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As a neurodegenerative movement disorder, Parkinson’s disease (PD) is commonly characterized by motor symptoms such as resting tremor, rigidity, bradykinesia, and balance and postural impairments. While the main cause of PD is still not clear, it is shown that the basal ganglia loop, which has a role in adjusting a planned movement execution through fine motor control, is altered during this disease and contributes toward the manifested motor symptoms. Galvanic vestibular stimulation (GVS) is a non-invasive technique to influence the vestibular system and stimulate the motor system. This study explores how the motor symptoms of upper and lower extremities in PD are instantly affected by vestibular stimulation. In this regard, direct current GVS was applied to 11 individuals with PD on medication while they were performing two sets of experiments: (1) Instrumented Timed Up and Go (iTUG) test and (2) finger tapping task. The performance of participants was recorded with accelerometers and cameras for offline processing of data. Several outcome measures including coefficient of variation of the step duration, gait phase, phase coordination index, tapping score, and the number and duration of manual motor blocks (MMBs) were considered for objective quantifying of performance. Results showed that almost all of considered outcome measures were improved with the application of GVS and that the improvement in the coefficient of variation of the step duration, the tapping score, and the number of MMBs was statistically significant (p-value < 0.05). The results of this study suggest that GVS can be used to alleviate some of the common motor symptoms of PD. Further research is required to fully characterize the effects of GVS and determine its efficacy in the long term.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease (Hirtz et al., 2007) that is often accompanied by degradation of motor performance manifested by symptoms such as tremor, rigidity, bradykinesia, akinesia (especially of the face), postural instability, and freezing episodes (Lee et al., 2015). The affected individuals also experience cognitive difficulties, sleep disorder, and sensory deficits (Litvan et al., 2012). A number of observed symptoms are associated with a disturbed ‘internal’ clock leading to a different perception of rhythmic patterns (Ziv et al., 1999; Yahalom et al., 2004). Since the underlying mechanisms of many of the motor symptoms of PD are still not well understood, there is a lack of effective treatment options and the focus is on managing the symptoms, mainly with medication, to maintain or improve quality of life. Considering that the progression of PD involves the degeneration of dopaminergic neurons in the substantia nigra resulting in dopamine depletion in the striatum, the prescribed medication often includes a dopamine agonist such as Levodopa. However, it has been shown that medications have limited effects and their long-term use might cause undesirable side effects (Thanvi et al., 2007; Obeso et al., 2008; Nieuwboer and Giladi, 2013). While surgical interventions such as deep brain stimulation have also been used to manage some of the symptoms, their invasive aspect, the possibility of post-surgery complications, and neuropsychiatric side effects have limited their application (Benninger and Lomarev, 2010). Non-invasive interventions such as transcranial direct current stimulation have been investigated as alternative therapeutic methods (Nitsche et al., 2008).

Galvanic vestibular stimulation (GVS) is a non-invasive technique to stimulate vestibular nerves through electrodes that are placed over mastoid bones behind the ears. The current stimulus can be applied in different waveforms such as white noise, pink noise, or direct current. The vestibular nerve projects from underneath the mastoid bone to the cerebellar vermis through which the basal ganglia and the limbic system are activated, and the dopamine and noradrenaline levels are altered (Pan et al., 2008; Kataoka et al., 2015). Consequently, it has been shown that in neurodegenerative disorders such as PD, GVS can improve motor functions (Yamamoto et al., 2005; Pan et al., 2008; Lee et al., 2015; Samoudi et al., 2015). The effect of GVS on postural stability and balance has also been reported (Pal et al., 2009; Kataoka et al., 2015; Samoudi et al., 2015).

It is well-established that altered posture, reduced balance, and abnormal gait patterns are common functional disorders experienced by individuals with PD (Rogers, 1996; Yogev et al., 2005). Noisy subthreshold GVS has been shown to positively affect the gait of healthy subjects by decreasing gait asymmetry and improving the bilateral phase synchronization (Wuehr et al., 2016). The effects of supra-threshold GVS on walking trajectory of healthy subjects have also been documented (Bent et al., 2000). However, while GVS has been shown to reduce postural instability and sway (Pal et al., 2009; Kataoka et al., 2015) and improve balance (Samoudi et al., 2015) in PD, its effects on gait characteristics have not yet been studied in PD population.

To investigate the motor deficits in upper extremities of PD individuals, either unimanual or bimanual rhythmic tasks were administered: It has been shown that individuals with PD have more difficulty maintaining a prescribed rhythm in a finger tapping task (Freeman et al., 1993) and demonstrate more frequent manual motor blocks (MMBs) while tapping their finger (Ziv et al., 1999). Moreover, there is evidence that MMBs are correlated with freezing of gait, suggesting that the motor deficits of upper and lower limbs might share similar underlying mechanisms (Nieuwboer et al., 2009). The effects of GVS on performing manual rhythmic tasks have not yet been documented.

This study investigates the instant effects of supra-threshold GVS on gait characteristics and manual motor performance of individuals with PD. To the best of authors’ knowledge, such a study is unprecedented in the literature. 11 volunteers with PD participated in the study and completed a set of walking trials as well as a set of rhythmic finger tapping trials. Several outcome measures were defined to assess the performance with and without the application of GVS. Results show that the application of GVS improves motor performance in both upper and lower limbs.

MATERIALS AND METHODS

Participants

Participants in this study were required to have a clinically confirmed diagnosis of PD, have a Mini Mental State Examination (MMSE) score of at least 26 points, and be able to walk independently (walking aids such as canes were allowed). Individuals who were not able to sit or stand unsupported, had other neurological disorder or heart conditions, had a vestibular disorder, or were enrolled in another research study involving drugs or devices were excluded. Based on these inclusion/exclusion criteria, eleven PD individuals who had moderate disease severity participated in this study (Table 1). Out of these participants, five individuals self-reported experiencing mild phases of freezing of gait. The study session for all subjects included conducting MMSE test and UPDRS (Unified Parkinson’s Disease Rating Scale) test 1 h after the subject had taken their medication.

TABLE 1. Summary of participants’ information.
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The protocol of this study was approved by the Office of Research Ethics at Simon Fraser University and all participants signed an informed consent form.

Galvanic Vestibular Stimulation

For each participant, 2-inch round cloth neurostimulation electrodes (ValuTrode®, Axelgaard Manufacturing Co., Ltd., Fallbrook, CA, United States) were placed behind ears over the mastoid processes on both sides (cathodes) and on the proximal, medial section of both forearms (anodes). In order to improve skin-electrode contact and avoid skin irritation, skin surface at the electrode sites was cleaned with 70% alcohol prep pad (Covidien Curity, United States). The Linear Isolated Stimulator (A395R, World Precision Instruments Inc., Sarasota, FL, United States) was used for applying the electrical current to the vestibular system through the electrodes. The cutaneous sensory threshold was determined by slowly increasing the current intensity (Lee et al., 2015): starting from a base current level of zero, the current was applied with a stepwise 10 μA increase with an adjustment period of 20 s every two steps until the participant reported a tingling sensation at the electrode sites. The current level was then lowered to zero. After a rest period of 30 s to ensure that the effects of GVS application do not carry over to the confirmation test, this test was repeated for a second time to confirm the obtained cutaneous sensory threshold. The stimulus for “GVS on” tests was then set to a direct current equal to twice of the determined sensation threshold (Table 1). A ramp up and ramp down time of 3 s was administered to avoid discomfort when the stimulus was switched on and off.

Study Protocol

The study was administered in one 2-h session. The participants were asked to be present in the research lab about 30 min after they had taken their medication. The study was then explained, their informed consent was collected, and the MMSE assessment was completed. The UPDRS assessment was started 1 h after the medication. The cutaneous sensory threshold was then determined, and a rest period of 5 min was allowed before beginning the tests. In order to investigate how the motor performance in upper and lower extremities is affected by GVS, the study consisted of two parts: (1) instrumented Timed Up and Go test and (2) finger tapping task.

Instrumented Timed Up and Go Test

During this walking test, the participants were asked to perform a 5-m Timed Up and Go (TUG) test at their preferred walking speed while wearing a pair of accelerometers (Physilog® IV, GaitUp, Switzerland) fixed on the top of their shoes. A total of six iTUG trials were administered of which the first three were without stimuli (“GVS off” trials) and the last three were with vestibular stimulation (“GVS on” trials). Such an order for trials was chosen to minimize any residual effect that vestibular stimulation might have in the subsequent trials. To remove any bias that subjects might have had toward the electric sensation, the study was designed as a single-blind experiment in which the subjects were not aware of the order of “GVS on” and “GVS off” tests. The electrodes were placed on participants’ skin and were connected to the stimulator during the entire data collection session. Sham stimulation was administered during the “GVS off” trials. The participants were told that the stimulus was always on with different degrees of intensity and, therefore, they might or might not feel the current during the trials. The iTUG trials were timed with a stop watch and also recorded with a camera (EOS Rebel T1i, Canon, Japan).

Finger Tapping Task

During this test, the participants were instructed to tap with the tip of their index finger on a block affixed on the desk surface. To ensure that the tapping was performed out of the wrist, the thumb pinched the index finger to support its position (Figure 1). The subjects were asked to tap at their preferred speed while trying to maintain the same rhythm for 20 s. A total of six tapping trials was recorded from each participant of which the first three trials were without applying the stimulus (“GVS off” trials) and the last three were administered with vestibular stimulation (“GVS on” trials). Each trial consisted of two sub-trials of a tapping task with the right hand and a task with the left hand performed successively with a 3-min rest period in between trials. Similar to the iTUG test, in order to blind subjects with respect to the testing condition, the participants were told that the current stimulus is always applied but with different degrees of intensity. A high-speed camera (Fastec Imaging Corporation, San Diego, CA, United States) was used to record images of trials with a resolution of 640 × 480 at 125 frames per second.
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FIGURE 1. Sample of collected images during the finger tapping task. The black cotton kinesiology tape wrapped around the index finger was used to automatically track the position of the fingertip.



Outcome Measures

All data collected during a study session were analyzed offline after the session had been concluded. Several outcome measures were considered for the iTUG tests and finger tapping tasks as explained in this section. Table 2 provides a summary of the defined outcome measures and their abbreviations.

TABLE 2. Summary of the defined outcome measures.
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Instrumented Timed Up and Go Test

The data for the iTUG test were saved in Physilog accelerometers and were transferred to a computer after the session to be further processed in MATLAB (The MathWorks, Inc., Natick, MA, United States). Since the iTUG test included sit-to-walk and walk-to-sit phases as well, the acceleration signal was trimmed to only include the period of regular gait. Gait cycles were then determined from the acceleration signals and were confirmed with video recordings of the trial following the method described in Jimenez et al. (2009). Briefly, the local acceleration variance was calculated based on the magnitude of the acceleration signal. A threshold was applied to distinguish between lower values (flat foot phase) and higher values (swing phase). The beginning of flat foot phases was then defined as the time points at which a gait cycle starts. The following outcome measures were calculated based on the acceleration signal and the determined gait cycles.

Coefficient of variation of the step duration (Tstep CV)

This measure defined in (Plotnik et al., 2007) quantifies the level of consistency in the step duration as an index of bilateral coordination of gait and is expressed as a percentage ratio by dividing the standard deviation of step duration by the mean step duration. Therefore, a lower Tstep CV indicates a higher uniformity in the timing of steps.

Phase

Phase is also a measure of bilateral gait coordination introduced in (Plotnik et al., 2007). To calculate this measure, the average of swing times for both legs are first calculated. If the duration of each step corresponds to 360°, the phase is defined by calculating the ratio between the difference in average swing times and the duration of step. With such a definition, if the gait is symmetrical, both right and left legs will have similar swing times and, therefore, the phase will be equal to 180°. A phase value that is far from 180° shows asymmetrical and abnormal gait patterns.

Phase coordination index (PCI)

Defined in Plotnik et al. (2007), phase coordination index (PCI) is another measure of bilateral gait coordination to quantify the accuracy and consistency of generating gait phases. This measure indicates the level of variations in phase during consecutive steps and is expressed as a percentage value. A lower PCI denotes a higher consistency in gait phase generation.

For a more detailed explanation of Tstep CV, phase, and PCI and their mathematical expressions, please see (Plotnik et al., 2007; Palmerini et al., 2013).

Tremor index (TI)

Frequency characteristics of acceleration signals have been previously used to objectively detect episodes of freezing of gait (Moore et al., 2008, 2013). As reported in those studies, in normal gait patterns, the vertical acceleration signal includes components with lower frequency and, therefore, the signal has higher power in the 0–3 Hz frequency band, named the “locomotor band.” During episodes of freezing of gait, the trembling of the legs results in higher signal power in the 3–8 Hz frequency band, namely the “freeze band.” The ratio between the squared area under the power spectrum in the freeze band and that in the locomotor band was then used in the detection of freezing episodes. In the current study, a similar idea has been implemented by defining the Tremor Index (TI) of an iTUG trial by dividing the square of the area under the power spectrum in the 3–8 Hz band by that in the 3–8 Hz band. A lower TI denotes less tremor during the walking test.

Finger Tapping Task

To facilitate extracting the position of the fingertip during the tapping trials, a black cotton kinesiology tape (Beschoi, China) was wrapped around the tip of the index finger and a white background was arranged (Figure 1). A custom MATLAB script was developed to automatically determine the position of the fingertip in each acquired frame.

Coefficient of variation of inter-tap time (Intertap CV)

This measure is an indication of the periodicity of the tapping. A lower Intertap CV shows less variations in the time interval between the taps and, therefore, indicates a better performance.

Number and duration of manual motor blocks (MMBs)

These measures show the ability to maintain the rhythm throughout the internally cued manual tapping task. Introduced in Ziv et al. (1999), a MMB is defined as an interruption in the rhythm that is longer than the sum of the mean inter-tap interval and two times of the inter-tap standard deviation. Duration of MMBs is expressed as a percentage value with respect to the total time of the tapping task.

Tapping score (TS)

This measure introduced in Jobbágy et al. (2005) takes into account both speed and inter-tap consistency of the tapping task to calculate a tapping score (TS) for each tapping trial. A higher TS value is an indication of better performance.

Tapping tremor index (TTI)

This measure is defined herein based on the frequency characteristics of the fingertip acceleration during the tapping task. To calculate this measure, the tapping frequency (ftap) is first determined. The tapping tremor index (TTI) is defined as the ratio between the squared area under the power spectrum of acceleration in the frequency band with frequencies greater than 1.2ftap and that in the 0.8ftap–1.2ftap frequency band. A lower TTI value shows that the majority of power occurs in the tapping frequency band and, therefore, indicates a better performance.

RESULTS

The outcome measures defined in Section “Outcome Measures” were calculated for the data collected during the walking and finger tapping tasks. Considering that 11 subjects participated in the study and each subject completed three “GVS off” and three “GVS on” trials, each of the outcome measures described in Section “Outcome Measures” contained 33 samples for each of these two cases. A Chi-square goodness-of-fit test was used to determine if an outcome measure was normally distributed. If the normal distribution of that outcome measure was confirmed, a t-test was used to determine if GVS had a significant effect on the considered measure. Otherwise, the signtest was used to determine the significance of the GVS effect. All statistical analysis was done using Statistics and Machine Learning Toolbox included in MATLAB. A significance level of 0.05 was considered and the null hypotheses were that (1) applying GVS does not affect the gait parameters, and (2) applying GVS has no effects on the periodicity of finger taps. This section summarizes the study results.

Instrumented Timed Up and Go Test

The Tstep CV was found to be 14.75 ± 5.51 in “GVS off” trials and 12.34 ± 4.17 in “GVS on” trials which indicates 16% reduction in variations of the step duration with GVS application.

The phase value was 191 ± 56.7 in “GVS off” trials and 193.71 ± 47.2 in “GVS on” trials. Since the value of phase for normal gait is close to 180°, this result shows slight deterioration of gait (1.4%) with GVS application, although this did not reach significance.

The PCI for “GVS off” trials was calculated to be 27.57 ± 36.67 and for “GVS on” trials was 24.99 ± 36.64. This result shows that the gait consistency was improved by 9.3% with GVS application.

The TI was 0.16 ± 0.12 for “GVS off” trials and 0.14 ± 0.09 for “GVS on” trials which shows 12.75% reduction in high-frequency tremors of the feet with GVS application. This measure was also evaluated for each foot separately: The TI for the more affected side was 0.19 ± 0.14 in “GVS off” trials and 0.17 ± 0.11 in “GVS on” trials, i.e., 11.6% reduction in tremor while walking with GVS application. The TI for the less affected side was found to be 0.19 ± 0.14 in “GVS off” trials and 0.17 ± 0.11 in “GVS on” trials which is equivalent to 14.4% improvement in performance.

The significance of the obtained results was evaluated by statistical analysis. The obtained p-values are reported in Table 3. Figure 2 shows a sample of boxplots illustrating the results.

TABLE 3. p-values calculated for the outcome measures defined for the iTUG tests (Tstep CV, coefficient of variation of the step duration; PCI, phase coordination index; TI, tremor index).
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FIGURE 2. Boxplot demonstrating the effect of GVS on Tstep CV. The symbol ∗ indicates statistical significance with the two groups.



Finger Tapping Task

The Intertap CV was calculated to be 65.49 ± 46.15 in “GVS off” trials and 54.48 ± 27.49 in “GVS on” trials for the more affected side, i.e., 16.8% improvement in the consistency of the tapping rhythm with GVS application. The Intertap CV for the less affected side was found to be 45.38 ± 25.42 in “GVS off” trials and 46.82 ± 21.64 in “GVS on” trials which the rhythm is slightly (3.1%) deteriorated with applying GVS. Considering the performance of both hands, the Intertap CV in “GVS off” trials was 55.43 ± 38.33 and 50.65 ± 24.87 in “GVS on” trials which shows 8.6% improvement in rhythmicity.

The number of MMBs was 1.42 ± 1.22 for “GVS off” trials and 1.45 ± 1.2 for “GVS on” trials for the more affected side which shows 2% reduction in the rhythm interruption with GVS application. The number of MMBs for the less affected side was found to be 1.79 ± 1.65 in “GVS off” trials and 1.33 ± 1.49 in “GVS on” trials which indicates 25.7% improvement in tapping rhythm with GVS application. If the performance of both hands is considered, the number of MMBs was 1.62 ± 1.44 for “GVS off” trials and 1.38 ± 1.36 for “GVS on” trials which indicates 15% reduction in the number of MMBs with GVS application.

The duration of MMBs was 3.16 ± 2.46 for “GVS off” trials and 3.05 ± 2.55 for “GVS on” trials for the more affected side which is equivalent to 3.5% reduction in the length of rhythm interruptions with GVS application. The duration of MMBs for the less affected side was found to be 3.13 ± 2.42 in “GVS off” trials and 2.3 ± 2.25 in “GVS on” trials which shows 26.5% reduction in the length of rhythm interruptions. For both hands, the duration of MMBs was 3.14 ± 2.42 for “GVS off” trials and 2.67 ± 2.41 for “GVS on” trials, equivalent to 15% reduction in the duration of MMBs with GVS application.

The TS was 24.78 ± 18.53 for “GVS off” trials and 31.18 ± 23.68 for “GVS on” trials for the more affected side which shows 28.25% improvement in speed and rhythmicity of taps with GVS application. For the less affected side, the TS was found to be 26.35 ± 17.14 in “GVS off” trials and 32.47 ± 20.67 in “GVS on” trials which indicates 23.2% improvement with GVS application. Considering the performance of both hands, the TS was 25.57 ± 17.73 for “GVS off” trials and 31.82 ± 22.06 for “GVS on” trials, equivalent to 24.5% improvement in performance with applying GVS.

The TTI was 153.46 ± 293.24 for “GVS off” trials and 141.61 ± 240.88 for “GVS on” trials for the more affected side which shows 7.7% reduction in high-frequency tremors of finger with GVS application. The TTI for the less affected side was found to be 190.58 ± 489.11 in “GVS off” trials and 109.75 ± 210.5 in “GVS on” trials which indicates 42.4% improvement in tremor reduction. Regarding the performance of both hands, the TTI was 172.02 ± 400.57 for “GVS off” trials and 125.68 ± 225.03 for “GVS on” trials indicating 26.9% reduction in high frequency tremors with GVS application.

p-values were calculated to evaluate the significance of the obtained results as reported in Table 4. Figures 3, 4 show samples of boxplots illustrating the results.

TABLE 4. p-values calculated for the outcome measures defined for the finger tapping task (Intertap CV, coefficient of variation of inter-tap time; Number of MMBs, number of manual motor blocks; Duration of MMBs, duration of manual motor blocks; TS, tapping score; TTI, Tapping tremor index).
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FIGURE 3. Boxplot demonstrating the effect of GVS on the duration of MMBs. The symbol ∗ indicates statistical significance with the two groups.




[image: image]

FIGURE 4. Boxplot demonstrating the effect of GVS on the TS. The symbol ∗ indicates statistical significance with the two groups.



DISCUSSION

The study presented herein is a step toward understanding the effects of GVS on motor performance of individuals with PD. In this paper, two separate protocols were designed to assess the effects of GVS on the performance of both upper and lower extremities. Several outcome measures were defined to capture both temporal and frequency characteristics of movements. These outcome measures were chosen from literature to objectively quantify the walking and tapping performance. Common clinical assessments, such as the UPDRS test score, were not considered as outcome measures due to their relying on rater’s observation.

The 5-m iTUG test was administered to characterize the effects of GVS on the quality of gait generation and bilateral coordination. Although the TUG test commonly consists of a 3-m course, an extended course of 5 m was considered in this study to have longer periods of regular gait after discarding the data corresponding to sit-to-walk and walk-to-sit phases (Palmerini et al., 2013). TUG tests are commonly used to assess a person’s mobility. The iTUG test time was recorded for each trial and, as reported in Table 5, was generally faster in “GVS on” trials. However, since the participants were asked to complete the trials at their preferred speed, the time taken to complete an iTUG test was not defined as an outcome measure. Evaluating several temporal and frequency-based outcome measures showed that the timing of steps was significantly improved with applying GVS. Although a more extensive study is required for significant results, a positive effect of GVS on bilateral gait coordination and tremor reduction was shown through decreases in the PCI and the TI values.

TABLE 5. Time (s) taken to complete iTUG trials.
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Since PD interferes with generating rhythmic movements by disrupting the ‘internal clock’ (Ziv et al., 1999; Yahalom et al., 2004), an internally cued finger tapping task was designed to assess the effects of GVS on the periodicity of movement generation. The duration of each finger tapping trial was chosen to be 20 s from which the mid 15 s were chosen for analysis. As reported in Ziv et al. (1999), 15 s are enough to induce fatigue such that MMBs are observed. Applying GVS significantly reduced the duration of MMBs and significantly improved the TS which is an index combining both speed and rhythmicity of taps. We also showed a positive trend toward reducing the number of MMBs. The positive effect of GVS on MMBs was observed in all subjects regardless of the stage or duration of the disease. Although not significant, high-frequency tremors of the fingertip were reduced with application of GVS.

Considering that individuals with PD experience some degrees of vestibular dysfunction (Reichert et al., 1982), application of GVS acts as a medium that increases gait stability and coordination by affecting vestibular afferents (Wuehr et al., 2016). Moreover, since rhythm and fine motor control required to follow a rhythmic movement such as tapping a finger is modulated in the basal ganglia loop, the improved performance observed in this study might be attributed to GVS influencing the striatum through the afferents of the vestibular nerve. It has been previously shown that individuals with PD are able to maintain the finger tapping rhythm better if they initialize their tapping by synchronizing their movements with external rhythmic auditory cues (Freeman et al., 1993). The results of our study show that GVS can assist with self-paced rhythmic movement generation without requiring external cues, further promoting the idea that GVS might affect the ‘internal clock.’

When applicable, the defined outcome measures were calculated for the less affected side and the more affected side separately. The results showed that in the majority of cases, GVS improves the performance in both sides. The only exception to this result was the periodicity of the tapping (Intertap CV) which was slightly worse with applying the stimulus. Further study is required to determine if GVS significantly affects one side more than the other. It is also worth noting that the duration of the disease might influence the results of GVS application. To investigate this point, statistical analysis should consider the participants in two subgroups according to their disease duration: individuals with longer disease duration and individuals with shorter disease duration. Unfortunately, in this study, the number of subjects was not sufficient to obtain significant results for GVS application in each subgroup, but this point will be considered in future studies.

This study was designed to assess the instant effects of supra-threshold direct current GVS on gait features and generation of rhythmic movements. Although no long-lasting effects were reported using low-intensity GVS (Ferrè et al., 2013), to the best of authors’ knowledge, there have been no studies investigating how long the effects of GVS last in PD individuals. The “GVS on” trials were administered after the “GVS off” trials to avoid carrying on any residual effects of GVS application to “GVS off” trials. Nevertheless, considering the single-blind design of the study and according to the feedback from the participants, the subjects were not aware of the order of tests and were under the impression that the current stimulus was always being applied. Interestingly, when being asked after the data collection session, participants could not comment about the intensity of current or tell which of the trials were “GVS on” ones. This might be due to that when measuring the threshold, the participants were focused on perceiving the tingling sensation at the electrode sites, but during the tests they were concentrating on completing the administered task. The participants were asked to complete a questionnaire at the end of the study session. Table 6 summarizes the results of this questionnaire. Overall, the participants did not report any side effects such as discomfort or dizziness. Moreover, no sway or deviation from the intended walking path was observed. No cases of discomfort or dizziness were reported after the sessions were concluded and all participants were able to finish complete sets of the iTUG and the finger tapping task.

TABLE 6. Participants’ answers to the questionnaire completed at the end of the study session: Q1: I felt dizzy or pain during the trials; Q2: I have sensitivity of the skin where the GVS electrodes were placed; Q3: I am interested in participating in later phases of this study (1: Strongly Disagree; 2: Disagree; 3: Neither Disagree or Agree; 4: Agree; 5: Strongly Agree).
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Although five out of 11 participants reported experiencing symptoms of freezing of gait, no freezing episodes were encountered during the iTUG trials. This might be due to the fact that eliciting freezing of gait is more difficult in the laboratory setting (Snijders et al., 2008). It has been shown that MMBs are correlated with the occurrence of freezing of gait (Ziv et al., 1999; Nieuwboer et al., 2009). Since both finger tapping and gait generation might be considered as rhythmic movements, such a correlation along with the results obtained in this study might be another piece of evidence that applying GVS improves gait performance. The results of this study are also in accordance with those reported in Wuehr et al. (2016) which conclude that noisy GVS improves walking stability in healthy population. In the study herein, similar results were obtained since less variations of gait and better PCI were observed with applying DC GVS to individuals with PD.

As a preliminary investigation, this study had certain limitations that can be addressed in future research. Testing on a larger group of individuals with PD is required to establish significant results for all of the considered outcome measures. Moreover, other outcome measures that characterize the quality of gait and rhythmic movement generation can be defined. The current stimulus in this study was chosen to be a direct current equal to two times the cutaneous sensory threshold delivered to mastoid bones and forearms to investigate the effects of such a stimulus. Other current levels and placement of electrodes might be explored as well. Moreover, since the anodes were placed on the forearms, it is expected that applying GVS creates a forward swing (Magnusson et al., 1990; Day et al., 2011). However, no forward swing was observed during the testing or afterward when re-examining the recorded sessions. A sophisticated motion tracking system can be used to record the movements of all limbs and determine if such a sway occurs particularly during the walking tests and if it helps with step initiation and improving the rhythm of step generation. The study presented herein was administered in one session. Further multi-session studies are required to establish how individuals with PD adapt to current stimulation in order to determine the efficacy of GVS in long term.

CONCLUSION

This study investigated the instant effects of supra-threshold GVS using direct current on gait parameters and internally cued rhythm generation of individuals with PD. In this regard, 11 participants were instructed to complete a series of iTUG trials and finger tapping trials without and with GVS. The acceleration signal of the feet during the iTUG tests and the fingertip trajectory during the finger tapping task were recorded and processed to quantify the effects of GVS. Results showed that application of GVS significantly improves the timing of steps and has an almost significant effect on the consistency of gait phase generation. Moreover, applying GVS significantly improved the speed and rhythmicity of finger tapping and significantly decreased the duration of MMBs and almost significantly reduced the number of interruptions in the tapping rhythm. The obtained results suggest the positive influence of GVS on gait characteristics as well as internally cued rhythmic movements.

ETHICS STATEMENT

Thisstudy was carried out in accordance with the recommendations of Office of Research Ethics at Simon Fraser University. The protocol was approved by the Office of Research Ethics at Simon Fraser University. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

MK, DH, and CM conceived and designed the experiments. EK implemented the experimental setup. DH and EK collected the data. DH, MK, and XZ analyzed the data. MK and DH wrote the manuscript.

FUNDING

This research was supported by the Natural Sciences and Engineering Research Council of Canada (NSERC), the Canadian Institutes of Health Research (CIHR), and the Canada Research Chair (CRC) program.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Bubblepreet Randhawa for her useful comments and suggestions, Katie Tse for her help with data collection, and Dr. Bindu Mohan for assisting with recruiting participants.

REFERENCES

Benninger, D. H., and Lomarev, M. (2010). Transcranial direct current stimulation for the treatment of Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 81, 1105–1111. doi: 10.1136/jnnp.2009.202556

Bent, L. R., McFadyen, B. J., Merkley, V. F., Kennedy, P. M., and Inglis, J. T. (2000). Magnitude effects of galvanic vestibular stimulation on the trajectory of human gait. Neurosci. Lett. 279, 157–160. doi: 10.1016/S0304-3940(99)00989-1

Day, B. L., Ramsay, E., Welgampola, M. S., and Fitzpatrick, R. C. (2011). The human semicircular canal model of galvanic vestibular stimulation. Exp. Brain Res. 210, 561–568. doi: 10.1007/s00221-011-2565-7

Ferrè, E. R., Matthew, R. L., Federico, F., and Patrick, H. (2013). Vestibular modulation of spatial perception. Front. Hum. Neurosci. 7:660. doi: 10.3389/fnhum.2013.00660

Freeman, J. S., Cody, F. W., and Schady, W. (1993). The influence of external timing cues upon the rhythm of voluntary movements in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 56, 1078–1084. doi: 10.1136/jnnp.56.10.1078

Hirtz, D., Thurman, D. J., Gwinn-Hardy, K., Mohamed, M., Chaudhuri, A. R., and Zalutsky, R. (2007). How common are the ‘common’ neurologic disorders? Neurology 68, 326–337. doi: 10.1212/01.wnl.0000252807.38124.a3

Jimenez, A. R., Seco, F., Prieto, C., and Guevara, J. (2009). “A comparison of pedestrian dead-reckoning algorithms using a low-cost meme IMU,” in Proceedings of the IEEE International Symposium on Intelligent Signal Processing, Piscataway, NJ, 37–42.

Jobbágy,Á, Harcos, P., Karoly, R., and Fazekas, G. (2005). Analysis of finger-tapping movement. J. Neurosci. Methods 141, 29–39. doi: 10.1016/j.jneumeth.2004.05.009

Kataoka, H., Okada, Y., Kiriyama, T., Kita, Y., Nakamura, J., Morioka, S., et al. (2015). Can postural instability respond to galvanic vestibular stimulation in patients with Parkinson’s disease? J. Mov. Disord. 9, 40–43. doi: 10.14802/jmd.15030

Lee, S., Kim, D. J., Svenkeson, D., Parras, G., Mitsuko, M. K. O., and McKeown, M. J. (2015). Multifaceted effects of noisy galvanic vestibular stimulation on manual tracking behavior in Parkinson’s disease. Front. Syst. Neurosci. 9:5. doi: 10.3389/fnsys.2015.00005

Litvan, I., Goldman, J. G., Tröster, A. I., Schmand, B. A., Weintraub, D., Petersen, R. C., et al. (2012). Diagnostic criteria for mild cognitive impairment in Parkinson’s disease: movement disorder society task force guidelines. Mov. Disord. 27, 349–356. doi: 10.1002/mds.24893

Magnusson, M., Johansson, R., and Wiklund, J. (1990). Galvanically induced body sway in the anterior-posterior plane. Acta Otolaryngol. 110, 11–17. doi: 10.3109/00016489009122509

Moore, S. T., MacDougall, H. G., and Ondo, W. G. (2008). Ambulatory monitoring of freezing of gait in Parkinson’s disease. J. Neurosci. Methods 167, 340–348. doi: 10.1016/j.jneumeth.2007.08.023

Moore, S. T., Yungher, D. A., Morris, T. R., Dilda, V., Macdougall, H. G., Shine, J. M., et al. (2013). Autonomous identification of freezing of gait in Parkinson’s disease from lower-body segmental accelerometry. J. Neuroeng. Rehabil. 10:19. doi: 10.1186/1743-0003-10-19

Nieuwboer, A., and Giladi, N. (2013). Characterizing freezing of gait in Parkinson’s disease: models of an episodic phenomenon. Mov. Disord. 28, 1509–1519. doi: 10.1002/mds.25683

Nieuwboer, A., Vercruysse, S., Feys, P., Levin, O., Spildooren, J., and Swinnen, S. (2009). Upper limb movement interruptions are correlated to freezing of gait in Parkinson’s disease. Eur. J. Neurosci. 29, 1422–1430. doi: 10.1111/j.1460-9568.2009.06681.x

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A., et al. (2008). Transcranial direct current stimulation: state of the art 2008. Brain Stimul. 1, 206–223. doi: 10.1016/j.brs.2008.06.004

Obeso, J. A., Marin, C., Rodriguez-Oroz, C., Blesa, J., Benitez-Temiño, B., Mena-Segovia, J., et al. (2008). The basal ganglia in Parkinson’s disease: current concepts and unexplained observations. Ann. Neurol. 64(Suppl. 2), 30–46. doi: 10.1002/ana.21481

Pal, S., Rosengren, S. M., and Colebatch, J. G. (2009). Stochastic galvanic vestibular stimulation produces a small reduction in sway in Parkinson’s disease. J. Vestib. Res. 19, 137–142.

Palmerini, L., Mellone, S., Avanzolini, G., Valzania, F., and Chiari, L. (2013). Quantification of motor impairment in Parkinson’s disease using an instrumented timed up and go test. IEEE Trans. Neural. Syst. Rehabil. Eng. 21, 664–673. doi: 10.1109/TNSRE.2012.2236577

Pan, W., Soma, R., Kwak, S., and Yamamoto, Y. (2008). Improvement of motor functions by noisy vestibular stimulation in central neurodegenerative disorders. J. Neurol. 255, 1657–1661. doi: 10.1007/s00415-008-0950-3

Plotnik, M., Giladi, N., and Hausdorff, J. M. (2007). A new measure for quantifying the bilateral coordination of human gait: effects of aging and Parkinson’s disease. Exp. Brain Res. 181, 561–570. doi: 10.1007/s00221-007-0955-7

Reichert, W. H., Doolittle, J., and McDowell, F. H. (1982). Vestibular dysfunction in Parkinson disease. Neurology 32, 1133–1138. doi: 10.1212/WNL.32.10.1133

Rogers, M. V. (1996). Disorders of posture, balance, and gait in Parkinson’s disease. Clin. Geriatr. Med. 12, 825–845. doi: 10.1016/S0749-0690(18)30203-9

Samoudi, G., Jivegard, M., Mulavara, A. P., and Bergquist, F. (2015). Effects of stochastic vestibular galvanic stimulation and LDOPA on balance and motor symptoms in patients with Parkinson’s disease. Brain Stimul. 8, 474–480. doi: 10.1016/j.brs.2014.11.019

Snijders, A. H., Nijkrake, M. J., Bakker, M., Munneke, M., Wind, C., and Bloem, B. R. (2008). Clinimetrics of freezing of gait. Mov. Disord. 23(Suppl. 2), 468–474. doi: 10.1002/mds.22144

Thanvi, B., Lo, N., and Robinson, T. (2007). Levodopa-induced dyskinesia in Parkinson’s disease: clinical features, pathogenesis, prevention and treatment. Postgrad. Med. J. 83, 384–388. doi: 10.1136/pgmj.2006.054759

Wuehr, M., Nusser, E., Krafczyk, S., Straube, A., Brandt, T., Jahn, K., et al. (2016). Noise-enhanced vestibular input improves dynamic walking stability in healthy subjects. Brain Stimul. 9, 109–116. doi: 10.1016/j.brs.2015.08.017

Yahalom, G., Simon, E. S., Thorne, R., Peretz, C., and Giladi, N. (2004). Hand rhythmic tapping and timing in Parkinson’s disease. Parkinsonism Relat. Disord. 10, 143–148. doi: 10.1016/j.parkreldis.2003.10.001

Yamamoto, Y., Struzik, Z. R., Soma, R., Ohashi, K., and Kwak, S. (2005). Noisy vestibular stimulation improves autonomic and motor responsiveness in central neurodegenerative disorders. Ann. Neurol. 58, 175–181. doi: 10.1002/ana.20574

Yogev, G., Giladi, N., Peretz, C., Springer, S., Simon, E. S., and Hausdorff, J. M. (2005). Dual tasking, gait rhythmicity, and Parkinson’s disease: which aspects of gait are attention demanding? Eur. J. Neurosci. 22, 1248–1256. doi: 10.1111/j.1460-9568.2005.04298.x

Ziv, I., Avraham, M., Dabby, R., Zoldan, J., Djaldetti, R., and Melamed, E. (1999). Early-occurrence of manual motor blocks in Parkinson’s disease: a quantitative assessment. Acta Neurol. Scand. 99, 106–111. doi: 10.1111/j.1600-0404.1999.tb00666.x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Khoshnam, Häner, Kuatsjah, Zhang and Menon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg


OPS/images/fnins-12-00633-g003.jpg
Percentage Ratio

More Affected Side

- —

I |

I |

| I

I |

I |

1 |

I |

| |

| |

| |

I |

|

|

| |

I |
- 5 - -

GVS off GVS on

Duration of MMBs

Less Affected Side

R EnRnEt

|
|
- -

GVS off GVS on

10

Both Sides
%
I I
T —
1
|
[
|
I
|
1
|
1
|
1
|
[
|
1
|
: 1
1
|
1
|
|
1=
GVS off GVS on







OPS/images/fnins-12-00633-g004.jpg
80

60

40

20

Tapping Score

More Affected Side Less Affected Side Both Sides
T T T T T }
+ % B +
100
80 ud
| | %* +
70
— S 80 —
+ I -+ : T :
—_ 1 60 1 | 1 1
1 1 1 | 1 1
1 1 1 | 1 1
1 1 50 1 | L 1 1
1 1 1 | 1 1
1 1 1 L 1 1
1 1 40 1 1
1 ] 1 1
1 40 ]
1 30
20
20
T
I
1 10 1 1 T :
[ | | 1 I
i . 4 s -4
L L 0 . L 0 L L
Without GVS With GVS Without GVS With GVS Without GVS With GVS









OPS/images/fnins-12-00633-t001.jpg
Subject no.

A00O1
A0002
A0003

Sex

TLTTNEgET N nmnETNZ

Age (vears)

64
61
65
67
69
72
64
81
58
64
12
67

Duration of the
disease (vears)

Freezer

MMSE
score

UPDRS
score

121

More affected
side

Cutaneous sensory
threshold (mA)

0.75
0.58
0.28
0.16
0.06
0.22
0.30
0.15
0.26
0.32
0.74





OPS/images/logo.jpg
, frontiers
in Neuroscience





OPS/images/fnins-12-00633-t002.jpg
Finger tapping
Finger tapping
Finger tapping
Finger tapping
Finger tapping

‘Outcome measure

Coefficient of variation of the step duration
Phase

Phase coordination index

Tremor index

Coefficient of variation of inter-tap time
Number of manual motor blocks

Duration of manual motor blocks

Tapping score

Tapping tremor index

D

Tstep CV
Phase

PCI

T

Intertap CV
Number of MMBs
Duration of MMBs.
IS

™

The level of consistency in the step duration.

The similarity between swing times of right and left legs.
The accuracy and consistency of generating gait phases.
The amount of foot tremor during the walking tests.

The periodicity of the tapping.

The ability to maintain the tapping rhythm.

The ability to maintain the tapping rhythm.

Speed and inter-tap consistency of the tapping.

The amount of finger tremor during the walking tests.





OPS/images/fnins-12-00633-t003.jpg
Outcome measure

Tstep CV
Phase
PCI

Tl

p-value

0.046
0.486
0.080

Both sides: 0.064
More affected side: 0.396
Less affected side: 0.604





OPS/images/fnins-12-00633-g001.jpg





OPS/images/fnins-12-00633-t004.jpg
Outcome measure

Intertap CV
Number of MMBs
Duration of MMBs
TS

TTI

More affected
Side

0.296
0.541
0.867
0.073
0.816

p-value

Less affected
side

0.718
0.096
0.089
0.044
0.324

Both sides

0.712
0.072
0.013
0.007
0.267





OPS/images/fnins-12-00633-g002.jpg
Tstep CV

30F

w =~ w
o] a —

oney A5eJUIIJ

101

w

With GVS

Without GVS





OPS/images/fnins-12-00633-t005.jpg
Subject no.

Trial 1

19.65
15.22
16.22
11.66
20.75
20.47
20.59
16.64
17.66
22.09
156.97
17.88

GVS off

Trial 2

17.07
15.13
15.68
11.35
17.56
18.90
17.88
14.90
14.98
19.08
16.09
16.24

Trial 3

16.22
14.38
16.12
10.94
17.72
23.12
18.03
14.15
14.02
19.56
14.63
16.08

Trial 1

15.38
15.63
15.57
11.10
17.50
20.81
18.35
15.15
14.03
19.76
15.50
16.25

GVS on

Trial 2

16.22
14.94
13.37
10.69
16.22
20.91
16.91
14.22
13.38
19.50
13.22
15.33

Trial 3

156.25
15.56
14.00
10.26
17.25
20.22
16.06
13.64
13.61
14.41
12.56
14.80

Mean

GVS off

17.31
14.91
15.67
11.28
18.68
20.83
18.83
15.23
16.52
20.24
15.56
16.73

GVS on

15.28
16.38
14.31
10.68
16.99
20.65
17.11
14.34
13.67
17.89
13.76
15.46





OPS/images/fnins-12-00633-t006.jpg
Subject no.

AO0001
A0002
A0003
A0006
A0007
A0008
A0016
A0017
A0018
A0019
A0020
Mean

[}
-h

—_

AT G U U U L0 TN ' J S G U G G

Q
N

—

m_&[\)_&_&[\)[\J_A_A_A_A[\)

()

3]
@

N

N O oo o A DM OOV OT D





