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Abstract 35 

Gait disturbances in Parkinson’s disease are commonly refractory to current treatment options 36 

and majorly impair patient’s quality of life. Auditory cues facilitate gait and prevent motor 37 

blocks. We investigated how neural dynamics in the human subthalamic nucleus of 38 

Parkinsons’s disease patients (14 male, 2 female) vary during stepping and whether rhythmic 39 

auditory cues enhance the observed modulation. Oscillations in the beta band were suppressed 40 

after ipsilateral heel strikes, when the contralateral foot had to be raised, and re-appeared after 41 

contralateral heel strikes, when the contralateral foot rested on the floor. The timing of this 42 

20-30 Hz beta modulation was clearly distinct between the left and right subthalamic nucleus, 43 

and was alternating within each stepping cycle. This modulation was similar, whether 44 

stepping movements were made while sitting, standing, or during gait, confirming the utility 45 

of the stepping in place paradigm. During stepping in place beta modulation increased with 46 

auditory cues that assisted patients in timing their steps more regularly. Our results suggest a 47 

link between the degree of power modulation within high beta frequency bands and stepping 48 

performance. These findings raise the possibility that alternating deep brain stimulation 49 

patterns may be superior to constant stimulation for improving Parkinsonian gait. 50 

 51 

52 
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Significance statement 53 

Gait disturbances in Parkinson’s disease majorly reduce patients’ quality of life and are often 

refractory to current treatment options. We investigated how neural activity in the subthalamic 

nucleus of patients who received deep brain stimulation surgery covaries with the stepping 

cycle. 20-30Hz beta activity was modulated relative to each step, alternating between the left 

and right STN. The stepping performance of patients improved when auditory cues were 

provided, which went along with enhanced beta modulation. This raises the possibility that 

alternating stimulation patterns may also enhance beta modulation and may be more 

beneficial for gait control than continuous stimulation, which needs to be tested in future 

studies. 

 54 

 55 

Keywords: Stepping-related STN activity, Parkinson’s disease, auditory cueing, freezing of 56 

gait 57 
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Abbreviations 59 

DBS   Deep brain stimulation 60 

STN   Subthalamic nucleus 61 

FOG  Freezing of gait 62 

FOG-Q Freezing of gait questionnaire 63 

fMRI  Functional magnetic resonance imaging 64 
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Introduction 66 

Gait disturbances are an early sign and prominent feature of Parkinson’s disease (Baltadjieva 67 

et al., 2006). In advanced stages many patients suffer from motor blocks (so-called freezing), 68 

festination or balance problems (Ebersbach et al., 2013), which suggests that the basal ganglia 69 

contribute to the control of human gait. Gait disturbances are a major clinical challenge as 70 

they may be refractory to medication or deep brain stimulation (DBS) of basal ganglia targets, 71 

and drastically reduce patients’ quality of life (Heremans et al., 2013; Fasano et al., 2015). 72 

Continuous DBS at a fixed high frequency, the current standard, may at some point be 73 

replaced by temporally flexible stimulation strategies (Arlotti et al., 2016; Meidahl et al., 74 

2017), which increases the importance of understanding the neuronal population dynamics 75 

associated with gait control. Past studies recording EEG or subthalamic nucleus (STN) local 76 

field potentials (LFPs) have shown abnormally exaggerated neuronal synchronization when 77 

gait deteriorates (Singh et al., 2013; Shine et al., 2014), but they have not disclosed how basal 78 

ganglia activity is modulated during gait. To demonstrate modulation within the gait cycle, 79 

neural activity must be recorded with sufficiently high temporal precision. Direct LFP 80 

recordings from the STN in patients who have undergone deep brain stimulation surgery to 81 

alleviate motor symptoms provide this necessary high temporal resolution, and have helped to 82 

establish features of STN activity that correlate with upper limb movements in the past 83 

(Anzak et al., 2012; Tan et al., 2016a). In particular, beta oscillations (over about 15-30 Hz) 84 

have been shown to be modulated during rhythmic movements of the contralateral upper limb 85 

with a beta trough during movement followed by a rebound between two consecutive 86 

movements (Androulidakis et al., 2008; Joundi et al., 2013).  87 

Here we test the primary hypothesis that beta activity in the STN is also modulated during the 88 

stepping cycle. We sought to find out if beta modulation is time-locked to the movement of 89 
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the contralateral leg or synchronous in both STN. Since stepping involves coordinated and 90 

rhythmic movements of both lower limbs, we would expect beta modulation (relative power 91 

attenuation followed by a rebound) to alternate in an opposite manner between the two STN if 92 

it is locked to the contralateral step. EEG recordings during gait in healthy subjects also 93 

support this idea as beta oscillations from motor cortex seem to be modulated relative to the 94 

contralateral leg (Cheron et al., 2012; Bradford et al., 2015).  95 

To assure patients’ safety and to reduce movement artefacts, we primarily recorded STN 96 

LFPs during visually-guided stepping in place while sitting (Figure 1). We asked patients to 97 

synchronize their steps with the rhythm of a walking cartoon man displayed in a video. This 98 

provided us with a measurement of step timing accuracy. Our primary aim was to determine if 99 

stepping was accompanied by rhythmic modulation of beta activity in the STN, and as such 100 

patients were recorded on medication to approximate normal stepping control as best as 101 

possible. Volitional stepping while sitting and free walking differ in that the latter requires 102 

balance adjustments, postural control and arguably less attentional demand compared to that 103 

required for consciously controlled alternating limb movements. To confirm that results from 104 

our core paradigm were generalizable across conditions and applicable to real gait, we 105 

additionally recorded three patients during sitting and standing, and three patients during free 106 

walking.  107 

Auditory cues should improve stepping performance, such as stepping accuracy, considering 108 

that auditory cues improve gait impairments in patients with Parkinson’s disease (Hausdorff 109 

et al., 2007; Arias and Cudeiro, 2008, 2010; Mazilu et al., 2015). Auditory cues alone 110 

modulate sensorimotor beta oscillations even in the absence of movement (Mcintosh et al., 111 

1997; Iversen et al., 2009; Saleh et al., 2010; Fujioka et al., 2012, 2015) and the post-112 

movement beta peak is more pronounced when feedback suggests that a movement was 113 

performed correctly (Tan et al., 2014, 2016b). Our second hypothesis was therefore that 114 
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auditory cues would not only be associated with behavioural benefits in our paradigm, but 115 

also with enhanced beta modulation. 116 

117 
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Materials and methods 118 

Participants 119 

UK cohort 120 

We recorded 16 Parkinson’s disease patients who had undergone bilateral implantation of 121 

DBS electrodes in the STN. The study was approved by the local ethics committee and 122 

patients gave informed written consent before the recording.  123 

Three full data sets and one electrode that was located on the right had to be excluded because 124 

of severe movement artefacts (see exclusion criteria below). Clinical details of the patients 125 

included (mean age 61 ± (SD) 4 years, mean disease duration 12 ±4 years, 1 left-handed, 1 126 

female) are listed in Table 1. Patients took their prescribed dopaminergic medication as usual 127 

and recordings were performed 3-7 days after the surgery at one of the following three 128 

surgical sites: King’s College hospital in London, University College hospital in London, or 129 

the John Radcliffe hospital in Oxford, UK. For each patient, one of the following three 130 

macroelectrode models was used: Medtronic 3389 (quadripolar, n=8), Boston Scientific DB-131 

2201 Vercise (octopolar, n=3) and Boston Scientific DB-2202 Vercise directional (octopolar, 132 

directional, n=2). 133 

Taiwan cohort 134 

In the Chang Gung Memorial Hospital in Taiwan, three Parkinson’s disease patients, who 135 

received STN DBS surgery (using the Medtronic 3389 macroelectrode model), were recorded 136 

5 days after the surgery during ~4m of straight walking. Walking was uncued, i.e. no video 137 

was presented. Patients were recorded after overnight withdrawal of dopaminergic 138 
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medication. Trunk acceleration was recorded with a triaxial accelerometer fixed with tape 139 

over their lumbar spine. The procedure was approved by the local ethics committee.  140 

 141 

Task 142 

In the stepping paradigm, patients were seated in a chair in front of a laptop and two pressure 143 

sensors were placed on the floor such that their feet could comfortably reach the plates 144 

(Scythe, USB 3FS-2 foot pedal or Biometrics Ltd ForcePlates). The laptop displayed a video 145 

of a walking cartoon man (see Figure 1), which was looped after one walk cycle (i.e. one right 146 

and left step, separated by 1 second) such that the man was walking in place. Patients were 147 

instructed to step onto the left- and rightmost plate with their left and right foot, respectively, 148 

in synchrony with the footsteps of the man in the video, while resting their arms on their lap. 149 

They were asked to synchronize their steps with the steps in the video as precisely as possible. 150 

The contralateral foot was lifted shortly after each heel strike, resulting in a brief period of 151 

double support, which also exists during upright walking (Hollman et al., 2011). 152 

In one condition, patients were stepping while sitting and had to rely on the video only 153 

(soundOff). In a second condition (soundOn), a metronome sound was provided at the time of 154 

each heel strike displayed in the video and thus could provide additional information about 155 

the timing of heel strikes via the auditory system. Nevertheless, patients were still asked to 156 

synchronize their steps with the steps in the video and no further instruction was given 157 

regarding the auditory cues. For a control condition, patients were instructed to watch the 158 

video without moving and to think of anything unrelated to walking, and were provided with 159 

specific thought examples such as past holidays or upcoming plans. The duration of the video 160 

shown in each run was 42 seconds and thus contained 21 left and 21 right heel strikes. After a 161 
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short practise run, we recorded the three conditions (NS = SoundOff + movement, S = 162 

SoundOn + movement, C = Control condition (watching only)) in the following order:  163 

2x NS, 2x S, 3x C, 2x S, 2x NS 164 

This order was chosen such that one stepping in place condition without sound (NS) preceded 165 

the condition with sound (S) to make sure patients performed one stepping in place condition 166 

without prior exposure to the sound. The conditions were ordered such that temporally linear 167 

drifts over time would be factored out. The soundOff condition was always the first condition 168 

we recorded to avoid any initial carry-over effects of the auditory rhythm. 10 patients were 169 

recorded in both sound conditions, the remaining four were only recorded without the 170 

additional soundOn condition. Three patients were also recorded during stepping in place 171 

while standing to evaluate if the activity changes found in the seated task resemble the 172 

changes during stepping while standing. To make sure patients could not fall or move too far 173 

away from the amplifier an experimenter stood close by. All conditions that required stepping 174 

movements were recorded four times but the control condition was only recorded three times 175 

to account for the fact that movement-related artefacts occasionally resulted in exclusion of 176 

steps in the former. 177 

After each of the “watching only” (C) runs, subjects rated their performance with a 178 

questionnaire asking “How well were you able to think of something else rather than 179 

walking?” for the control condition (C). Patients indicated their rating on a visual analogue 180 

scale ranging from 0 to 10 with 10 corresponding to “Very well” and 0 to “Not at all”. 181 

After the recording was completed, patients filled in the freezing of gait questionnaire to 182 

assess the presence of pre-operative gait problems (Giladi et al., 2000).  183 

In the free walking paradigm, the patients (from the Taiwan cohort) were asked to walk along 184 

a ~4m straight line backward and forward at their own comfortable pace.  185 
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 186 

Recordings  187 

A TMSi Porti amplifier (2048 Hz sampling rate, common average reference, TMS 188 

International, Netherlands) was used to record monopolar LFPs, the timing of the footsteps 189 

via the pressure sensors, triggers for the heel strikes displayed in the video, and the 190 

accelerometer output (data available on request). The data recorded in Taiwan did not contain 191 

pressure sensor input or triggers for the video as no video was presented. The triaxial 192 

accelerometer used in Taiwan was a TMSi 3D accelerometer (TMS International, 193 

Netherlands). 194 

The triggers were registered with a light-sensitive sensor attached to the top left corner of the 195 

presentation laptop. In the video underneath the light-sensitive sensor, a black square turned 196 

white for one frame (= 41.7ms at a frame rate of 24 frames/second) with each right heel strike, 197 

and grey (RGB = [179, 179, 179]) with each left heel strike. This was completely covered by 198 

the sensor and thus not visible to the patients. 199 

 200 

Data processing 201 

All analyses were performed in MATLAB (RRID:SCR_001622, v. 2016a, The MathWorks 202 

Inc., Natick, Massachusetts). The data were re-referenced offline to obtain more spatially 203 

focal bipolar signals by subtracting the data from neighbouring electrode contacts. If single 204 

channels were saturated or inactive, the remaining surrounding contacts were subtracted 205 

instead. This was the case for three octopolar electrodes (Boston Scientific DB-2201 and DB-206 

2202) of which 1+2+4 neighbouring channels were flat. The triggers of the first two heel 207 

strikes and of the last one were deleted to exclude start and stop-related activity. Trials with 208 

movement artefacts were discarded following visual inspection and bipolar channels that were 209 
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strongly contaminated with artefacts resulting from cable movement during stepping were 210 

excluded. Thus we included only bipolar combinations, where the standard deviation of the 1 211 

Hz high- and 40 Hz low-pass filtered event-related potential (-0.5:1.5s locked to the stepping 212 

movement) did not exceed 1.5 μV (the average SD of the included channels was 0.40 ± 0.31 213 

μV). This way impact-related artefacts that were locked to the movement were excluded, 214 

however, some channels were strongly contaminated by broadband artefacts that were not 215 

precisely locked to the movement and were thus not visible in the event-related potential. To 216 

classify impact-related broadband artefacts we examined the time-frequency decomposed 217 

signal (using the same parameters as described below) and removed those bipolar channels in 218 

which a broadband power peak was observed within a 0.2s window in frequencies up to 25 219 

Hz. This resulted in an average of six bipolar channels that were included per patient. 220 

Activity for each STN was computed by averaging across all bipolar channels of the electrode 221 

to avoid any channel selection bias in the sitting condition. This is a conservative approach as 222 

not all contact pairs are likely to have been in the STN. Our results would remain the same 223 

when only the contact pairs with the highest 20-30 Hz modulation were chosen. 68% of all 224 

bipolar contacts with the highest beta modulation from each lead included at least one contact 225 

used for therapeutic stimulation and 90% included at least one of the therapeutic contacts or 226 

one that is directly adjacent. Inspection of the post-operative CT or MR scans confirmed that 227 

for 91% of these bipolar contacts at least one of the two contacts was consistent with location 228 

in the STN.  229 

For the average spectra and the statistics in the standing and free walking condition, we 230 

included only the channels with the highest 20-30 Hz modulation to increase statistical power, 231 

given the small sample size.  232 

 233 
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Behavioural analyses 234 

The two main behavioural variables of interest were step-to-cue difference and step interval 235 

durations. Step-to-cue differences denote the difference between each real step and the closest 236 

corresponding heel strike displayed in the video (Figure 2A). Step interval durations denote 237 

the length of the interval between the current and the consecutive (contralateral) step 238 

registered by the foot pedal. If patients found it hard to step on time with the cue, it resulted in 239 

a larger variability of step-to-cue differences, which could be negative and positive and could 240 

thus nevertheless result in an average step-to-cue difference close to 0. To quantify step timing 241 

variability, we thus computed the median absolute deviation of all step-to-cue differences, 242 

which is a robust measure of variability (Williams, 2011) . We also computed the median 243 

absolute deviation of all step interval durations, which we will call step interval variability.  244 

Step-to-cue differences longer than 1s and step interval durations longer than 2s were 245 

discarded as outliers (mean number of outliers = 10 ± (SD) 9.9). This resulted in an average 246 

number of 51 ± 30 left and 49 ± 30 right steps in the soundOff condition and 44 ± 20 left and 247 

43 ± 17 right steps in the soundOn condition. Then the median of the remaining step-to-cue 248 

differences and step interval durations was computed. One patient started with the wrong foot 249 

and was stepping with the opposite foot to the one shown in the video in some runs. Those 250 

steps were excluded for the correlation analyses as these step-to-cue differences could 251 

arbitrarily be interpreted as close to -1 or 1. 252 

 253 

Time-frequency decomposition 254 

The data were down-sampled to 1000 Hz and high-pass filtered (1 Hz cut-off, Butterworth 255 

filter, filter order = 6, passed forwards and backwards) before applying continuous Morlet 256 

wavelet transforms using the fieldtrip-function ft_freqanalysis (RRID:SCR_004849, 257 
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Oostenveld et al., 2011). The wavelets were set to span 6 cycles for frequencies between 5-45 258 

Hz and to span 12 cycles for frequencies between 55-90 Hz. The resulting time-frequency 259 

decomposition was down-sampled to 200 Hz and smoothed by averaging within a 0.2 s 260 

sliding window to reduce noise in the data, which aids in performing cluster-based 261 

permutation statistics. Relative power was obtained for each subject and frequency by 262 

normalizing the absolute power by its average across time for each channel: (power – average 263 

power) / average power * 100.  264 

To compare the degree of the left/right-alternating modulation difference between the low and 265 

high-beta band, we quantified this as median squared power difference between the relative 266 

power from the right and left STN (median (powerriSTN – powerleSTN)2). 267 

 268 

Statistics 269 

Behavioural variables or relative power changes are reported as mean ± standard deviation 270 

(SD). For the soundOn vs. soundOff comparison, the data from both STN aligned to the 271 

contralateral heel strike were averaged to avoid over-inflation of the sample size. This 272 

resulted in a sample size of 10 subjects for these comparisons.  273 

Multiple-comparison correction for power across multiple time and frequency bins was 274 

performed by using a cluster-based permutation correction approach (Maris and Oostenveld, 275 

2007): The condition labels of the original samples were randomly permuted 2000 times such 276 

that each data pair was maintained but its order of subtraction might change to create a null-277 

hypothesis distribution. If relative power was tested for significant differences from zero, then 278 

the sign changed from “+relative power” to “-relative power” of a data point was permuted. 279 

Suprathreshold-clusters (pre-cluster threshold: P<0.05) were obtained for the original 280 

unpermuted data and for each permutation sample by computing the z-scores relative to the 281 
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permutation distribution. If the sum of the z- scores within the original suprathreshold-clusters 282 

exceeded the 95th percentile of the 2000 largest sums of z- scores from the permutation 283 

distribution, it was considered statistically significant.  284 

Data for pairwise comparisons were first subjected to Lilliefors tests to assess normality, and 285 

then to two-tailed t-tests (if normality was given) or to Wilcoxon signed-rank tests (if the 286 

normality assumption was violated). Differences were considered significant if p < 0.05 and 287 

the corresponding test-statistics and exact p-values are reported. Effect sizes are reported as 288 

Hedges g and its 95% bootstrapped CIs, which were estimated with the MATLAB Measures of 289 

Effect Size Toolbox (Hentschke and Stüttgen, 2011). To control for multiple comparisons of 290 

several beta burst properties (see below), the false discovery rate (FDR) correction procedure 291 

was performed (Benjamini and Hochberg, 1995). 292 

 293 

Correlation analyses 294 

Correlations were computed as Spearman’s rank correlation coefficients using the Spearman 295 

function from the Robust correlation toolbox, which also provides bootstrapped confidence 296 

intervals (Pernet et al., 2013). Spearman’s rho is less affected by outliers than Pearson’s r as it 297 

is based on the rank-transformed data. The latter can only be correctly computed based on the 298 

assumption that outliers are absent, which could not be assured. To visualize linear trends 299 

nevertheless, robust linear regression fits and their 95% CIs were computed using an 300 

iteratively reweighted least-squares algorithm (Welsch, 1977).  301 

Correlations between STN power and the interval to the neighbouring step were computed 302 

across trials (i.e. steps) within each subject, Fisher’s z-transformed and then also subjected to 303 

the cluster-based permutation correction procedure to test if the direction of these correlations 304 

was consistent across patients. 305 
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 306 

Beta burst properties  307 

We also examined if increased beta power, appearing in the trial-average, resulted either from 308 

a consistent amplitude increase of beta oscillations across trials or instead from an increased 309 

likelihood of these beta bursts in some trials. In the trial-average of the power these two 310 

possibilities cannot be distinguished. Beta bursts were classified as periods where the 311 

amplitude exceeded a threshold defined as the 75% percentile of the amplitude concatenated 312 

across conditions (Tinkhauser et al., 2017). The beta amplitude was filtered between 28-30 Hz 313 

according to the power difference in the soundOn-Off comparison (Butterworth filter, filter 314 

order = 6, passed forwards and backwards, and smoothed by a 0.3s moving average to avoid 315 

misclassification of noise as bursts). The median amplitude and median duration of these 316 

bursts, were computed within a 0:1s window after the contralateral heel strike, averaged for 317 

each patient in the soundOn and soundOff condition and then compared. 318 

319 



 

18 

 

Results 320 

Behavioural results while sitting and stepping in place 321 

The average step-to-cue difference (n=13, averaged across soundOff and soundOn if present) 322 

was -0.09 ± (SD) 0.1s, so that the patient’s step was on average 100ms earlier than the heel 323 

strike displayed in the video, and patients were able to anticipate the next step (negative mean 324 

asynchrony). The average step interval duration was 0.99 ± 0.03s confirming that patients 325 

successfully matched their step intervals to the 1s interval in the video. 326 

When the sound was provided, a significant reduction in step timing variability relative to the 327 

soundOff condition was observed (soundOff = 0.13 ± 0.11s, soundOn = 0.06 ± 0.02s, 328 

Wilcoxon signed-rank test (n=9): P = .020, Hedges g = 0.85 [0.54, 1.85]). We found no 329 

significant difference in step-to-cue differences (soundOff = -0.10 ± 0.09s, soundOn = -0.13 ± 330 

0.09s, t8 = 1.0, P = .331, Hedges g = 0.29 [-0.27, 0.91]), step interval durations (soundOff = 331 

0.97 ± 0.08s, soundOn = 1.0 ± 0.01s, Wilcoxon signed-rank test (n=9): P = .125, Hedges g = 332 

0.57 [0.23, 1.26]) or step interval variability (soundOff = 0.09 ± 0.05s, soundOn = 0.07 ± 333 

0.04s, t8 = 1.5, P = .171, Hedges g = 0.50 [-0.07, 1.47]). Note though, that the 95% CIs of the 334 

effect size for the step interval duration comparison did not include zero, which indicates that 335 

step intervals were slightly longer when the sound was provided.  336 

To synchronize with the heel strikes in the video separated by 1s intervals, the timing of the 337 

next step had to be delayed if the current step was very early and it had to be advanced if the 338 

current step was late. Hence, step interval duration should be negatively correlated with the 339 

preceding step-to-cue difference. T-tests on the Fisher’s z-transformed correlations of each 340 

subject showed that this was the case for both conditions (soundOff: rho = -0.35 ± 0.23, t8 = -341 

4.9, P =.001; soundOn: rho = -0.55 ± 0.19, t9= -7.51, P < .001). Note that this correlation was 342 

stronger for the soundOn condition even though the spread of both variables was higher when 343 
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no sound was provided (see SDs above). This indicates that auditory feedback facilitated step 344 

interval adjustments as evidenced by a stronger relationship between step-to-cue differences 345 

and the duration of the subsequent step interval.  346 

Patients’ self-reports suggested that they were successful in thinking of something unrelated 347 

to walking in the control condition, as the question “How well were you able to think of 348 

something else rather than walking?” resulted in 7.7 ±1.8 points out of 10 (= Very well).  349 

 350 

Correlation between task performance and gait questionnaire 351 

We also examined if step timing variability, the only performance measure that improved 352 

significantly with the sound, was worse in patients with more severe pre-operative gait 353 

problems. Severity of gait problems was assessed with the freezing of gait questionnaire 354 

(FOG-Q, Giladi et al., 2000). The FOG-Q scores correlated with the step timing variability in 355 

the soundOn condition (Figure 2B left, rho = 0.85 [0.41, 1.00], P = .004). These clinical 356 

correlates of step timing variability support the use of the latter measure as a surrogate index 357 

relevant to gait performance in our paradigm. Only a weak trend was seen in the same 358 

direction in the soundOff condition (Figure 2B right, rho = 0.44 [-0.27, 0.93], P = .137).  359 

 360 

Power modulation 361 

Beta power was significantly modulated during stepping in place in both STN (Figure 3, data 362 

averaged across the soundOn and soundOff condition) with strong decreases at the time of the 363 

heel strikes when the opposite leg was lifted. Beta power was highest after the contralateral 364 

heel strike when the contralateral foot rested on the ground as shown by the red power 365 

increase in Figure 3Note that the data of the left STN is aligned to the right heel strike while 366 
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the data of the right STN is aligned to the left heel strike, so that beta power in the two STN 367 

was modulated in an opposite manner (Figure 4). Figure 3 also raises the possibility that 368 

gamma activity was modulated opposite to beta activity within each STN. However, cluster 369 

analysis failed to identify significant clusters in the gamma band and so changes in this 370 

frequency band were not considered further. 371 

The step-specific modulation was particularly pronounced in the high-beta band (20-30 Hz) 372 

and less so in the low-beta band (12-20 Hz, Figure 4). The degree of the left/right-alternating 373 

modulation difference was significantly higher in the high-beta band compared to the low-374 

beta band during stepping in place (Wilcoxon signed-rank test, n=13, P = .021, Hedges’ g = 375 

0.60 [0.28, 1.07]), but not during video watching without movement (Wilcoxon signed-rank 376 

test, n=13, P = .733, Hedges’ g = -0.35 [-0.87, 0.26]). 377 

 378 

Power modulation during stepping while standing resembles that during stepping 379 

while sitting 380 

To confirm that the step-related activity we observed during sitting could be used to infer 381 

stepping activity when erect, we sought correspondence between stepping during sitting and 382 

standing in a small test cohort (6 STN; Figure 5A+B). The 20-30 Hz modulation during 383 

standing and stepping on the spot also was significant (t5 = 3.0, P = .030, Hedges’ g = 2.23 384 

[1.68, 4.32]). Modulation during stepping while standing correlated perfectly with that while 385 

sitting (rho= 1.00 P < .001 in the 6 STN, Figure 5D). Figure 5C shows the time-frequency 386 

spectra in both conditions for a direct visual comparison from one example patient. 387 

 388 
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Power modulation during free walking resembles that during stepping 389 

Stepping in place while sitting is a task that all patients could accomplish and that avoids any 390 

risk of falling. However, to further corroborate the value of inferences made from data 391 

recorded during stepping while sitting we checked to see if similar patterns of beta 392 

modulation were evident in a small selected cohort of patients during gait. Note, though, that 393 

these patients were tested off medication. Their step intervals during free walking were 394 

shorter (average step interval duration 0.61 ± 0.01s) compared with the 1s interval during 395 

cued stepping but not more variable (step interval variability 0.05 ± 0.01). On average 45 396 

±16.5 steps were included after heel strikes were detected according to peaks in the y-axis 397 

(up-down) of the accelerometer recordings. Every other step was chosen in each sequence of 398 

consecutive steps, and the uniformity of unilateral heel strike was confirmed by examination 399 

of the signal in the x-axis of the accelerometer which captured left-right movement (Figure 400 

6A). 401 

The average time-frequency spectra of the 6 STN recorded from three patients exhibited very 402 

similar modulation (Figure 6B) to the spectra during stepping while sitting or standing in 403 

Figure 5A. 404 

 405 

Modulation increased with auditory cueing 406 

Having confirmed the face validity of the data recoded during sitting, we tested if beta 407 

modulation was stronger when the metronome was provided during stepping in place while 408 

sitting. Power modulation was computed for each condition as the difference between the 409 

maximum and minimum within 0:1s and -0.5:0.5s, respectively, so as to extract the peak and 410 

trough relative to the contralateral heel strike (see Figure 4). Beta modulation was 411 

significantly higher in the soundOn condition between 28-30 Hz. This modulation difference 412 
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was driven by increased 28-30 Hz beta synchronisation when the contralateral foot was 413 

resting on the ground (Figure 7A, diff = 2.5%, t8 = 3. 05, P = .016, Hedges g=0.30 [0.13, 414 

0.68]) while the difference at the time of the trough was not significant (diff = -0.7%, t8 = -415 

0.64, P = .542, Hedges g=-0.12 [-0.83, 0.20]).  416 

 417 

Auditory cueing-related differences in beta burst properties 418 

The observed increased power peak in the soundOn condition may be due to a consistently 419 

increased amplitude of beta oscillations when the contralateral foot was resting on the ground 420 

or alternatively due to an increased occurrence rate of enhanced beta periods or bursts in some 421 

trials (which would also be expressed as higher amplitude in the average). The probability of 422 

28-30 Hz beta bursts to occur was significantly higher in the soundOn condition (Figure 7B). 423 

The median burst amplitude and burst duration did not differ significantly, indicating that the 424 

shape of the beta burst profile was not consistently different in the two conditions (burst 425 

amplitude: soundOn =0.35, soundOff =0.35, Wilcoxon signed-rank test (n=9): P = 0.570, 426 

burst duration: soundOn = 265ms, soundOff = 255ms, t8 = 0.5, P = 0.169). 427 

 428 

Within-subject correlations between power and behaviour 429 

To test if beta modulation relates to the interval between two consecutive steps, we computed 430 

within-subjects correlations between trial-wise (i.e. for each step) beta power and the step 431 

interval duration. We tested if the Fisher’s z-transformed correlations were significantly 432 

different from zero at the group level, separately in the soundOff and soundOn condition 433 

(Figure 7C, left and right column). The positive correlations (encircled green blobs) show that 434 

20-30 Hz beta power was higher when the interval between the two steps was longer (see also 435 

the line plots below that depict the power average of the 50% longest and shortest interval 436 
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durations in green and grey respectively). If the contralateral heel strike preceded the current 437 

one (at time=0s) by more than 1s (Figure 7C, denoted by the green x), then the beta rebound 438 

occurred earlier in both conditions. Interestingly, in the soundOn condition the beta rebound 439 

was not only higher when an interval was longer but it also decreased faster before the 440 

ipsilateral heel strike. No significant clusters were found when correlations with step-to-cue 441 

offsets were performed. 442 

 443 

444 
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Discussion 445 

We found that during stepping in place, whether while sitting or standing, beta oscillations are 446 

modulated relative to the contralateral foot step cycle in the left and right STN in 447 

Parkinsonian subjects on levodopa. Importantly, beta band modulation was also observed 448 

between the STN during free walking in patients off levodopa, supporting the generalisability 449 

of our results to real gait and across drug states. Our results are in line with reports that STN 450 

beta power is modulated during repetitive tapping (Androulidakis et al., 2008; Joundi et al., 451 

2013) and single limb movements (reviewed in Brown, 2007), when beta also decreases and 452 

then rebounds, particularly for contralateral movements. However, these last reports bring in 453 

to question whether the rhythmic pattern of beta modulation observed here merely relates to 454 

the concatenation of the modulation seen with single limb movements, which would still be 455 

seen as conserved across different stepping-related paradigms. We do not argue against this 456 

possibility but rather point to some observations that might suggest that this core pattern is 457 

modified so that it becomes particularly functionally relevant in repetitive stepping.  458 

Rhythmic auditory cues, which can alleviate gait disturbances (Hausdorff et al., 2007; Arias 459 

and Cudeiro, 2008, 2010; Mazilu et al., 2015), assisted patients in reducing step timing 460 

variability and promoted power modulation in the beta band selectively. More precisely, when 461 

auditory cues were provided, the likelihood of beta bursts was increased after the contralateral 462 

heel strike. In addition, studies of single or repetitive upper limb movements report 463 

homogenous power changes over a broad beta band covering 13-30 Hz (Tan et al., 2013) 464 

whereas we found step-specific modulation to be most pronounced between 20-35 Hz during 465 

lower limb stepping movements.  466 

 467 

Is step-related modulation of high-beta oscillations primarily physiological? 468 
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We recorded from patients with Parkinson’s disease, and as such the modulation of high-beta 469 

frequencies might be pathological rather than primarily physiological although we did not 470 

specifically investigate differences in beta modulation related to symptom severity across 471 

subjects. The latter necessitates larger sample sizes than in this study.  472 

However, there are reasons for thinking that the modulation patterns shown here may reflect 473 

broadly similar modulation patterns in healthy subjects. First, patients performed the main 474 

stepping while sitting task on dopaminergic medication to minimize pathological activity 475 

linked to low levels of dopamine (Weinberger et al., 2006). Second, modulation patterns 476 

resembled those recorded with EEG electrodes over motor cortex in healthy subjects (Cheron 477 

et al., 2012; Seeber et al., 2014, 2015; Storzer et al., 2016). Within the somatotopic 478 

arrangement of the motor and premotor cortex, lower limbs are represented mesially 479 

(Godschalk et al., 1995) and coherence between these mesial cortical regions and the STN is 480 

particularly strong in the high beta band (Fogelson et al., 2006; Hirschmann et al., 2011; 481 

Litvak et al., 2011; Oswal et al., 2016), which supports the idea of a physiological role. Third, 482 

in hemiparkinsonian rats, dopaminergic lesions result in a specific increase of 25-40 Hz beta 483 

power during walking in the substantia nigra pars reticulata, which receives input from the 484 

STN (Avila et al., 2010). This activity is modulated relative to the contralateral paw 485 

movement similar as shown here (Brazhnik et al., 2014; Delaville et al., 2015).  486 

 487 

Does the degree of step-related modulation of high-beta oscillations relate to performance? 488 

Within-subject correlations showed that the timing of the beta rebound was locked to the 489 

contralateral heel strike. Interestingly, in the soundOn condition the beta rebound was not 490 

only higher when an interval was longer but it also decreased faster before the ipsilateral heel 491 

strike. Immediately after each ipsilateral heel strike the contralateral foot is lifted. This faster 492 
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beta decrease may thus support faster lifting of the contralateral foot, which may help to 493 

shorten the next interval to keep up with the rhythm. The increased modulation of beta power 494 

during long intervals may thus be an important contributor to the improved synchronization 495 

performance when auditory cues were provided. This resembles the increase in movement-496 

related modulation of beta activity that can be observed after intake of antiparkinsonian 497 

medication, which generally enables patients to move faster (Doyle et al., 2005; 498 

Androulidakis et al., 2007). 499 

The possible significance of step-cycle-locked modulation of high-beta oscillations is 500 

heightened by the fact that those patients, who found it harder to synchronize their steps to the 501 

rhythm when auditory cues were provided, tended to have more severe clinical gait 502 

impairments, in line with past findings (Gilat et al., 2013; Plotnik and Hausdorff, 2008). The 503 

absence of a similarly clear relationship in the soundOff condition can be attributed to the fact 504 

that some patients showed high behavioural variability although they did not score highly on 505 

the freezing of gait-questionnaire. This may be related to a general impairment in rhythm 506 

perception that could be unrelated to gait impairments and may be particularly severe in the 507 

absence of the metronome when the rhythm had to be extracted from the video alone. 508 

Just as auditory cues can improve gait (Hausdorff et al., 2007; Arias and Cudeiro, 2008, 2010; 509 

Mazilu et al., 2015), we found that they improved patients’ ability to match their steps to the 510 

heel strikes in the video, which was associated with an increased contralateral post-movement 511 

rebound in the upper beta frequency band. This average increase predominantly originated 512 

from an increased likelihood of individual beta bursts rather than a consistent increase in the 513 

degree of synchronization (i.e. amplitude) across all trials. It should be noted, though, that the 514 

peak amplitude of bursts may vary if different windows of interest had been chosen.  515 

 516 
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 517 

What is the nature of the relationship between step-related modulation of high-beta 518 

oscillations and performance? 519 

In patients suffering from freezing of gait, enhanced beta band synchronization was reported 520 

as a prominent feature both at rest (Toledo et al., 2014), and before and during freezing 521 

episodes (Scholten et al., 2016; Shine et al., 2014; Singh et al., 2013; Storzer et al. 2017). 522 

Exaggerated beta activity and lack of dynamic modulation of beta are considered to be 523 

correlates of upper limb motor impairment in Parkinson’s disease (Androulidakis et al., 2007). 524 

In short, strong synchronization in the beta band and limited task-related modulation have 525 

been proposed to restrict local processing through rate coding and the dynamic configuration 526 

of neural assemblies on a finer spatio-temporal scale (Brittain and Brown, 2014). One 527 

hypothesis originating from the present results is that lack of dynamic modulation may also 528 

compromise local basal ganglia processing related to gait control.  529 

Although we recorded from subthalamic electrodes, neurodegeneration in Parkinson’s is not 530 

limited to the basal ganglia but also affects the pedunculopontine nucleus (PPN), other 531 

brainstem regions and cortico-subcortical processing (Alexander, 2004). Gait dysfunction 532 

could thus result from pathological changes outside the basal ganglia. The PPN as part of the 533 

mesencephalic locomotor region may be a key contributor to our observations. It has direct 534 

reciprocal connections to the STN as well with other basal ganglia nuclei, electrical 535 

stimulation elicits locomotion and its neurons respond to auditory inputs with short latencies 536 

even in decerebrate animals (Reese et al., 1995; Mena-Segovia et al., 2004). 537 

 538 

Study limitations 539 
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Two more general caveats should also be highlighted. First, ours was a correlative study and 540 

so we cannot distinguish whether beta modulation is involved in the feed-forward control of 541 

stepping,  for example by contributing to the estimation of interval timing as reported before 542 

(Kononowicz and van Rijn, 2015), or more indirectly involved, as a response to stepping-543 

related sensory afference or feedback-related error processing. The latter may have 544 

contributed to the observed association between better performance when the sound was 545 

present and higher modulation, as previous studies have shown that post-movement beta 546 

oscillations are more pronounced after correct versus erroneous movements (Tan et al., 2014; 547 

Tan, Wade, et al., 2016). Another possibility is that the reduced likelihood of post-movement 548 

beta oscillations in the soundOff condition was due to increased cognitive load (Fischer et al., 549 

2016) when patients had to extract the heel strike timing solely from the visual information 550 

and struggled to stay on time.  551 

Second, we should acknowledge that the DBS electrodes in our study may have also captured 552 

activity from surrounding structures given the small size of the STN, although the out-of-553 

phase beta power dynamics between the two STN place an upper bound on the possibility of 554 

volume conduction. Moreover, LFP recordings could potentially also have been affected by 555 

micro-lesions caused by the electrode insertion procedure.  556 

A further limitation of this study is that we recorded the auditory cueing condition only during 557 

stepping in place while sitting but not during unrestrained walking. However, the alternating 558 

pattern of modulation was very similar during unrestrained walking and freezing episodes can 559 

also be observed during stepping in place (Nantel et al., 2011) although no distinct freezing 560 

episodes were observed in our stepping task. Note that stepping on a foot pedal has also been 561 

used as a task for fMRI studies to investigate gait-related network dysfunctions in Parkinson’s 562 

disease, although these studies displayed a first-person perspective virtual-reality corridor on 563 
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a screen and did not constrain patients to step at a specific rhythm or speed (Shine et al., 564 

2013a, 2013b; Gilat et al., 2017).  565 

 566 

Implications for DBS 567 

The present results suggest a link between rhythmic stepping performance and modulation of 568 

high-beta oscillations although we emphasize that we cannot infer any conclusions about a 569 

causal role of beta modulation from the current correlative data. The clear step-locked 570 

modulation pattern and its amplification with auditory cues raise the possibility that patients 571 

with gait problems may potentially benefit from temporally patterned left-right alternating 572 

DBS more than from continuous, uniform stimulation that would attenuate beta activity 573 

throughout the whole gait cycle. Instead, beta oscillations could be permitted at those points 574 

in the cycle at which they would naturally occur by briefly deactivating DBS – an assisted 575 

form of beta modulation, much in the same way as auditory cues seemed to redistribute beta 576 

bursts during stepping. Entrainment of motor cortical beta to auditory cues has recently been 577 

shown to be impaired in Parkinson’s disease (te Woerd et al., 2017) and thus the benefit from 578 

auditory cueing alone will be limited. The hope is that alternating DBS patterns may turn out 579 

to provide a means to alleviate gait disturbances in those patients with impairments that are 580 

refractory to conventional DBS. This remains to be tested. 581 

 582 

 583 

584 
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Figure legends 585 

 

Figure 1 Schematic sequence of stepping in place and visual stimulus. (A) After each heel 586 

strike, the contralateral leg was lifted. The shaded limb depicts the right leg and the unshaded 587 

one the left leg. (B) One example picture from the video that dictated the stepping rhythm. 588 

 589 

Figure 2 (A) Example of the timings of the heel strikes (triangles) relative to the cues 590 

(rectangles) presented in the video of one subject (subject 5, red = right heel strike, blue 591 

= left heel strike). We call the difference between rectangles and the corresponding heel 592 

strike step-to-cue difference and the variability of these differences step timing variability. 593 

When the sound was off (top row), heel strikes were less rhythmic and less well synchronized 594 

with the video than when it was on (bottom row), which was expressed as a larger step timing 595 

variability. (B) Correlation between step timing variability and the freezing of gait-596 

questionnaire (FOG-Q) scores. Correlations with the behavioural data from the soundOn 597 

condition are to the left (n = 9) and correlations with the data from the soundOff condition are 598 

to the right (n = 13). The titles show Spearman’s rho with the 95% bootstrapped CIs. The line 599 

denotes the robust linear regression fit with 95% CIs. 600 
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Figure 3 Beta and gamma step-related power modulation. Beta power was modulated in 601 

an opposite manner in the left (n = 13) and right STN (n = 12) during active stepping aligned 602 

to the contralateral heel strike (at 0s; pooled across the soundOn and soundOff condition). The 603 

ipsilateral heel strike occurred on average 1s afterwards. The bottom row shows the 604 

concurrent leg movements and that shortly after each heel strike the contralateral leg is lifted 605 

for the next step. The shaded limb depicts the right leg and the unshaded one the left leg. 606 

Encircled clusters denote significant power increases according to the cluster-based 607 

permutation procedure in red and decreases in blue relative to the average within the step 608 

cycle. 609 

 

Figure 4 High- and low-beta power modulation. The data are aligned to all right heel 610 

strikes (at 0s), followed by left heel strikes on average 1s afterwards. Black bold lines denote 611 

significant differences to 0 and the red filled area shows significant differences between 20-30 612 

Hz beta power in the left and right STN after cluster-based multiple comparison correction 613 

(top row, n = 12 patients). These significant difference between the left and right STN 614 

appeared when one foot is resting on the floor while the other is up in the air. Shaded areas 615 

denote standard errors of the mean. No significant modulation was present when patients were 616 

not moving but were watching the video (right column). 617 

618 
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Figure 5 Power modulation during stepping while standing resembles the modulation 619 

during sitting. (A) The increase in beta power after the contralateral step during stepping 620 

while standing (right) looks very similar to the modulation while sitting (left, n = 6 STN, also 621 

compare with Figure 3).  (B) The 20-30 Hz power average (blue line plot) shows a similar 622 

alternating pattern to that in Figure 4. (C) Beta modulation in both hemispheres and both tasks 623 

from one example patient (P11).  (D) The degree of modulation during stepping while 624 

standing closely correlates with the degree of modulation while sitting across the 6 recorded 625 

STN.  626 

 627 

Figure 6 During straight unrestrained walking, beta power was modulated in an 628 

opposite pattern, similar to what was observed during stepping while sitting and 629 

standing. (A) Peaks in the accelerometer (y-axis) were classified as heel strikes. Every other 630 

step was chosen in each sequence of consecutive steps, and the uniformity of unilateral heel 631 

strike was confirmed by examination of the signal in the x-axis of the accelerometer which 632 

captured left-right movement. (B) Average beta modulation from three patients (n = 6 STNs) 633 

during walking, which resembles Figure 5A. (C) 20-30 Hz beta modulation from one example 634 

patient when aligned to either even or odd steps.   635 

 

Figure 7 Beta bursts after contralateral heel strikes (at time = 0s) were more likely when 636 

auditory cues were provided. (A) Power modulation [max-min(power)] was significantly 637 

higher between 28 and 30 Hz during stepping with the metronome in comparison to stepping 638 

without the sound and this difference was mainly driven by an increased beta power peak 639 

after the contralateral step (n = 9 patients, t8 = 3. 05, P = .016). (B) 28-30 Hz beta bursts 640 

(defined as exceeding the 75th percentile of the amplitude) were more likely to occur when 641 
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the sound was on. This probability mirrors the power average to the left. (C) Correlations 642 

between STN power and step interval duration. Fisher’s Z-transformed Spearman 643 

correlations were computed between power and the behavioural variable step interval 644 

duration between the ipsilateral step at 0 and the preceding step. Encircled green clusters 645 

show that when the interval between the two steps was longer, beta power was higher. The 646 

same relationship is shown in the power average below (median split data, green = longest 647 

intervals, black = shortest intervals). The x denotes the average time of the 50% of all 648 

contralateral heel strikes with the longest intervals in green and the shortest intervals (i.e. 649 

occurring closer to the step at 0s) in black. 650 

651 
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Table 652 
 653 
Table 1: Clinical details of all patients included. * = recorded in both the soundOff 654 
and soundOn condition during sitting, + = recorded during stepping while standing 655 
(soundOff only), TW = recorded during free walking in Taiwan. Age and disease duration 656 
are given in years. Dom. Hand = Dominant hand: Right (R) or left (L), UPDRS-III: Unified 657 
Parkinson’s disease rating scale part III OFF levodopa/ON levodopa (obtained not at the 658 
time of the recording but pre-operatively). Levodopa equivalent dose was calculated 659 
according to Tomlinson et al. (2010).  660 

ID Age/Sex/
Dom. 
hand 

UPDRS-
III 
OFF/ON 
levodopa 

Disease 
duration 

(years) 

Main symptom Levodopa 
equivalent dose 
(mg / day) 

DBS lead 

1 62/m/r 27/4  12 FOG  955 mg Medtronic 3389TM 

2 60/m/r 52/30 8 FOG 1282 mg Medtronic 3389TM 

3* 59/m/r 53/18 7 Tremor, 
bradykinesia, 
dyskinesia 

1195 mg Boston Scientific 
DB-2202TM 

4* 64/f/r 66/36 16 Rigidity, tremor, 
FOG 

1628 mg Boston Scientific 
DB-2202TM 

5* 59/m/r 36/8 14 Fluctuations, tremor 1062 mg Medtronic 3389TM 

6* 56/m/l 42/26 7 Fluctuations, 
dyskinesia 

1365 mg Medtronic 3389TM 

7* 62/m/r 59/15 12 Tremor, rigidity, 
dyskinesia, mild 
FOG 

1000 mg  Medtronic 3389TM 

8* 71/m/r 
 

36/18 15 Tremor, FOG 785 mg  Boston Scientific 
DB-2201TM 

9* 61/m/r 33/11 9 Rigidity 1293 mg Medtronic 3389TM 

10* 57m/r 49/18 12 Tremor, FOG 1881 mg Boston Scientific 
DB-2201TM 

11*+ 59/m/r 28/8 10 Tremor, mild FOG 1010 mg Boston Scientific 
DB-2201TM 

12+ 59/m/r 23/6 22 Fluctuations, mild 
FOG 

1658 mg Medtronic 3389TM 

13+ 65/m/r 16/8 8 Tremor 1434 mg Medtronic 3389TM 

14FW 

 

15FW 

 

16FW 

69/f/r 

 

64/m/r 

 

68/m/r 

49/8 

 

44/7 

 

33/22 

20 

 

12 

 

13 

Tremor, 
fluctuations and 
FOG 

Bradykinesia, 
fluctuations and 
gait 

Bradykinesia, 
Rigidity and FOG 

1600 mg 

 

2391 mg 

 

1830 mg 

Medtronic 3389TM 

 

Medtronic 3389TM 

 

Medtronic 3389TM 

661 
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