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Abstract

Objective—To investigate the effect of reducing spasticity via onabotulinumtoxin A (Obtx-A) 

injection on cerebellar activation after chronic stroke during unilateral gripping.

Design—Pre-post, case series.

Setting—Outpatient spasticity clinic.

Participants—Individuals with chronic spasticity (N = 4).

Interventions—Upper-limb Obtx-A injection.

Main Outcome Measures—Functional magnetic resonance imaging (fMRI) was used to 

measure changes in cerebellar activation before and after upper-limb Obtx-A injection. During 

fMRI testing, participants performed the same motor task before and after injection, which was 

15% and 30% of maximum voluntary isometric gripping measured before Obtx-A injection.

Results—After Obtx-A injection, cerebellar activation increased bilaterally during gripping with 

the paretic hand and during rest. During both pre- and postinjection scans, the paretic hand showed 

larger cerebellar activation during gripping compared with the nonparetic hand. Cerebellar 

activation during gripping with the nonparetic hand did not change significantly after Obtx-A 

injection.

Conclusions—Reducing spasticity via Obtx-A injection may increase cerebellar activation both 

during gripping tasks with the paretic hand and during rest. To our knowledge, this is the first 

study that examines changes in cerebellar activation after spasticity treatment with Obtx-A.
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Stroke and other central nervous system (CNS) injuries can lead to spasticity, a motor 

disorder characterized by velocity-dependent increase in the tonic stretch reflexes.1 Because 

spasticity can cause pain and contractures of muscles and joints, it is an important limiting 

factor for restoring function and improving quality of life.

Onabotulinumtoxin A (Obtx-A) is a Food and Drug Administration–approved medication 

used in the treatment of dystonia and spasticity. Clinical studies have documented efficacy 

in relieving muscle spasticity with neurotoxins.2–4 Obtx-A treatments take 2 to 3 days to 

become effective, with efficacy peaking at 6 weeks and lasting around 3 months in most 

individuals.2 Obtx-A can inhibit muscle fiber response to motoneuron activity by blocking 

acetylcholine (ACh) release at the presynaptic nerve terminal.5

Although the primary effects of intramuscular injection of Obtx-A are achieved per 

ipherally, remote changes in the CNS have been found in previous studies.6–9 For example, 

Obtx-A appears to enter motoneurons by retrograde axonal transport because significant 

levels of Obtx-A have been found in the spinal cord after Obtx-A injection.7 Previous 

studies have also described remote effects on cortical function.6,8,9 Increased intracortical 

inhibition with transcranial magnetic stimulation was shown 1 month after injecting Obtx-A 

compared with preinjection status in patients with dystonia.6 During passive movements of 

paretic and nonparetic hands, functional magnetic resonance imaging (fMRI) activity after 

botulinum toxin injection for poststroke spasticity was increased bilaterally in the 

sensorimotor cortex, secondary somatosensory areas, and supplementary motor area 

predominantly in the contralesional hemisphere when compared with the rest.8 A small 

study with 4 patients who were poststroke described a significant decrease in activation of 

the posterior cingulate/precuneus region after Obtx-A treatments.9 However, no studies have 

examined changes in cerebellar function after Obtx-A injection.

The cerebellum, one of major structures in the CNS, is important for motor control and has 

been the target of surgical and neuromodulation treatments for spasticity.10–13 Previous 

studies have shown that modulating cerebellar activation via cerebellar stimulation at 

anterior or posterior lobes is associated with changes in spasticity.10–12 For example, 

cerebellar stimulation reduced spasticity in 85% of 600 individuals with cerebral palsy.11 

Additionally, reduction of pain associated with muscle tone has been shown after cerebellar 

stimulation.14 Ebner et al induced changes in spasticity by modulating cerebellar stimulus 

parameters at the anterior lobe (paravermal region).12

One mechanism by which cerebellar stimulation may affect spasticity is in the regulation of 

muscle spindle sensitivity. Cerebellar stimulation in anesthetized or decerebrate cats can 

alter the resting discharge and stretch sensitivity of muscle spindle afferents.15 These results 

support the notion that the cerebellum plays a role in modulating reflex gain, influencing 

ascending and descending sensorimotor pathways,16 the proper functioning of which may be 

disrupted after stroke or other brain injury. Therefore, because spasticity increases muscle 

spindle sensitivity, the cerebellum may regulate spasticity by a similar mechanism. A clearer 

understanding of this role is needed to develop effective rehabilitation strategies aimed at 

enhancing cerebellar function, alleviating spasticity, and recuperating movement skills.
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The purpose of this study was to investigate changes in cerebellar activation after reducing 

spasticity via Obtx-A injections in persons with chronic stroke during unilateral hand 

gripping. We hypothesized that reduction of spasticity after Obtx-A injection would alter 

cerebellum activation during a hand-gripping task performed with the paretic (more paretic) 

hand. We used fMRI to measure blood oxygenation level-dependent (BOLD) signals in the 

cerebellum during a hand-gripping task performed with the paretic (more paretic) and 

nonparetic (less paretic) hands. Scans were performed pre- and postinjections of Obtx-A to 

measure changes in cerebellar activation after treatment.

Methods

Participants

Four individuals with chronic upper-limb spastic hemiparesis (table 1) participated in this 

pilot study. We recruited a convenience sample from the spasticity clinic. All patients had 

unilateral spastic hemiparesis for a minimum of 6 months and had at least 2 prior sessions of 

Obtx-A for spasticity treatment. They were Obtx-A stable and had their most recent 

botulinum toxin injection at least 3 months before study participation. We selected a 3-

month washout period based on the work of de Paiva et al,17 who reported that the motor 

endplates where botulinum toxin was injected regained function after 3 months and were 

indistinguishable from endplates where toxin was not injected. At baseline, all patients had 

preinjection Modified Ashworth Scale (MAS) scores ≥2 in at least 1 of 3 muscle groups 

(elbow, wrist, or finger flexors). In addition, all patients had to attain at minimum a stage 2 

rating on the Chedoke-McMaster Assessment Hand Impairment Scale that includes at least 2 

of 3 items: positive Hoffman sign, resistance to passive wrist or finger extension, and 

facilitated finger flexion. In addition, subjects had to demonstrate the ability to complete at 

least 1 of the tasks that met criteria for stage 3 (ie, wrist extension more than one half range). 

The 7-point Chedoke-McMaster Assessment Hand Impairment Scale is reliable and valid to 

determine the severity of hand impairments.18 These criteria identified participants with 

minimal residual hand function and excluded those who had no voluntary motion.19 

Participants were able to answer questions and follow instructions and did not have severe, 

fixed joint contractures in the affected arm. Individuals who met the screening criteria were 

given additional information regarding the study and if interested, provided informed 

consent. After signing the consent, each participant received unilateral Obtx-A injection on 

the paretic hand. All protocols were approved by the institutional review board.

Isometric hand-gripping task

Isometric hand-gripping task was used because it has been shown to be a good indicator of 

upper-limb function after stroke.20,21 In addition, it is a relatively simple task22 for 

individuals with severe spasticity. While participants lay in the scanner, we measured 

isometric maximum voluntary contractions (MVCs) during unilateral gripping, which was 

the maximum of 3 trials23 for each hand. MRI-compatible isometric hand dynamometersa 

were used to measure grip force. The motor task performed by the participants during fMRI 

was 15% and 30% of MVC24 unilateral gripping measured at the preinjection testing 

aHand Clench Dynamometer for MRI; BIOPAC Systems.
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session. We chose 15% and 30% of MVC based on a previous study.24 These target forces 

were modest enough to allow participants with moderate to severe spasticity to successfully 

perform the task repeatedly without fatigue before and after unilateral Obtx-A injection. A 

real-time LabVIEW-based biofeedback system was used to instruct the target force for each 

trial. Participants performed 1 grip per 4 seconds (.25Hz).25,26 This rate was chosen to 

prevent fatigue and excessive motion.

We used a blocked design23,25,26 to separate rest and gripping conditions into distinct blocks 

in which 2 blocks are presented one after another for the duration of the experimental run. 

Each participant alternated between 20-second epochs of rest (rest block) and 20-second 

epochs of .25Hz gripping at 15% or 30% MVC force level (gripping block, 5 grips for each 

gripping block). Randomized counterbalancing assignment was used to decide which hand 

to study first. Each participant performed a total of 10 blocks of handgripping trials (5 

repetitions per block), with each hand (50 grips for each hand, 100 grips in total) with 

randomized target force level (5 blocks for each target force). Before scanning, participants 

practiced gripping until they could comfortably perform the task. To monitor bilateral 

movements, each participant held identical isometric dynamometers in both hands during 

unilateral gripping.27

Data acquisition

Magnetic resonance images were acquired using a Siemens Allegra 3.0T scannerb at the 

Brain Imaging Research Center of Carnegie Mellon University and the University of 

Pittsburgh. We collected imaging data for each patient within the 7 days before Obtx-A 

injection and 7 to 10 days postinjection. The time point of 7 to 10 days postinjection was 

chosen because the effect of Obtx-A starts within 2 to 3 days, with clear decreases in 

spasticity apparent within 7 to 10 days.2,28 Foam cushioning and tape were used to 

immobilize the head within the scanner to minimize head motion. Cushioned straps were 

used to stabilize the hand device. We collected T2-weighted anatomic images (repetition 

time = 6440ms; echo time = 73ms; flip angle α = 150°; field of view = 205mm; slice 

thickness = 3.2mm; matrix size = 256×256) and T1-weighted magnetization-prepared rapid 

gradient-echo images (repetition time = 1630ms; echo time = 2.48ms; flip angle α = 8°; field 

of view = 205mm; slice thickness = 0.8mm; matrix size = 256×256; voxel size = 

0.8×0.8×0.8mm). T2*-weighted image volumes with BOLD contrast were collected using a 

gradient echo, echo planar imaging (EPI) sequence (repetition time = 2000ms; echo time = 

25ms; flip angle α = 79°; field of view = 205mm; slice thickness = 3.2mm contiguous; 

matrix size = 64×64; voxel size = 3.2×3.2×3.2mm; interslice gap = 1 mm; number of slices 

= 39), providing coverage of the entire brain. BOLD image collection was preceded by 4 

dummy scans to allow for equilibration effects.

Data analysis

We used voxel-based Statistical Parametric Mapping (SPM5)c for image processing and 

statistical analysis.29,30 To remove subvoxel motion-related signal change, all EPI data were 

bAllegra 3.0T scanner; Siemens.
cSPM5; Wellcome Department of Imaging Neuroscience. Available at: http://www.fil.ion.ucl.ac.uk/spm/.
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aligned to the first image during spatial realignment. The realigned EPI images were then 

coregistered to the participant’s anatomic image, resliced, and normalized to a standard EPI 

template based on the Montreal Neurological Institute reference brain.29 We smoothed all 

normalized images with an isotropic 8mm full-width half-maximum Gaussian kernel to 

account for intersubject anatomic differences.29

For the purpose of this study, we focused our analyses on the cerebellum. The PickAtlas 

software (version 2.4)d was used for cerebellum region of interest analysis.31 A general 

linear model30 was used to create a statistical parametric map. The unilateral gripping 

condition data included both 15% and 30% of MVC preinjection hand gripping blocks. The 

rest condition data contained all of the rest blocks. The threshold of the t statistic (SPM5) for 

within-subject analyses when comparing between conditions (ie, gripping condition over 

rest condition) on the same day was P<.001, corrected for multiple comparisons. The 

threshold was P<.05 (uncorrected)26 for comparisons between postinjection and preinjection 

(during gripping with paretic hand and during rest) by using a paired t test. To gain 

fundamental understanding of cerebellar activation differences between unilateral gripping 

with the more spastic and less spastic hands, we used paired t tests (P<.05, uncorrected)26 to 

compare between gripping with paretic hand and gripping with the nonparetic hand at pre- 

and postinjection. Activations are presented overlaid on the brain surface in the neurologic 

space (ie, right equals right) based on the Montreal Neurological Institute reference.

Results

Clinical data

Patient characteristics and fMRI scans are provided in table 1 and figure 1. Participants did 

not receive any occupational or physical therapy between pre- and postinjection. Before 

unilateral Obtx-A injection on the paretic hand, all patients had moderate to severe spastic 

hemiparesis on the left side. Their preinjection MAS score of the finger was at least ≥2 (see 

table 1). With Chedoke-McMaster Assessment Hand Impairment Scale preinjection scores 

of 4 or 5, all patients were able to perform the unilateral gripping adequately. There were no 

significant differences between pre- and postinjection in isometric MVC on the right and left 

sides (P>.05, paired t test).

Cerebellar activation differences between unilateral gripping with paretic and nonparetic 
hands

The cerebellar activation was larger during gripping with the paretic hand versus gripping 

with the nonparetic hand both before and after Obtx-A injection (shown in figs 2 and 3: see 

fig 2B vs fig 2E; fig 2C vs fig 2D; and fig 3). When comparing gripping with the paretic 

hand over the nonparetic hand at the preinjection scan, significant cerebellar activation (79 

voxels) occurred in the anterior lobe (lobules IV and V, x = 18, y = −34, z = −24, T = 12.15) 

and posterior lobe (lobule VIII, x = 36, y = −60, z = −48, T = 7.65; crus I, x = 40, y = −68, z 

= −32, T = 3.04) (fig 4A). When comparing gripping with the paretic hand over the 

nonparetic hand at the postinjection scan, significant cerebellar activation (616 voxels) 

dPickAtlas software (version 2.4); Wake Forest University.
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occurred in the posterior lobe (lobule VIII, x = 6, y = −72, z = −38, T = 26.84; crus I, x = 42, 

y = −70, z = −28, T = 13.33; lobule VI, x = −18, y = −64, z = −16, T = 11.76) (fig 4B).

Pre- and postinjection changes in cerebellar activation during gripping

Nonparetic hand gripping was used as an internal control condition because all participants 

received unilateral Obtx-A injection only on the paretic hand. During gripping with the 

nonparetic (untreated) hand, cerebellar activation on the ipsilateral (see fig 2D) and 

contralateral (see fig 2E) sides did not change significantly (fig 4C). This result was 

expected because the Obtx-A treatment was applied only to the paretic hand. After unilateral 

Obtx-A injection, all participants demonstrated increased cerebellar activation bilaterally 

during gripping with the paretic hand (see figs 2, 3, and 4D). For instance, functional 

imaging for patient 3 showed larger areas of activation in the ipsilateral (see fig 3A) and 

contralateral cerebellum (see fig 3B) during gripping with the paretic hand postinjection 

compared with preinjection. The average bilateral cerebellum activation increased 83% after 

Obtx-A injection (see fig 2A). More specifically, the ipsilateral cerebellar activation 

increased 123% (see fig 2B) compared with 52% in the contralateral cerebellum after Obtx-

A injection (see fig 2C).

When comparing postinjection with preinjection during gripping with the paretic hand, 

significant activations occurred bilaterally in the cerebellum, including ipsilateral 

cerebellum anterior lobe (lobules IV and V, x = −6, y = −68, z = −10, T = 41.02; lobule VI, x 

= −36, y = −48, z = −26, T = 17.63) and contralateral cerebellum posterior lobe (lobule VI, x 

= 10, y = −78, z = −18, T = 14.24), which has a total volume of 2765 voxels (see fig 4D).

Pre- and postinjection changes in cerebellar activation during rest

Comparison of postinjection with preinjection during rest revealed significant activation in 

the right cerebellum anterior lobe (lobules IV and V, x = 12, y = −56, z = −10, T = 112.12), 

left cerebellum anterior lobe (lobules IV and V, x = −14, y = −44, z = −28, T = 52.49), and 

right cerebellum posterior lobe (lobule IX, x = 12, y = −44, z = −50, T = 26.78), which has a 

total volume of 517 voxels (fig 4E).

Discussion

To our knowledge, this is the first study to examine changes in cerebellar activation after 

spasticity treatment with unilateral Obtx-A injection on the paretic hand. Our findings 

demonstrated the following: (1) larger cerebellar activation both before and after Obtx-A 

injection during gripping with the paretic hand in comparison with gripping with the 

nonparetic hand; (2) increased cerebellar activation bilaterally after Obtx-A injection at rest 

and during gripping with the paretic hand; and (3) no significant change with the nonparetic 

hand gripping in bilateral cerebellar activation after Obtx-A injection.

Effects of intramuscular Obtx-A injection on the CNS

Our findings introduce new possibilities for investigating the spasticity mechanisms and 

how Obtx-A injection may impact CNS physiology. Obtx-A injections inhibit ACh release.5 

It produces a clinical effect over 3 to 4 months.28 The effects of Obtx-A injection may not 
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be limited to simply inhibiting ACh release in the peripheral nervous system. Our fMRI 

results provide evidence that cerebellar activation may be increased after spasticity reduction 

via Obtx-A injection. Indeed, other evidence also supports Obtx-A effects, directly and 

remotely, on the CNS, including reduced alpha and gamma motoneuron excitability,32–34 

retrograde axonal transport,7 increased presynaptic inhibition,35,36 and enlarged intracortical 

inhibition.6 Animal studies show Obtx-A injection reduces muscle spindle afferent 

discharge even without any mechanical changes as detected by an isometric muscle tension 

transducer.34,37 These studies suggest changes in the CNS occur after Obtx-A injection.

Cerebellum and spasticity

The contribution of cerebellum to spasticity has been the subject of many investigations. 

Our findings showed cerebellar activation was larger during gripping with the paretic hand 

than the nonparetic hand both before and after Obtx-A was administered. Our interpretation 

is that overactive motoneurons caused by spasticity may generate stronger afferent input to 

the cerebellum during movement with the spastic hand than during movement with the 

nonspastic hand. This result is consistent with the finding of increased cerebellar activation 

in individuals with overactive motoneurons caused by dystonia.38 Other fMRI studies have 

demonstrated increased bilateral cerebellar activation during hand tasks with unilateral 

writer’s cramp, which is a task-specific dystonia, compared with healthy controls.39 

Structural abnormalities with decreased gray matter were found in the cerebellum bilaterally 

in patients with unilateral writer’s cramp compared with healthy controls.40 Therefore, the 

relation between the cerebellum and overactive motoneurons caused by spasticity41 or 

dystonia38,39,42–44 may be an important mechanistic link.

The clinical effects of Obtx-A injection on the peripheral nervous system with reduced 

spasticity are well known, whereas the remote effects of spasticity reduction on the CNS are 

less understood. Our finding was that after Obtx-A injection, bilateral cerebellar activations 

were increased during unilateral gripping with the paretic hand and during rest. One 

potential mechanism of larger bilateral cerebellar activity could be related to increased 

efforts and complexity in generating and coordinating force production in the paretic hand 

because of the decreased muscle tone induced by Obtx-A treatment. The second possible 

explanation is that the reduction in tone and associated afferent activity leads to a reduction 

in inhibition provided by Purkinje cells, which are modulated by afferent inputs. Overactive 

afferent inputs caused by peripheral afferent stimulation can evoke modest increases in 

Purkinje cell firing.45 Furthermore, excitation of Purkinje cells by using surface electric 

stimulation in the anterior lobe of the cerebellum can modulate muscle tone in decerebrated 

cats.46 Spasticity reduction after Obtx-A injection may reduce overactive afferent 

discharges.34,47 Therefore, increased cerebellar activation observed after Obtx-A injection 

during unilateral gripping with the paretic hand and during rest may be caused by an 

unmasking of cerebellar activation by reducing inhibition from Purkinje cell activity 

associated with decreased afferent discharges. This hypothesis is consistent with the finding 

that blocking Purkinje cell inputs with local microinjections of gamma-aminobutyric acid 

type A antagonists leads to increased movement-related discharge in the cerebellar nuclei.48 

Further studies are needed to investigate these mechanisms.
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Our fMRI data suggest that anterior and posterior lobes of the cerebellum (lobules IV–VI, 

VIII, IX, and crus I) may be involved in spasticity regulation. Indeed, anterior and posterior 

lobes of the cerebellum have been the target areas for modulating spasticity by using 

cerebellar stimulation.10–12 Inactivation of lobules VI through VIII with 2% lidocaine has 

been reported to increase the dynamic sensitivity of Ia afferents in decerebrate cats.49 

Cerebellar area contralateral to the moved hand (crus I) is associated with passive movement 

resistance.41 Some of these spasticity-related cerebellar areas are also linked to therapy-

related motor improvement. For example, increased bilateral cerebellar activation (lobule VI 

and crus I) is correlated with functional hand improvement after 2 weeks of movement 

therapy.50 Increased bilateral cerebellar activation (lobules VI and VIII) has also been found 

after repetitive movement therapy.26

Bilateral changes in the cerebellum after unilateral Obtx-A injection

Although Obtx-A was injected in only one arm, our findings indicate that changes in the 

cerebellum after injection may occur bilaterally both during gripping with the paretic hand 

and during rest. Typically, there is an ipsilateral association between the cerebellum and 

limb movement. However, several studies have shown bilateral cerebellar activation while 

performing unilateral limb movements.51–54 Bilateral limb movement representation can be 

seen in deep cerebellar nuclei.55 Bilateral cerebellar structure and activation differences are 

found in patients with unilateral dystonia compared with healthy controls.39,40 Therefore, it 

is possible that unilateral changes in muscle tone after Obtx-A injection may have bilateral 

effects on the cerebellum.

Study limitations

Participants with their most recent botulinum toxin injection at least 3 months before study 

participation may not be sufficient because clinical effects of Obtx-A injection may last 4 to 

6 months. Nevertheless, all participants that were tested exhibited significant spasticity as 

indicated by the MAS score at the preinjection point. It was a clinically meaningful interval 

because they were injected when spasticity reemerged. Although the MAS score was not 

recorded immediately after injection, prior studies have shown Obtx-A injection reduced 

spasticity as measured by the MAS score.2,4,19

This pilot study examined only 4 patients. It limits our ability to generalize the findings to a 

larger population. The physiologic differences among patients may contribute to differences 

in the magnitudes of increase in cerebellar activation. The reproducibility of the BOLD 

signal across visits may be also 1 potential limiting factor. However, our imaging results for 

the nonparetic hand were consistent across days without significant differences between pre- 

and postinjections. These limitations have been seen in other fMRI studies.56,57 Our results 

showed an average 83% increase across all participants on bilateral cerebellar activation 

during the paretic hand gripping after unilateral Obtx-A injection. Indeed, participants 3 and 

4 showed larger percentage increases than participants 1 and 2. The differences in 

percentage increase among participants could be associated with type of stroke, location of 

stroke, and preinjection hand function measured by the Chedoke-McMaster Assessment 

Hand Impairment Scale (Chedoke-McMaster Assessment Hand Impairment Scale score of 4 

for both participants 3 and 4 and a score of 5 for both participants 1 and 2). Future studies 

Chang et al. Page 8

Arch Phys Med Rehabil. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with larger sample sizes and randomized, double-blind, placebo-controlled designs may help 

to validate and extend the preliminary findings reported here. Because the cerebellum is 

highly interconnected with other areas of the brain,58 spasticity may not only be associated 

with increased cerebellum activity but also with other cortical and subcortical areas.41,59 

Future studies are needed to examine remote CNS changes after reducing spasticity.

Increased cerebellar activation has also been shown in relation to the functional 

improvement after rehabilitative therapy.50,60 Our findings suggest increased cerebellar 

activation after Obtx-A injection occurred, even without any rehabilitative therapy. It may 

be possible that increased cerebellar activation after Obtx-A injection can augment the effect 

of rehabilitative therapy in improving motor function, but this requires further investigation. 

Because the efficacy of Obtx-A injection peaks at 6 weeks, future studies should include a 

longitudinal follow-up to monitor changes in cerebellar activation at late time points.

Conclusions

Changes in cerebellar activation can be identified after spasticity treatment with Obtx-A. 

This pilot study introduces new opportunities for exploring the relation between spasticity 

management and CNS function, and such studies may help us understand the mechanisms 

underlying spasticity.
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Fig. 1. 
Magnetization-prepared rapid gradient-echo fMRI scans for 4 patients. Patient 1 had a right 

internal carotid artery thrombotic stroke. Patient 2 had a right middle cerebral artery 

thrombotic stroke. Patient 3 had a right intracerebral hemorrhage. Patient 4 had a right 

middle cerebral artery thrombotic stroke.
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Fig. 2. 
(A) Bilateral (combination of ipsilateral and contralateral sides) cerebellar activation during 

gripping with the paretic hand at pre- and postinjections for each participant (participants 1–

4). The average percentage change on bilateral cerebellar activation during the paretic hand 

gripping after unilateral Obtx-A injection on the paretic hand was an 83% increase across all 

participants (participant 1: +10%; participant 2: +41%; participant 3: +183%; participant 4: 

+637%). Average (B) ipsilateral and (C) contralateral cerebellar activation during gripping 

with the paretic (left) hand at pre- and postinjections. Average (D) ipsilateral and (E) 

contralateral cerebellar activation during gripping with the nonparetic (right) hand at pre- 

and postinjections. (P<.001, family-wise error corrected).
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Fig. 3. 
Cerebellar activation at pre- and postinjections during unilateral paretic hand grasping and 

unilateral nonparetic hand grasping (participant 3). (A) Ipsilateral cerebellar activation 

during unilateral paretic hand grasping, (B) contralateral cerebellar activation during 

unilateral paretic hand grasping, (C) ipsilateral cerebellar activation during unilateral 

nonparetic hand grasping, and (D) contralateral cerebellar activation during unilateral 

nonparetic hand grasping. (P<.001, family-wise error corrected).
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Fig. 4. 
Bilateral cerebellar activation at (A) preinjection and (B) postinjection when comparing 

gripping with paretic with nonparetic hand, during unilateral gripping with (C) nonparetic 

(right) and (D) paretic (left) hands, and during (E) rest when comparing postinjection with 

preinjection. (P<.05, uncorrected, paired t test).
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