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Abstract 36 

The pedunculopontine nucleus (PPN) is a reticular collection of neurons at the junction of the 37 

midbrain and pons, playing an important role in modulating posture and locomotion. Deep 38 

brain stimulation of the PPN has been proposed as an emerging treatment for patients with 39 

Parkinson’s disease (PD) or multiple system atrophy (MSA) suffering gait-related atypical 40 

parkinsonian syndromes. In this study, we investigated PPN activities during gait to better 41 

understand its functional role in locomotion. Specifically, we investigated whether PPN 42 

activity is rhythmically modulated by gait cycles during locomotion. PPN local field potential 43 

(LFP) activities were recorded from PD or MSA patients suffering from gait difficulties 44 

during stepping in place or free walking. Simultaneous measurements from force plates or 45 

accelerometers were used to determine the phase within each gait cycle at each time point. 46 

Our results showed that activities in the alpha and beta frequency bands in the PPN LFPs 47 

were rhythmically modulated by the gait phase within gait cycles, with a higher modulation 48 

index when the stepping rhythm was more regular. Meanwhile, the PPN-cortical coherence 49 

was most prominent in the alpha band. Both gait-phase related modulation in the alpha/beta 50 

power and the PPN-cortical coherence in the alpha frequency band were spatially specific to 51 

the PPN and did not extend to surrounding regions. These results suggest that alternating 52 

PPN modulation may support gait control. Whether enhancing alternating PPN modulation 53 

by stimulating in an alternating fashion could positively affect gait control remains to be 54 

tested. 55 

 56 

Significance 57 

The therapeutic efficacy of PPN DBS and the extent to which it can improve quality of life is 58 

still inconclusive. Understanding how PPN activity is modulated by stepping or walking may 59 
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offer insight into how to improve the efficacy of PPN DBS in ameliorating gait difficulties. 60 

Our study shows that PPN alpha and beta activity was modulated by the gait phase, and this 61 

was most pronounced when the stepping rhythm was regular. It remains to be tested whether 62 

enhancing alternating PPN modulation by stimulating in an alternating fashion could 63 

positively affect gait control. 64 

 65 

Keywords:  66 

Pedunculopontine nucleus (PPN), Parkinson’s disease; Multiple System Atrophy; freezing of 67 

gait; deep brain stimulation; gait-phase related modulation. 68 

 69 

Introduction  70 

The pedunculopontine nucleus (PPN) is a reticular collection of neurons at the junction of 71 

midbrain and pons (Jenkinson et al., 2019; Thevathasan et al., 2019). Its main mass is part of 72 

the mesenphalic locomotor region (MLR) in the upper brainstem, and it is thought to play an 73 

important role in modulating posture, locomotion, and arousal (Saper et al., 2001; Tattersall 74 

et al., 2014; Sébille et al., 2017). Electrical stimulation of the MLR that directly projects to 75 

the locomotor central pattern generators in the spinal cord can generate walking, trotting, and 76 

galloping in a decerebrated cat (Shik et al., 1966) and transition between swimming-like and 77 

walking-like movements in the salamander (Cabelguen et al., 2003). Deep brain stimulation 78 

(DBS) of the PPN has been proposed as an emerging treatment for patients with Parkinson’s 79 

disease (PD) with gait problem (Ferraye et al., 2010; Moro et al., 2010), and for patients with 80 

multiple system atrophy (MSA) suffering from gait-related atypical parkinsonian syndromes 81 

(Ostrem et al., 2010; Acar et al., 2011; Rowe et al., 2016). However, the therapeutic efficacy 82 

of PPN DBS and the extent to which it can improve quality of life seem too variable to draw 83 
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firm conclusions, rendering it still an experimental therapy (Thevathasan et al., 2018). This 84 

could be due to the still unclear complex structure-function relationships between these 85 

structures and locomotion (Fasano et al., 2015; Pienaar et al., 2017).  86 

Conventional DBS settings deliver electrical pulses continually at a fixed frequency to the 87 

target brain area. Considering the rhythmic structure of movements during gait, conventional 88 

continuous DBS may be suboptimal for improving gait control (Fischer et al. 2020). 89 

Understanding how neural activity in the PPN is modulated during gait could be a crucial 90 

step in improving the therapeutic effects of PPN DBS. Increased alpha power in the PPN has 91 

been observed in human patients during locomotion including free walking or imaginary gait 92 

(Thevathasan et al., 2012; Tattersall et al., 2014; Lau et al., 2015), and increased alpha power 93 

in the PPN during walking correlated with gait performance (Thevathasan et al., 2012). 94 

Similarly, increased low frequency oscillations in the PPN in the 1-8 Hz range have also been 95 

reported (Molina et al. 2020). However, the studies reported a negative relationship between 96 

increased power in this low frequency band and movement speed especially when patients 97 

were off medication, which conflicts with some of the previous literature. More recently, 98 

Molina et al. (2021) reported a low frequency (1-8 Hz) power triggered closed loop PPN 99 

DBS study and showed a 40% improvement in medication-refractory freezing of gait (FoG) 100 

in three out of five PD patients with FoG. However, there is no comparison of the low 101 

frequency power triggered closed loop PPN DBS against continuous PPN DBS, so it is still 102 

difficult to establish the relationship between the low frequency oscillations in the PPN and 103 

gait. 104 

The previous literature so far has focused on the changes in the average power of the 105 

oscillatory activities in different frequency bands during walking compared with rest or 106 

standing still. Whether and how the activities in PPN LFPs are modulated within a gait cycle 107 

during walking or stepping are still unknown. This study aims to address this question as this 108 
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may lead to new patterns of PPN stimulation that are more effective in ameliorating gait 109 

difficulties and facilitate rhythmic walking. To this end, we recorded PPN LFPs from patients 110 

undergoing DBS surgery targeting PPN for gait difficulties during stepping or free walking 111 

with simultaneous measurements from force plates or an accelerometer attached to the trunk 112 

to determine the phase within each gait cycle of each time point. Our results show that PPN 113 

activities in the alpha and beta frequency bands are rhythmically modulated by the phase of 114 

gait. The modulation is higher during more regular stepping, and the modulation is spatially 115 

limited to the PPN area. 116 

 117 

Methods and Materials 118 

Ethics 119 

The present study was conducted in accordance with the Declaration of Helsinki, approved 120 

by the local ethics committees of the University of Oxford Hospitals or University College 121 

London Hospitals NHS foundation trust. All patients provided informed written consent 122 

before the experiment. 123 

 124 

Participants 125 

Data were recorded from seven PD patients and four MSA patients who underwent bilateral 126 

(n = 9) or unilateral (n = 2) implantation of DBS electrodes targeting the PPN. The average 127 

age and disease duration of these patients (all male) were 65.45 ± 8.51 (SD) and 11.95 ± 8.53 128 

years, respectively. The DBS electrodes were implanted and temporarily externalized (3-7 129 

days) prior to a second surgery to connect the leads to a pulse generator in all patients. Six 130 

PD patients received the Medtronic electrode model 3389 (0.5 mm spacing between contacts) 131 
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and one PD patient received the Medtronic model 3387 (1.5 mm spacing between contacts). 132 

All MSA patients were implanted with 1.5mm spaced St. Jude Medical Infinity™ directional 133 

DBS electrodes (Abbott). The placements of the electrodes were confirmed by fusion of 134 

preoperative MRI and postoperative CT scans. All experiments were conducted after 135 

overnight withdrawal of all dopaminergic medication. In total, data recorded from 20 PPN 136 

were analysed in this study (the data pertaining to average power changes during walking 137 

from all the seven PD patients (12 hemispheres) have been previously reported (Thevathasan 138 

et al., 2012)). The clinical details of the patients are summarised in Table I. 139 

 140 

Experimental protocol 141 

A rest recording during which patients sat comfortably and relaxed with eyes open for 2-3 142 

min was completed for each patient. Each PD patient completed another rest recording while 143 

standing comfortably for 2-3 min followed by a gait recording, where patients walked at their 144 

preferred speed along an unobstructed path (~ 10 m) for 10-30 times, depending on speed and 145 

fatigue. Each MSA patient completed a stepping in place recording during which they 146 

stepped on two pressure sensor plates (Biometrics Ltd, US) guided by a walking cartoon man 147 

displayed on a laptop while sitting comfortably in a chair, with a metronome sound provided 148 

at the time of each heel strike of the cartoon man, similar to the paradigm used in the 149 

previous studies (Fischer et al., 2018, Tan et al., 2018). Two MSA (MSA01, MSA02) 150 

patients with less severe gait problems were also recorded while stepping on the spot while 151 

standing. The participants were asked to follow the stepping rhythm of the walking cartoon 152 

man as precisely as possible, with one complete cycle (i.e., 1 right step and 1 left step) lasting 153 

2 s. Due to the severity of the symptoms and the risk of falling, we were not able to perform 154 

free walking task on the MSA patients.  155 

 156 
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Recordings 157 

For directional DBS leads, all segmented contacts of level 2 or 3 were physically jointed 158 

together to make one monopolar contact, resulting in 4 monopolar contacts from each DBS 159 

electrode. PPN LFPs and EEGs covering “Fz”, “F3”, “F4”, “Cz”, “C3”, “C4”, “Pz”, “Oz”, 160 

“CP3” and “CP4” according to the standard 10-20 system (with some variability in terms of 161 

EEG electrode location depending on the accessibility after DBS surgery) were also recorded 162 

for all patients except one (no EEGs for PD07), in a monopolar configuration with a common 163 

reference rejection. In six PD patients (PD01-PD06), triaxial accelerometers were taped over 164 

the upper thoracic spinous processes to record their trunk accelerations. In all MSA patients, 165 

stepping force from left and right feet were recorded separately using two pressure sensor 166 

plates (Biometrics Ltd, US). All these signals were simultaneously recorded using a TMSi 167 

Porti amplifier (TMS International, Netherlands) with a sampling rate of 2048 Hz. The 168 

ground electrode of the amplifier was connected to the chest or the wrist of the patient. A 1st 169 

order low pass filter with a -3db point at 4.8 kHz, and a digital sinc3 filter with a cut-off 170 

frequency of 553 Hz were implemented in the amplifier and were applied automatically on all 171 

recorded signals. In addition, a common reference rejection was applied automatically on all 172 

recorded monopolar EEGs and LFPs by the amplifier. 173 

 174 

Data analysis 175 

Pre-processing 176 

The recorded data were first visually explored using Spike2 (v7.02a, Cambridge Electronic 177 

Design, UK) and those gait blocks/channels with obvious movement-related artefacts, e.g., 178 

big jitter in the time course or increased power over a broad frequency band during gait, were 179 

rejected. Then the data were analysed offline with Matlab (v2020a, MathWorks, US). We 180 
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first reconstructed spatially focal bipolar LFPs using each pair of two spatially adjacent 181 

electrode contacts (e.g., 0-1, 1-2, and 2-3) and bipolar EEGs between “Fz” and “Cz”. 182 

Compared with monopolar signals, bipolar recordings capture more spatially focal signals, 183 

and can help to eliminate common activities, such as volume-conducted activity or artefacts 184 

(Spaak et al., 2012; Marmor et al. 2017; Nazmuddin et al., 2018). Then, all bipolar LFPs and 185 

EEGs were band-stop filtered at 48-52 Hz using a zero-phase 8th-order Butterworth IIR band-186 

stop filter, followed by a zero-phase 8th-order Butterworth IIR band-pass filter at 0.5-250 Hz. 187 

The recorded stepping force or accelerometer measurements were band-pass filtered at 0.5-5 188 

Hz using a zero-phase 6th-order Butterworth IIR band-pass filter. 189 

 190 

Power spectral density and PPN-cortical coherence 191 

The filtered bipolar LFPs and EEGs were further decomposed into the time-frequency 192 

domain by applying continuous complex Morlet wavelet transforms with a linear frequency 193 

scale ranging from 1-95 Hz and a linearly spaced number (4-8) of cycles across all calculated 194 

frequencies. The LFP and EEG power spectral densities (PSD) were further estimated by 195 

averaging the wavelet power across the time periods of interest during resting, stepping, or 196 

walking, and then normalized by the sum of the whole frequency band between 1-95 Hz, 197 

resulting in PSDs in percentage. In addition, based on the time-frequency decomposition 198 

results after the complex Morlet transform, the imaginary coherence (IC) between each 199 

bipolar LFPs and EEGs (“CzFz”) were calculated according to the following equation (Carter, 200 

1987; Nolte et al., 2004): 201 

=  ( )∗        (1)   202 

where , , and  indicate the cross-spectral density between LFPs and EEGs, 203 

the auto spectral density of LFPs, and EEGs, respectively. The imaginary coherence was 204 
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computed to avoid spurious increases in coherence that may occur due to artefacts with a 205 

time lag of zero.  206 

 207 

Gait phase determination 208 

To investigate the gait phase-related neural oscillations in the PPN, we determined the phase 209 

in a gait cycle (assuming one complete gait cycle to be 2π) for each time point using the 210 

recorded force signals or accelerometer measurements. Specifically, when stepping force 211 

measurements were available (in the stepping paradigm with all MSA patients), we first find 212 

all zero-crossing points from the band-pass filtered force data. Then, the zero-crossing points 213 

where the force decreased, which corresponds to the time point when the foot started to lift 214 

up, were assigned as phase π or –π; the zero-crossing points where the force increased, which 215 

corresponds to the time point of foot touching onto the force plate and starting to carry weight, 216 

were assigned as phase 0. The phases of all other time points were determined through linear 217 

interpolation between -π and 0 or between 0 and π, as shown in Fig. 1A. In the patients with 218 

whom recordings were performed during free walking, we did not have continuous force 219 

measurements. In this case, we used measurements from the accelerometers attached to the 220 

upper thoracic spinous processes to manually identify each individual gait cycle. However, 221 

we only managed to identify the gait cycle on two patients (PD01 and PD02) because there 222 

was no clearly distinguishable rhythmic pattern in the accelerometer measurements during 223 

walking on the other PD patients. For these two patients, time points with minimum 224 

acceleration value in the x axis and increasing acceleration value in the y axis were 225 

determined as phase -π or π. The phases of all other time points were determined through 226 

linear interpolation between -π and π, as shown Fig. 1A. The methods used to determine gait 227 

phase using accelerometer measurements were similar to what was used in (Fischer et al. 228 
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2018). However, the experimental protocol for PD patients was designed specifically for 229 

Thevathasan et al.’s previous study (2011, 2012), and we were only able to detect gait phase 230 

reliably for two patients. Here the phase was equivalent to the percentage of time in a 231 

complete stepping/walking cycle, the time points determined as phase 0 or π based on 232 

accelerometer measurements may not match the phase 0 or π determined based on recorded 233 

force for the MSA patients. 234 

 235 

Power modulated by gait phase and the modulation index 236 

Based on the wavelet power and the identified stepping/walking phase, we estimated LFP 237 

activity-gait phase modulogram for each individual bipolar LFPs for the six patients (4 MSA 238 

and 2 PD). Specifically, 18 non-overlapping bins with equally spaced center phase values 239 

were defined from -π to π. Then, the mean power within each phase bin was calculated for 240 

each frequency and normalized against the mean of all bins, to give a percentage power for 241 

each phase bin (Fig. 1B). We further quantified a modulation index for each frequency. To 242 

this end, we first normalized the power in each bin using the sum rather than the mean of all 243 

bins, to avoid negative values. Then, the modulation index was defined based on the 244 

Kullback-Leibler (KL) distance between the gait-phase locked power at each frequency and a 245 

uniform distribution as below (Kullback and Leibler 1951; Tort et al., 2010):  246 

=  ( , ) ( )     (2) 247 

( , ) =  ∑ ( )log ( )( )    (3) 248 

where P and U indicate the gait-phase locked power distribution at a specific frequency and a 249 

uniform distribution. N indicates the number of bins (i.e., 18). Here the KL distance is used to 250 

infer the amount of difference between two distributions, which has the property that 251 
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( , ) ≥ 0 and ( , ) = 0 if and only if when P = U, i.e., when the distributions are 252 

the same. Big deviations from the uniform distribution result in a large modulation index. 253 

 254 

Clustering of underlying states in PPN LFPs using Hidden Markov Model and K-medoids 255 

We also investigated underlying states defined by different dynamics in the PPN LFPs and 256 

how the state occupancy changes with gait phase using the HMM-MAR, a method combining 257 

the multivariate autoregressive (MAR) model and the Hidden Markov model (HMM) 258 

(Vidaurre et al., 2016). To do so, the filtered bipolar LFPs were first downsampled to 256 Hz. 259 

The HMM-MAR modelling was performed on each patient separately, with the LFPs from all 260 

bipolar channels from both hemispheres were included in a matrix as the input. The 261 

maximum number of states was set to 30. In the HMM-MAR modelling, the states 262 

correspond to unique patterns of brain activity that recur in different parts of the time series, 263 

and each time point would be assigned to a specific state. Then we quantified the occurrence 264 

rate of each state at different gait phase bins, resulting in one histogram for each state. Finally, 265 

another unsupervised method, K-medoids (Park and Jun, 2009), was used to cluster these 266 

histograms into three main clusters to see how the occupancy of different states changes with 267 

the gait phase. 268 

 269 

 Electrode trajectories reconstruction using lead DBS 270 

To investigate whether the spatial distribution of the gait-phase related modulation, we 271 

further reconstructed the electrode trajectories and location of different contacts using a 272 

MATLAB toolbox Lead-DBD (version 2.3.2) based on preoperative MRI and postoperative 273 

CT scans for the five patients with identified gait phase (the scans for PD01 were not 274 

available) (Horn et al., 2019). The electrode locations were registered and normalized into the 275 
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MNI 152 2009b space (Montreal Neurological Institute) using the Harvard AAN atlas (Edlow 276 

et al., 2012). Then, the modulation index and PPN-cortical coherence during rest and gait in 277 

different frequency bands (alpha: 8-12 Hz; beta: 13-30 Hz; theta: 4-7 HZ; and gamma: 55-95 278 

Hz) for each individual bipolar contact from all five patients were normalized such that the 279 

minimum and maximum values were 0 and 1 respectively in alpha and beta bands and 280 

mapped into the MNI space.  281 

 282 

Statistical analysis 283 

A non-parametric cluster-based permutation procedure was applied to identify significant 284 

gait-cycle related power increases or decreases in time-frequency plots while controlling for 285 

multiple-comparisons (Maris and Oostenveld, 2007). To compare the group averages 286 

between two conditions (rest during sitting versus rest during standing or rest during sitting 287 

versus rest during stepping), the condition labels of the original samples were randomly 288 

permutated 1000 times such that for each hemisphere the order of subtraction can change. To 289 

test the significance of points in the modulogram and the modulation index for individual 290 

bipolar contact recordings, we computed a permutation distribution by randomly shuffling the 291 

phase for each individual gait cycle. This was done by dividing the original phase vector for 292 

each gait cycle into two segments according to a randomly selected point and then swapping 293 

back and forth. The randomly selected point to shuffle the phase within each cycle was 294 

different for different gait cycles. Based on the shuffled phase vector, we calculated the 295 

modulated power and modulation index. This was repeated 1000 times to obtain a 296 

permutation distribution with 1000 samples (Fig. 1C). This permutation procedure resulted in 297 

a null-hypothesis distribution of 1000 samples, and the permutation distribution mean and 298 

standard deviation were used to z-score the original unpermuted data and each permutation 299 
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sample and get a p-value for each data point. Then, suprathreshold-clusters were obtained for 300 

the original unpermuted data and each permutation sample by setting a pre-cluster threshold 301 

(p<0.05). If the absolute sum of the z-scores within the original suprathreshold-clusters 302 

exceeded the 95th percentile of the 1000 largest absolute sums of z-scores from the 303 

permutation distribution (i.e., p<0.05), it was considered statistically significant.  304 

 305 

Results 306 

PPN activity during rest and stepping 307 

During standing or stepping compared with resting while sitting, the LFP activities in the 308 

PPN and PPN-cortical coherence were modulated in the beta band for both patient groups 309 

(Fig. 2). Peaks in the alpha frequency band were observed in the power spectra density in 310 

PPN LFPs recorded from PD patients during standing and sitting, and this was less obvious 311 

in the recordings from MSA patients. Fig. 2A shows that for PD patients, the power in the 312 

broad beta band in both PPN LFPs and cortical EEGs was significantly reduced while 313 

standing compared with sitting. The imaginary coherence between PPN LFPs and cortical 314 

EEGs was significantly reduced in the beta band (23-25 Hz, t = 6.1404, p = 0.014) and 315 

increased in the gamma band (57-65 Hz, t = -8.7731, p = 0.002). In the MSA patients, the 316 

power in a narrow beta band in the PPN (12-24 Hz, t = 3.1558, p = 0.015) and the imaginary 317 

coherence in beta band between PPN LFPs and cortical EEGs (18-23 Hz, t = 3.1364, p = 318 

0.014) were significantly reduced during stepping compared with rest while sitting (Fig. 2B). 319 

 320 

Modulation of PPN LFP activities within gait cycles 321 
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The LFP activity-gait phase modulogram and the modulation index were quantified for each 322 

of the individual bipolar PPN LFPs based on the stepping/walking phase of the contralateral 323 

foot. During stepping while sitting (Fig. 3A), stepping while standing (Fig. 3B), or free 324 

walking (Fig. 3C), significant modulation was observed in all hemispheres from all patients, 325 

with the strongest modulation in the alpha and beta bands. The modulation pattern in the PPN 326 

LFPs recorded during stepping on spot while standing (Fig. 3B) was very similar to what was 327 

observed during stepping while sitting (Fig. 3A) for the same contacts in the same patient. 328 

Rhythmic modulation with gait cycle was more often observed in the alpha and beta 329 

frequency band, but can also be observed in the gamma frequency band in some contacts.  330 

Note that PD01 received only a unilaterally implanted electrode. 331 

To compare the modulation between PPN and cortex, we averaged the time-frequency plots 332 

and the modulation indices across all LFP channels for each hemisphere and then averaged 333 

across all hemispheres and compared it with the averaged result from EEG. As shown in Fig. 334 

4, the gait-phase related modulation index was highest in alpha and beta bands in both PPN 335 

and cortex (Fig. 4A, B). There was one peak in the power of alpha and beta band activitives 336 

within one gait cycle in the PPN (Fig. 4C). However, two peaks in the beta band were 337 

observed in the cortical signals (purple line in Fig. 4D). Leg movements are represented in 338 

the medial part of the primary motor cortex (He et al., 1995), which makes it difficult to 339 

separate between activities related to left and right leg movements with a sparse spatial 340 

coverage of EEG electrodes. Superposition of activity corresponding to the movements of the 341 

left and right leg may explain the two peaks in cortical activity. 342 

 343 

More regular stepping tends to be associated with stronger gait-phased related 344 

modulation in PPN LFPs 345 
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To investigate the impact of the stepping variability on the observed modulation in PPN LFPs, 346 

we first quantified the standard deviation (STD) of the duration of the period when the 347 

contralateral foot was lifted (i.e., the periods when the filtered force was negative) across all 348 

stepping cycles for all patients with MSA and correlated them with the maximum modulation 349 

index in a wide frequency band (1-95 Hz). We computed the correlations with the maximum 350 

modulation index rather than the mean of individual bands because significant modulation 351 

appeared in relatively narrow frequency bands (Fig. 3). As shown in Fig. 5A, the two patients 352 

showing a stronger modulation effect (MSA01 and MSA02) had a smaller stepping 353 

variability as well as smaller gait impairment scores indicating less severe motor impairment 354 

based on the unified MSA rating scores (UMSARS-II) (Table 1). Across the eight 355 

hemispheres we found a negative correlation between the stepping variability and the 356 

maximum modulation index (r = -0.8571, p = 0.0107, Spearman’s correlation). Then, we split 357 

all stepping cycles of each leg into a more regular group and a less regular group with 25% 358 

cycles (49.25 ± 1.66, MEAN ± SEM) in each group for each hemisphere and compared the 359 

maximum modulation index between these two conditions. The more/less regular group was 360 

split based on the difference between the duration of each stepping cycle and the average 361 

duration across all cycles, with smaller/bigger values representing the more/less regular group 362 

(STD for regular group: 0.0259 ± 0.0036 s; STD for less regular group: 0.3080 ± 0.0507 s; W 363 

= 0, p = 0.0078, Wilcoxon signed rank test). As shown in Fig. 5B, the maximum modulation 364 

index was significantly higher during more regular stepping (W = 33, p = 0.0391, Wilcoxon 365 

signed rank test). These results suggest that more regular stepping tended to induce stronger 366 

modulation in PPN. 367 

 368 

Clusters of LFP states indicating different gait phases were identified using HMM 369 



 

16 
 

The unsupervised machine learning algorithms (HMM and K-medoids clustering) identified 370 

clusters of PPN LFP states with highest occurrence at opposite points of the stepping/walking 371 

phases (Fig. 6). Specifically, states in cluster 1 were more likely to be detected around phases 372 

-π and π (when the foot is lifted), and around phase 0 (at the time of the heel strike, Fig. 6A). 373 

The occurrence of cluster 2 states was most probable around -π/2 (when the foot was highest 374 

in the air) and π/2 (in the middle of the stance period, Fig. 6B). There was no significant 375 

difference in terms of the state time fractional occupancies (FC) between these two clusters 376 

(Cluster 1: FC = 35.16 ± 5.13 %; Cluster 2: 35.86 ± 11.75 %). A similar pattern was detected 377 

in the PD patient (PD02, Fig. 6D, E). We did not include PD01 here because the number of 378 

recorded walking cycles (25) was too small to provide reliable state estimates. 379 

 380 

Alpha and beta modulation were clustered in the PPN  381 

Electrode location reconstruction using the LeadDBS software (Horn et al., 2019) confirmed 382 

that most electrodes were well placed in the PPN area with respect to the Harvard AAN atlas 383 

(Edlow et al., 2012), as shown in Fig. 7A. The gait-related power modulation was mainly 384 

observed in alpha and beta frequency bands but not in theta and gamma frequency bands (Fig. 385 

7B). There was a wider spatial spread of gait-phase related modulation in the dorsal-caudal 386 

PPN plane in the beta band activities during stepping or walking; in comparison, the 387 

modulation in alpha band activities was more focused in the ventral-rostral plane of the PPN 388 

(Fig. 8). In addition, the imaginary coherence between PPN LFPs and cortical EEGs during 389 

rest or gait mainly occurred in the alpha band, but not in beta, theta or gamma bands (Fig. 7C, 390 

D). 391 

 392 

Discussion 393 
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We found that alpha and beta oscillations in the PPN LFP are modulated relative to the 394 

contralateral foot gait phase within gait cycles in patients with MSA and PD during stepping 395 

movements, no matter seated or standing, or during free walking. Gait phase-related 396 

modulation increased with more regular stepping movements, was specific to alpha and beta 397 

frequency bands, and clustered around the PPN area defined by the Harvard AAN atlas. 398 

Consistent finding from two patient groups in different tasks suggest that the gait-phase 399 

related modulation in the PPN LFPs can be related to normal stepping movements. These 400 

results are similar to those we have observed in STN (Fischer et al., 2018). The gait-phase 401 

related modulation in the STN was strongest in the high beta band between 20-35 Hz (Fischer 402 

et al., 2018), whereas gait-phase modulated PPN activity was specific to the alpha and low 403 

beta range. The modulation reflects neural activity and not movement-related artefacts as 404 

artefacts are minimal during stepping while sitting (Fischer et al., 2018) and the modulation 405 

pattern was specific to limited frequency bands. The results of this study are also in line with 406 

reports that alpha oscillations in the PPN are associated with gait in PD patients (Thevathasan 407 

et al., 2011, 2012; Lau et al., 2015; Li and Zhang, 2015). However, previous studies focused 408 

on PPN power averaged across the whole walking period, and hypothesized that increased 409 

alpha activity in the PPN is important for normal gait, and that low frequency PPN DBS 410 

supports or emulates this activity, consequently enhancing the allocation of attentional 411 

resources and improving gait performance (Thevathasan et al., 2018, 2019). Here we provide 412 

novel evidence for gait-phase related modulation of PPN activities in the alpha and beta 413 

bands for regular stepping. Transiently increased activity in the beta frequency band in the 414 

cortico-subcortical motor network, including the STN, PPN and cortex may help maintain 415 

accurate and discrete representations of muscle synergies (Aumann and Prut, 2015), and 416 

allow binding task-related motor neurons into functional units to facilitate muscle 417 

coordination (Bourguignon et al. 2017; Reyes et al. 2017). Modulation of beta band activities 418 
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by the phase of gait cycles may support different muscle synergies for dynamic vs. static 419 

movement periods (Kenville et al. 2020 a, b) which are alternating in gait. Previous studies 420 

suggest that the PPN integrates both sensory and motor information via connections to almost 421 

all other parts of the CNS (Benarroch, 2013, Neurology). It has been shown that PPN 422 

neuronal activities can be modulated by sensory stimuli, imaginary gait, and passive lower 423 

limb movement, and PPN DBS can modulate the response of PPN activity to sensory stimuli 424 

(Grunwerg et al., 1992; Reese et al., 1995; Tattersall et al., 2014; Lau et al., 2015; Strumpf et 425 

al., 2016; Yousif et al., 2016). Thus, it is not clear from the current study whether the 426 

observed PPN LFP modulation represents the efferent motor command or is an outcome of 427 

sensory feedback during stepping or free walking. 428 

 429 

Location 430 

The boundaries of the PPN are still indistinct and there is inconsistency in the location of the 431 

PPN in different atlases (Thevathasan et al., 2019). In this study, we utilized the PPN atlas 432 

defined in Lead DBS according to a study of Edlow et al. (2012) to reconstruct the 433 

trajectories of the DBS electrodes. With this atlas, we showed that the gait-phase related 434 

modulation was more focused in the ventral-rostral plane of the PPN in the alpha band and 435 

exhibited a wider spatial spread in the dorsal-caudal PPN plane in the beta band (Fig. 7B, Fig. 436 

8). It should be noted that the definition of the PPN borders in standard MNI space in other 437 

atlases maybe slightly different compared with the one we were using (Snijders et al., 2016; 438 

Alho et al., 2017; Ilinsky et al., 2018). In this study, we chose the atlas occupying the largest 439 

volume in the standard space. Nevertheless, since precise localization of PPN is difficult, the 440 

structures defined in all these atlases should be considered presumptive, with the atlas we 441 

chose being the most inclusive one.  442 
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 443 

Detecting the gait phase using PPN LFPs   444 

We applied unsupervised HMMs and K-medoids on the raw PPN LFPs and identified two 445 

clusters with complementary preferred gait phases (Fig. 6). This suggests that gait-related 446 

information in the PPN LFPs can be identified by HMM, which further demonstrated that the 447 

PPN activities were modulated during gait. Although the modulation was most consistently 448 

observed in alpha and beta bands across patients, significant modulation was also observed at 449 

other frequency bands such as theta and gamma in some contacts and some patients (Fig. 3). 450 

Applying HMM on the raw time series from all LFP measurements theoretically has the 451 

benefit of incorporating all features in the signal, including activities in different frequency 452 

bands and cross-frequency coupling between activities from different recording channels. In 453 

addition, the results of unsupervised HMM were directly achieved based on the raw time 454 

series without utilizing the information of gait phase in the models, suggesting it is possible 455 

to detect gait phase from PPN LFPs. 456 

 457 

Potential application in closed loop DBS for gait control 458 

Recently, in PD patients, patterns of beta modulation in the left and right STN were shown to 459 

peak at alternating points of the stepping cycle (Fischer et al., 2018). Furthermore, an 460 

alternating DBS pattern, consisting of rhythmic intermittent reductions in stimulation 461 

intensity with a fixed offset between the right and left STN, was shown to significantly 462 

manipulate the step timing (Fischer et al., 2020). These results have raised the possibility that 463 

alternating stimulation in the STN may be a promising DBS pattern for gait control in PD. In 464 

this study, we showed that alpha and beta oscillations in the PPN were modulated relative to 465 

the gait phase of the contralateral foot in both patients with MSA and PD.  466 
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Notably, STN modulation found in our previous study was strongest in the high beta band 467 

(Fischer et al., 2018), between 20-35 Hz, while PPN activity also was modulated in the alpha 468 

range and showed a distinct alpha power peak. STN beta activity tends to be suppressed by 469 

STN DBS (Kühn et al., 2008), but it is unclear to which extent PPN alpha/beta activity is 470 

modulated by PPN DBS, particularly considering that stimulation frequencies can vary 471 

between 20-80 Hz (Thevathasan et al., 2018).  472 

Recently, another independent study reported that compared with continuous DBS, gait phase 473 

triggered responsive DBS (rDBS) targeting STN or globus pallidus internus (GPi) only lead 474 

to significant improvement on gait in 3 out of 12 participants (Louie et al., 2021). However, 475 

the stimulation was only switched ON for 12% of each cycle at fixed gait phase, which might 476 

not be enough to enhance the alternating pattern of the brain activities during stepping. In 477 

addition, we also showed that the gait phase with reduced/enhanced activities was variable 478 

across participants and across different contacts within one participant, suggesting the 479 

optimal phase and contact for stimulation should be selected for each participant individually. 480 

The PPN has specific relevance to locomotion, as it is considered a key component of the 481 

'Mesencephalic Locomotor Region’ (MLR) – an area where electrical stimulation in 482 

decerebrated animals can induce locomotor-like activity (Garcia-Rill et al., 1987). It has 483 

widespread reciprocal connectivity with many structures including basal ganglia nuclei, 484 

thalamus, nuclei of the pontine and medullary reticular formations, deep cerebellar nuclei, 485 

and the spinal cord (Pienaar et al., 2017). Thus, the PPN may be a more powerful target for 486 

DBS than the STN in improving gait. Further studies as to how PPN DBS affects activities in 487 

the PPN and motor network, how the effects of stimulation change with the stimulation 488 

frequency (Thevathasan et al., 2018), and how alternating PPN DBS might affect the 489 

observed alternating PPN modulation as well as the stepping performance are warranted.  490 
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 491 

Limitations 492 

The first limitation of this study other than the uncertainty in PPN spatial limits considered 493 

above is our small sample size. We analysed data from two PD patients and four MSA 494 

patients to quantify gait-phase related modulation in the PPN LFP. PPN DBS is still an 495 

emerging experimental treatment for patients with gait problems, and the number of patients 496 

operated on is small (Thevathasan et al., 2018). The MSA patients were involved in a 497 

recently registered clinical trial to investigate the clinical effect of PPN DBS on gait control. 498 

Due to the strict inclusion criteria of the trial and the impact of the pandemic, we were only 499 

able to record four patients in this cohort. The PD patients were originally recruited for some 500 

other studies (Thevathasan et al., 2011, 2012) and thus we only managed to perform gait-501 

phase related analysis in two out of seven PD patients. However, the results were consistent 502 

within this small sample size and modulation was consistently observed across stepping 503 

movements, made while seated, standing or free walking. The second limitation is that this 504 

study is only correlational. It is impossible to distinguish whether the modulation we 505 

observed reflects motor output or sensory feedback about the movements. Further studies are 506 

required to test the causal role of rhythmic modulation of PPN activity and its potential 507 

clinical benefits. For instance, we could investigate the PPN activities during passive leg 508 

movements to assess this or test alternating PPN DBS patterns and evaluate their impact on 509 

gait control, similarly as previously done with alternating STN DBS (Fischer et al., 2020).  510 

 511 

Summary 512 

This study provides new evidence that PPN activities in the alpha and beta bands are 513 

modulated by gait phase within gait cycles, with the modulation increased during more 514 
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regular stepping movements. Our observations raise the possibility that modulating PPN DBS 515 

relative to the gait cycle mimicking the modulation pattern we observed during stepping 516 

could potentially facilitate the observed rhythmic pattern better than continuous stimulation, 517 

although whether this could lead to further improvement in gait performance remains to be 518 

established in future studies. 519 
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 678 

Figure legends 679 

 680 

Figure 1. Flow chart for the data analysis procedure, including gait phase determination, 681 
modulated power and modulation index quantification, and a permutation procedure for 682 
statistical analysis. The black contours and red dots in panel B indicate statistical significance 683 
according to a cluster-based nonparametric statistical test, which compared the original 684 
unpermuted data generated in panel B against the permutation distribution generated in panel 685 
C at a significance level of p<0.05. 686 

 687 

Figure 2. Power spectral density and coherence between LFP and EEG. (A) Power 688 
spectral density (PSD) of PPN activity (top), cortical EEG activity (middle), and imaginary 689 
coherence (IC, bottom) between PPN and cortical EEG during rest while sitting (black) and 690 
rest while standing (red) averaged across 7 PD patients (12 hemisphere). (B) PSD and IC 691 
during rest while sitting (black) and stepping while sitting (blue) averaged across 4 MSA 692 
patients (8 hemispheres). Green rectangle indicates significant difference based on a cluster-693 
based permutation procedure.  694 

 695 

Figure 3. Power modulation during gait for the bipolar channel showing strongest 696 
modulation effect in each tested PPN. (A)-(C) Similar modulation was observed during 697 
stepping while sitting (A), stepping while standing (B), and free walking (C). In each subplot, 698 
modulogram (one bipolar channel from each hemisphere) showing the power in PPN LFPs 699 
modulated by the gait phase, with zero indicating the heel strike and -π (π) indicating the heal 700 
lift of the contralateral foot. The line plot to the left of the modulogram shows the 701 
corresponding modulation index. The black contours and red dots indicate significant 702 
modulation based on a cluster-based permutation procedure (p < 0.05).  703 
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 704 

Figure 4. Averaged power modulation during stepping while sitting (n= 8 PPN of 4 705 
MSA patients). (A)-(B) Power was modulated in both PPN LFP (A) and cortical EEG (B). 706 
(C)-(D) Averaged power in alpha (green) and beta (purple) frequency bands, and the 707 
averaged force (orange) relative to gait-phase in PPN (C) and cortical EEG (D). 708 

 709 

Figure 5. More regular stepping tends to be associated with stronger gait-phased related 710 
modulation in PPN LFPs. (A) Relationship between the max modulation index and the 711 
variability of the stepping while sitting. Y axis indicates the maximum modulation index in a 712 
wide frequency band (1-95 Hz) and X axis indicates the standard deviation (STD) of the 713 
period when the contralateral foot was lifted. Different colours indicate the point for different 714 
patients. The grey curve is a 1/x fitting of all data points. UMSARS II = the motor 715 
examination scale (part II) of unified MSA rating scale. (B) The maximum modulation index 716 
during more regular stepping was significantly larger than during less regular stepping 717 
(Wilcoxon signed rank test). Patient’s colour coded as in A. 718 

 719 

Figure 6. Clusters with different occurrence rate at different gait phases were identified 720 
using unsupervised machine learning algorithms (HMM and K-medoids clustering). (A) 721 
Cluster 1 showed states with higher probabilities around phase -π/π (when the foot was lifted) 722 
and phase 0 (at the time of the heel strike) during stepping while sitting. (B) Cluster 2 showed 723 
higher probabilities around phase -π/2 (when the foot was highest in the air) and π/2 (in the 724 
middle of the stance period) during stepping while sitting. (C) Cluster 3 did not show specific 725 
preferred gait-phases during stepping while sitting. The results in (A)-(C) were averaged 726 
across all MSA patients. (D)-(E) Very similar results were obtained for one PD patient during 727 
free walking. FC = state time fractional occupancies indicating how much time each subject 728 
spends in each state. Note that each histogram consisted of 100 phase bins. The black dashed 729 
line indicates the uniform probability (i.e., 1%) of each phase bin, which would be expected 730 
if no modulation effect was present. Kolmogorov-Smirnov tests revealed that the observed 731 
distributions were all significantly different compared with a uniform distribution. 732 
 733 

Figure 7. Electrode localization (A) and the mapping of the modulation index (B) as well 734 
as the PPN-cortical coherence (C) in standard MNI space. (A) 3D reconstruction in 735 
coronal (top left), sagittal (top right), and transverse (bottom left) views of all the recorded 736 
DBS leads from 10 hemispheres (5 patients, 4 MSA and 1 PD) using Lead-DBS software. (B) 737 
The bipolar contacts close to the PPN in the MNI space tend to show higher gait-phase 738 
related modulation index in alpha (8 - 12 Hz) and beta (13 - 30 Hz) frequency bands, and the 739 
modulation index in these two frequency bands were stronger compared with theta and 740 
gamma frequency bands. (C) The imaginary coherence between PPN LFP and cortical 741 
activities (measured at CzFz using EEG) averaged in the alpha frequency band was clustered 742 
close to PPN in the MNI space and was strongest compared with beta, theta, and gamma 743 
frequency bands. (D) The same holds for the imaginary coherence between PPN LFP and 744 
cortex EEG during gait. Black ovals indicate clusters of larger values. The two rows show the 745 
results in two different views. 746 
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Figure 8. The strongest modulation effect in alpha band was more focused in the ventral-748 
rostral portion of the PPN while the strongest modulation in beta band was more widely 749 
spatial spread in the dorsal-caudal PPN. 750 
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Table and table legend 756 

 757 

Table I: All patients were operated in Oxford except PD01 (London). For all motor scales, higher 758 
scores indicate worse function. The MSA patients had been attributed to Parkinson’s disease before 759 
clinically diagnosed as MSA. G = gender; yr = year; DD = disease duration; DBS = deep brain 760 
stimulation; UPDRS III = the motor subsection (part III) of Unified Parkinson’s Disease Rating Scale; 761 
IT27/30 = items 27–30 of UPDRS assessing posture, gait and balance; UMSARS II = the motor 762 
examination scale (part II) of unified MSA rating scale; Abb = Abbott infinity 1.5mm spaced leads (1-763 
4), Abbott; Met1 = model 3387 1.5 mm spaced leads, Medtronic; Met2 = model 3389 0.5 mm spaced 764 
leads, Medtronic; SD = standard deviation. NA: Not available. 765 

 G, age DD 
(yr) 

DBS 
lead 

UPDRS III 
OFF/ON 
medication 
(score/108) 

IT27/30 
OFF/ON 
medication 
(score/16) 

UMS
ARS 
II 

L-dopa 
dose 
equivalent 
(mg/day) 

Other Pre-Op Medication Data & Task 

PD01 M, 71 20 Met1 37/19 10/5 NA 1450 NA Rest sitting; Rest standing; Free 
walking 

PD02 M, 55 25 Met2 33/22 6/5 NA 300 NA Rest sitting; Rest standing; Free 
walking 

PD03 M, 68 9 Met2 40/26 11/8 NA 1650 NA Rest sitting; Rest standing 
PD04 M, 55 14 Met2 35/24 7/6 NA 1600 NA Rest sitting; Rest standing 
PD05 M, 70 20 Met2 35/22 6/5 NA 900 NA Rest sitting; Rest standing 
PD06 M, 76 16 Met2 34/25 9/9 NA 600 NA Rest sitting; Rest standing 

PD07 M, 54 20 Met2 53/19 6/5 NA 800 NA Rest sitting; Rest standing 
MSA01 M, 74 2 Abb NA NA 16 NA Ropinirole 14mg once a day Rest sitting; Step sitting; Step 

standing 
MSA02 M, 72 2 Abb NA NA 12 NA Co-beneldopa 50/12.5mg 2 

capsules 3 times a day 
Rest sitting; Step sitting; Step 
standing 

MSA03 M, 71 2 Abb NA NA 17 NA Co-carbeldopa 25mg/100mg 
tablets: Dose: 1 tablet 3 a day 

Rest sitting; Step sitting 

MSA04 M, 54 1.5 Abb NA NA 27 NA Co-beneldopa 25mg/100mg 
tablets: Dose: 2 capsules 4 
times a day. Rasagiline 1mg 
once a day. Amantadine 
100mg twice a day. 

Rest sitting; Step sitting 

Mean 65.45 11.95 NA 38.14/22.43 7.86/6.14 18 1042.86 NA NA 

SD 8.51 8.53 NA 6.42/2.56 1.96/1.55 5.52 488.75 NA NA 


















