p-values are unadjusted. t = trend towards p < 0.05
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Figure 3: Increased activity in left sensorimotor and superior parietal functional networks
(FNs) correlated with reduced writing dysfluency in WC dystonia. Each data point represents
a participant’s correlation between their FN activity and peak accelerations behavior. Increased
activation of the left sensorimotor and superior parietal FNs correlated with decreased peak
acceleration behavior in WC (red line), distinct from HV (blue).
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577 Table 3: Association between functional network (FN) activation during writing task and
578 peak accelerations behavior in healthy and writer’s cramp dystonia.

579
HV wcC . : .
. Generalized linear regression
Functional
Networks R p-value R p-value HV vs. WC p-value
mean difference (SE)
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

580 SE: standard error; p-values adjusted for multiple comparison at p<0.05
581
582
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