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Abstract

Freezing of gait (FOG) is a particularly debilitating symptom of Parkinson’s disease (PD) and 

is often refractory to treatment. A striking feature of FOG is that external sensory cues can be 

used to overcome freezing and improve gait. Local field potentials (LFPs) recorded from the 

subthalamic nucleus (STN) and globus pallidus (GP) show that beta-band power modulates with 

gait phase. In the STN, beta-band oscillations are modulated by external cues, but it is unknown 

if this relationship holds in the globus pallidus (GP). Here we report LFP data recorded from the 

left GP, using a Medtronic PC + S device, in a 68-year-old man with PD and FOG during treadmill 

walking. A “stepping stone” task was used during which stepping was cued using visual targets 

of constant color or targets that unpredictably changed color, requiring a step length adjustment. 

Gait performance was quantified using measures of treadmill ground reaction forces and center of 

pressure and body kinematics from video monitoring. Beta-band power (12–30 Hz) and number of 

freezing episodes were measured. Cues which unpredictably changed color improved FOG more 

than conventional cues and were associated with greater modulation of beta-band power in phase 
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with gait. This preliminary finding suggests that cueing-induced improvement of FOG may relate 

to beta-band modulation.
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INTRODUCTION

Gait disorder is one of the most disabling motor symptoms of Parkinson’s disease (PD), 

particularly the phenomenon of freezing of gait (FOG). FOG is defined as a “brief, episodic 

absence or marked reduction of forward progression of the feet despite the intention to 

walk” (Giladi et al., 1992; Nutt et al., 2011) and is often difficult to treat (Bloem et al., 

2004). Yet, one of the paradoxes of PD is that external sensory cues can markedly facilitate 

gait and reduce the occurrence and severity of FOG episodes (Nieuwboer, 2008). One 

proposed mechanism of cueing is by directing attentional resources to gait, in compensation 

for the loss of gait automaticity (Wu et al., 2015). However, the underlying mechanism by 

which external cues reduce FOG and improve gait is poorly understood.

Recent findings from studies that recorded local field potentials (LFPs) from implanted deep 

brain stimulation (DBS) leads showed that neural activity in the basal ganglia modulates 

with gait phase (Singh et al., 2011; Singh et al., 2013; Fischer et al., 2018; Hell et al., 2018). 

Moreover, it has been shown that external cueing is associated with an increase in beta-

band modulation in the subthalamic nucleus (STN) during stepping (Fischer et al., 2018). 

Whether this relationship holds in the globus pallidus (GP) remains to be determined. In 

this study, we examined how two kinds of visual cueing strategies affected GP oscillations, 

freezing episodes and step lengths, during treadmill walking in a PD patient with severe 

FOG.

MATERIALS AND METHODS

Participant

A 68-year-old man who had been diagnosed with PD for 11 years was unilaterally implanted 

with a Medtronic 3389 electrode in the left GP and a Medtronic Activa PC + S sensing 

pulse generator (Afshar et al., 2013). His OFF-meds MDS-Unified Parkinson’s Disease 

Rating Scale (MDS-UPDRS) III motor score (Goetz et al., 2008) was 50 and freezing of gait 

questionnaire (Nieuwboer et al., 2009) score was 13. His levodopa daily equivalent dosage 

was 1,025 mg (Tomlinson et al., 2010). He gave informed consent and the protocol was 

approved by the University of Minnesota Institutional Review Board.

Protocol

The participant was tested in the morning after 12-h withdrawal from antiparkinsonian 

medications (practically defined OFF-medication state) and DBS ON. He performed the 

walking task on an instrumented treadmill (0.7 m × 2.5 m; Model: C-Mill (van der Veen et 
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al., 2018), Motekforce Link, Culemburg, Netherlands). The patient performed a “stepping 

stone” task during which visual cues (rectangles 0.22 m × 0.15 m) were projected via the 

built-in projector of the treadmill system onto the treadmill belt and moved with the belt 

at the corresponding belt speed. The rectangles were displaced left and right of the midline 

by 0.05 m, corresponding to left and right feet and spaced 0.11 m apart in the sagittal 

plane following initial titration to find settings which best alleviated the very severe gait 

impairment. Treadmill speed was set to 0.25 m/s on the same basis. Due to the severity 

of freezing, the patient was unable to walk on the treadmill without cues. Two visual 

cueing conditions were tested: stepping stones of constant color and stepping stones that 

changed color. For the constant color task, the rectangles were blue and the participant was 

instructed to step on the rectangles. On color-changing trials, the cues were the same except 

that randomly one in six rectangles changed color to red-and-white stripes. The participant 

was instructed that, when the rectangle changed color, he should adjust his step to avoid 

stepping on the striped rectangle. The timing of obstacle appearance relative to the previous 

ipsilateral toe-off ranged from −1.0 to 0.5 s which formed a bell-shaped distribution of the 

likelihood of success of obstacle avoidance (see our previous publication for more details on 

this task (Lu et al., 2019)). Color-change trials alternated with constant color trials in blocks 

of 3, starting with constant color trials. Eighteen trials were collected with nine trials for 

each cueing condition. Each walking trial lasted 2 min with 5 min of seated rest after each 

trial. One incomplete trial with constant color cues was not included in the LFP analysis due 

to severe freezing that necessitated stopping the treadmill.

The LFP signal was sampled at 422 Hz and recorded between contacts 1 and 3, which 

bracketed the active stimulation contact, 2- (case +). Stimulation was applied at an amplitude 

of 3.5 V, a frequency of 140 Hz and a pulse width of 60 μs. LFP data from the PC + S was 

synchronized with center of pressure (COP) data from the treadmill in the following manner. 

Briefly turning off/on DBS provided a synchronization signal that was present on the LFP 

channel and could be detected from a surface EMG sensor (Delsys Trigno, United States) 

on the participant’s neck. Onset and offset of treadmill movement were recorded with an 

external tachometer (SU-780J-1, Servo-Tek, United States) connected in synch to the same 

A/D converter (National Instruments NI-6225, sampling at 1,000 Hz) as the EMG sensor. 

The onset/offset of treadmill movement was also recorded in another tachometer internal to 

the treadmill. The signal from the internal tachometer and COP data, sampled at 500 Hz, 

were exported from the treadmill system. This procedure allowed us to synchronize LFPs 

with EMG, EMG with treadmill movement, and treadmill movement with COP, from which 

gait phase was determined as described below. Video of the lower extremities was recorded 

at 60 Hz with a spatial resolution of 720p (HDR-CX700, Sony, Tokyo, Japan).

Electrode Localization

The patient was scanned preoperatively on a 7 T MRI scanner (Magnetom 7 T, Siemens 

Erlangen, Germany), equipped with SC72 gradients capable of 70 mT/m and a 200 T/m/s 

slew rate using a 32-element head array coil (Nova Medical, Inc. Burlington, MA, United 

States). Dielectric pads were utilized to enhance signal in the temporal regions (Teeuwisse 

et al., 2012). The scan protocol consisted of: T1-weighted whole brain scan (0.6 mm3 

isotropic) and a high resolution T2-weighted axial slab covering from the top of the 
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thalamus to the base of the substantia nigra with (0.4 × 0.4 × 1.0 mm3) voxel size. The 

globus pallidus internus (GPi) and globus pallidus externus (GPe) were manually segmented 

on the 7 T T2 axial image following out previous protocol (Duchin et al., 2018; Patriat et 

al., 2018). The GPi was bordered medially by the internal capsule, laterally and superiorly 

by the GPe (using the lateral medullary lamina as a border) and the ventral border of 

the GPi was identified by visual contrast to surrounding tissue and proximity to the optic 

tract. The segmentation was carried out using 3D Slicer (https://www.slicer.org/). The T2-

weighted image was linearly co-registered to the patient’s T1-image using the Advanced 

Normalization Tools (Avants et al., 2011). Postoperative CT imaging was performed several 

weeks following the day of surgery. The postoperative CT was obtained with a Siemens 

Biograph64 Sensation with 0.6 mm slice thickness, kV 120, 512 × 512 matrix, FOV 260 

mm2, 315 mAs, with 0.0° gantry tilt. Electrode and contact locations (Figure 1) were 

determined by registering the CT and the T1 images using non-linear methods (Elastix) 

(Klein et al., 2010).

Data Analysis

The raw time domain LFP signal was downloaded from the PC + S device and processed 

offline in Python. Using custom Python code, the LFP data was band-pass filtered between 

12 and 30 Hz, squared, moving average filtered (with window size of 0.1 s), and square-

rooted to get the envelope of beta-band RMS (see Supplementary Figure S1 for an example).

The treadmill movement and COP trajectory were down-sampled and interpolated 

(scipy.signal.decimate, numpy.interp) (Virtanen et al., 2020; Harris et al., 2020) to match 

the LFP sampling frequency. COP X coordinate (mediolateral axis) was represented in the 

phase plane (X vs. dX/dt), in polar coordinates (r, theta) with origin set at the average for the 

whole trial (Figure 2A, Supplementary Figure S2). The theta value was extracted as the gait 

phase and this measure was validated against heel-strike and toe-off events independently 

detected by the treadmill manufacturer’s software (Figure 2B). A LOWESS smooth function 

(statsmodels.nonparametric.smoothers_lowess.lowess) (Seabold and Perktold, 2010) was 

applied to a plot of beta-band RMS vs. gait phase. To ensure continuity across phase 

“wrap-around” boundaries (i.e., −π radians is the same as +π radians), three copies of the 

data were spliced together, the LOWESS was fit, and then the first and last copies were 

discarded. Thus, the smoothing algorithm was applied to all strides within a trial.

A linear mixed effects model with 12–30 Hz beta power values as dependent variable was 

constructed to examine the effect of cueing on the LFP. Condition (color changing vs. 

non-color changing cues), Gait phase (stance vs. swing phase of the right leg, contralateral 

to the DBS implant), and their interaction (Condition by Gait phase) were fixed factors with 

Trial as the random-intercept term. In order to extract the beta power for each phase, we 

defined each phase using the average gait phase value (swing: −0.90π to −0.34π radians; 

stance: 0.06π to 0.59π radians) with events of bilateral heel-strikes and toe-offs exported 

from the instrumented treadmill. Then, we used the LFP sampling frequency and the average 

duration of a full gait cycle to estimate the number of data points in each phase. In each trial, 

average power value was computed for each gait phase; then these average power values 

were entered into the mixed model.
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For analysis of FOG occurrences, number of freezing episodes were logged from the 

video record by an experienced, fellowship-trained movement disorders neurologist (S.C.). 

Since the count was non-normally distributed (Shapiro-Walk W = 0.85, p < 0.01), a non-

parametric Wilcoxon signed rank paired sample test was used to examine the difference 

in freezing episodes between the trials with vs. without color-changing cues. Step length 

was computed from heel-strike and toe-off events exported by the treadmill software, which 

estimated them from the COP trajectory, independently of the COP gait phase analysis. 

These gait events were also used to validate the COP-determined gait phase. Step lengths 

were normally distributed (W = 0.97, p = 0.72) so a paired t-test was used to examine the 

differences in step length between the two cueing conditions, each side analyzed separately, 

with Bonferroni correction. The significance level was set at 0.05. All statistical analyses 

were performed in R (R Core Team, 2018).

RESULTS

Reconstruction of the electrode location shows that the most dorsal contact (contact 3) was 

near the border of GPi and GPe with the other contacts (contacts 0–2) located within GPi 

(Figure 1).

The gait phase estimation based on COP data was reliable; heel-strike and toe-off events, as 

independently detected by the built-in treadmill software, occurred at consistent gait phases 

(Figure 2B). The average phase values for left heel-strike (HSL) were 0.59π radians (95% 

CI: 0.59π to 0.60π radians), right heel-strike (HSR) were −0.34π radians (95% CI: −0.35π 
to −0.34π radians), left toe-off (TOL) were 0.06π radians (95% CI: 0.06π to 0.07π radians) 

and right toe-off (TOR) were −0.90π radians (95% CI: −0.91π to −0.90π radians).

Figure 3A demonstrates that beta frequency power modulated more deeply with gait 

phase on trials with color-changing cues than on trials with a constant color cue (see 

Supplementary Figure S3 for spectrograms). The mixed model analysis showed significant 

Gait phase (F(1,32) = 31.15, p < 0.001) and Condition by Gait phase interaction (F(1, 32) 

= 24.30, p < 0.001) effects. The significant interaction effect reflected that the differences 

between color-changing cues and constant color cues were different between swing phase 

and stance phase (Figure 3B). Post-hoc t-tests showed that the 12–30 Hz power in color 

changing cues was lower during swing phase (t(32) = 3.73, p < 0.001) and greater during 

stance phase (t(32) = −3.24, p < 0.01) compared to constant color cues. The Condition was 

not statistically significant (F(1, 32) = 0.12, p = 0.73).

During treadmill walking, there were significantly fewer freezing episodes (W = 72, p 
< 0.01, Figure 4A) on trials with color-changing-cues (median: 0, IQR: 2) compared to 

constant color cues (median:8, IQR:10). The average step lengths for both sides were similar 

in the color-changing (Figure 4B, mean ± SD, right: 0.22 ± 0.02 m; left: 0.13 ± 0.03 m) 

and the constant color (right: 0.21 ± 0.01 m; left: 0.12 ± 0.04 m) cueing conditions. The 

statistical tests showed no significant difference between the two cueing types on the average 

step length for each side (right: t(8) = −0.92, p = 0.76; left: t(8) = −0.60, p = 1.00).
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DISCUSSION

In this study, we recorded LFPs in GP during treadmill walking with two types of visual 

cueing. The results showed that: 1) the magnitude of beta-band oscillations modulated with 

phase of gait, 2) visual cues reduced freezing and facilitated gait (the participant was unable 

to walk without cues) but color-changing cues, requiring a fast adjustment of stepping, 

improved FOG more than constant color cues, 3) beta-band modulation was greater with the 

color-changing cues compared to constant color cues.

Previous studies with STN LFP recordings have shown beta modulation with gait phase 

(Singh et al., 2013; Fischer et al., 2018; Hell et al., 2018), but this was not seen for pallidal 

LFPs in the single published study (Singh et al., 2011). This discrepancy might be because 

the patients in the single GP study had dystonia and not PD with FOG. Another explanation 

may be that they were studied in the acute post-DBS-implant where microlesion effects 

may affect the underlying neural dynamics (Mann et al., 2009; Mestre et al., 2016), rather 

than in the chronically implanted state. Our findings are similar to the results reported from 

the STN in PD patients. Fischer et al. (2018) demonstrated that beta-band power during 

stepping increased with auditory cueing. Hell et al. (2018) further showed that beta-band 

power in the STN is modulated with gait phase. They also found that STN-DBS improved 

gait but that improvements in gait metrics were not accompanied by an attenuation of high 

beta power. Our results suggest that increased depth of beta modulation, rather than overall 

beta attenuation, is associated with improvements in FOG. Suppression of synchronized 

beta oscillations is believed to be the means by which DBS improves symptoms in PD 

(Afshar et al., 2013), but the response of gait symptoms to DBS is less consistent and 

less persistent than of other PD symptoms (St. George et al., 2010). This may be because 

conventional (isochronous, constant, unvarying) DBS suppresses beta throughout the gait 

cycle, whereas intermittent DBS, if synchronized with the gait cycle, might reinforce the 

“troughs” of naturally occurring gait phase modulation, increasing depth of modulation. 

Recent advancements in real-time DBS systems that can selectively facilitate or suppress 

beta-band activity (Petrucci et al., 2020; Escobar Sanabria et al., 2021) might provide the 

means to deliver closed-loop DBS system that modulates beta-band activity in relation to 

timing of gait events in order to improve freezing in individuals with PD.

Why did unpredictable changes in the color of the stepping stone, which required adjustment 

of the ongoing gait cycle, improve FOG more than ordinary cues? It has been proposed 

that gait disturbances arise, in part, from a loss of automaticity and an increased reliance on 

attention to maintain the gait cycle (Wu et al., 2015; Ginis et al., 2018). The changing color 

cueing condition may direct more attention toward gait, thereby improving compensation for 

the loss of automaticity (Wu et al., 2015; Ginis et al., 2018). Despite the marked change in 

FOG, the difference in step length between the two visual cues was nonsignificant. This is 

not surprising because the participant was instructed to step on the projected blue rectangles 

which restricted any variation in step length.

It is possible that the difference in modulation of beta-band power between the two cueing 

types might be a result, rather than the cause, of the decreased festination (i.e., shortening 

of steps progressively) which is strongly related to freezing (Iansek et al., 2006). We cannot 
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exclude this possibility, but it is unlikely because step length did not differ significantly 

between the two cueing conditions. A strength of the present study is that we were able 

to obtain a large quantity of gait data in a patient with very severe freezing. However, 

our results can only be considered preliminary, as this is a single-patient case report. A 

further limitation is that we were unable to obtain LFP recordings during uncued gait and/or 

during off-stimulation state due to the participant’s inability to walk under either of those 

conditions. Future studies may consider include individuals with a variety of disease severity 

in order to understand how cueing affects pallidal activity during walking.
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Refer to Web version on PubMed Central for supplementary material.

FUNDING

This work was supported by the Udall center grant of the National Institutes of Health (NIH, P50 NS123109), 
the University of Minnesota Neuromodulation Innovations (MnDRIVE), the NIH Clinical and Translational 
Science Award at the University of Minnesota (8UL1TR000114-02, research support), and the National Center 
for Advancing Translational Sciences (NCATS) of the NIH (UL1TR000114, Research support).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be made available by the authors, 

without undue reservation.

REFERENCES

Afshar P, Khambhati A, Stanslaski S, Carlson D, Jensen R, Linde D, et al. (2013). A Translational 
Platform for Prototyping Closed-Loop Neuromodulation Systems. Front. Neural Circuits 6, 117. 
doi:10.3389/fncir.2012.00117 [PubMed: 23346048] 

Avants BB, Tustison NJ, Song G, Cook PA, Klein A, and Gee JC (2011). A Reproducible Evaluation 
of ANTs Similarity Metric Performance in Brain Image Registration. Neuroimage 54, 2033–2044. 
doi:10.1016/j.neuroimage.2010.09.025 [PubMed: 20851191] 

Bloem BR, Hausdorff JM, Visser JE, and Giladi N (2004). Falls and Freezing of Gait in Parkinson’s 
Disease: A Review of Two Interconnected, Episodic Phenomena. Mov. Disord 19, 871–884. 
doi:10.1002/mds.20115 [PubMed: 15300651] 

Duchin Y, Shamir RR, Patriat R, Kim J, Vitek JL, Sapiro G, et al. (2018). Patient-specific Anatomical 
Model for Deep Brain Stimulation Based on 7 Tesla MRI. PLoS One 13, e0201469. doi:10.1371/
journal.pone.0201469 [PubMed: 30133472] 

Escobar Sanabria D, Aman JE, Zapata Amaya V, Johnson LA, Farooqi H, Wang J, et al. 
(2021). Controlling Pallidal Oscillations in Real-Time in Parkinson’s Disease Using Evoked 
Interference Deep Brain Stimulation (eiDBS): Proof of Concept in the Human. bioRxiv 05, 445251. 
doi:10.1101/2021.05.22.445251

Fischer P, Chen CC, Chang Y-J, Yeh C-H, Pogosyan A, Herz DM, et al. (2018). Alternating 
Modulation of Subthalamic Nucleus Beta Oscillations during Stepping. J. Neurosci 38, 5111–5121. 
doi:10.1523/JNEUROSCI.3596-17.2018 [PubMed: 29760182] 

Giladi N, McMahon D, Przedborski S, Flaster E, Guillory S, Kostic V, et al. (1992). Motor Blocks in 
Parkinson’s Disease. Neurology 42, 333. doi:10.1212/wnl.42.2.333 [PubMed: 1736161] 

Ginis P, Nackaerts E, Nieuwboer A, and Heremans E (2018). Cueing for People with Parkinson’s 
Disease with Freezing of Gait: A Narrative Review of the State-Of-The-Art and Novel Perspectives. 
Ann. Phys. Rehabilitation Med 61:407–413. doi: doi:10.1016/j.rehab.2017.08.002

Lu et al. Page 7

Front Signal Process (Lausanne). Author manuscript; available in PMC 2022 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P, et al. (2008). 
Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale 
(MDS-UPDRS): Scale Presentation and Clinimetric Testing Results. Mov. Disord 23, 2129–2170. 
doi:10.1002/mds.22340 [PubMed: 19025984] 

Harris CR, Millman KJ, van der Walt SJ, Gommers R, Virtanen P, Cournapeau D, et al. (2020). Array 
Programming with NumPy. Nature 585, 357–362. doi:10.1038/s41586-020-2649-2 [PubMed: 
32939066] 

Hell F, Plate A, Mehrkens JH, and Bötzel K (2018). Subthalamic Oscillatory Activity and 
Connectivity during Gait in Parkinson’s Disease. Neuroimage Clin. 19, 396–405. doi:10.1016/
j.nicl.2018.05.001 [PubMed: 30035024] 

Iansek R, Huxham F, and McGinley J (2006). The Sequence Effect and Gait Festination in Parkinson 
Disease: Contributors to Freezing of Gait? Mov. Disord 21, 1419–1424. doi:10.1002/mds.20998 
[PubMed: 16773644] 

Klein S, Staring M, Murphy K, Viergever MA, and Pluim J (2010). Elastix: a Toolbox for Intensity-
Based Medical Image Registration. IEEE Trans. Med. Imaging 29, 196–205. doi:10.1109/
TMI.2009.2035616 [PubMed: 19923044] 

Lu C, Twedell E, Elbasher R, McCabe M, MacKinnon CD, and Cooper SE (2019). Avoiding 
Virtual Obstacles during Treadmill Gait in Parkinson’s Disease. Front. Aging Neurosci 11, 76. 
doi:10.3389/fnagi.2019.00076 [PubMed: 31024291] 

Mann JM, Foote KD, Garvan CW, Fernandez HH, Jacobson CE, Rodriguez RL, et al. (2009). Brain 
Penetration Effects of Microelectrodes and DBS Leads in STN or GPi. J. Neurology, Neurosurg. 
Psychiatry 80, 794–798. doi:10.1136/jnnp.2008.159558

Mestre TA, Lang AE, and Okun MS (2016). Factors Influencing the Outcome of Deep Brain 
Stimulation: Placebo, Nocebo, Lessebo, and Lesion Effects. Mov. Disord 31, 290–298. 
doi:10.1002/mds.26500 [PubMed: 26952118] 

Nieuwboer A (2008). Cueing for Freezing of Gait in Patients with Parkinson’s Disease: A 
Rehabilitation Perspective. Mov. Disord 23, S475–S481. doi:10.1002/mds.21978 [PubMed: 
18668619] 

Nieuwboer A, Rochester L, Herman T, Vandenberghe W, Emil GE, Thomaes T, et al. 
(2009). Reliability of the New Freezing of Gait Questionnaire: Agreement between 
Patients with Parkinson’s Disease and Their Carers. Gait Posture 30, 459–463. doi:10.1016/
j.gaitpost.2009.07.108 [PubMed: 19660949] 

Nutt JG, Bloem BR, Giladi N, Hallett M, Horak FB, and Nieuwboer A (2011). Freezing of 
Gait: Moving Forward on a Mysterious Clinical Phenomenon. Lancet Neurology 10, 734–744. 
doi:10.1016/S1474-4422(11)70143-0 [PubMed: 21777828] 

Patriat R, Cooper SE, Duchin Y, Niederer J, Lenglet C, Aman J, et al. (2018). Individualized 
Tractography-Based Parcellation of the Globus Pallidus Pars Interna Using 7T MRI in 
Movement Disorder Patients Prior to DBS Surgery. Neuroimage 178, 198–209. doi:10.1016/
j.neuroimage.2018.05.048 [PubMed: 29787868] 

Petrucci MN, Neuville RS, Afzal MF, Velisar A, Anidi CM, Anderson RW, et al. (2020). Neural 
Closed-Loop Deep Brain Stimulation for Freezing of Gait. Brain Stimul. 13, 1320–1322. 
doi:10.1016/j.brs.2020.06.018 [PubMed: 32634599] 

Seabold S, and Perktold J (2010). Statsmodels: Econometric and Statistical Modeling with Python. In 
9th Python in Science Conference.

Singh A, Kammermeier S, Plate A, Mehrkens JH, Ilmberger J, and Bötzel K (2011). Pattern of Local 
Field Potential Activity in the Globus Pallidus Internum of Dystonic Patients during Walking on a 
Treadmill. Exp. Neurol 232, 162–167. doi:10.1016/j.expneurol.2011.08.019 [PubMed: 21910989] 

Singh A, Plate A, Kammermeier S, Mehrkens JH, Ilmberger J, and Bötzel K (2013). Freezing of 
Gait-Related Oscillatory Activity in the Human Subthalamic Nucleus. Basal Ganglia 3, 25–32. 
doi:10.1016/j.baga.2012.10.002

St. George RJ, Nutt JG, Burchiel KJ, and Horak FB (2010). A Meta-Regression of the Long-Term 
Effects of Deep Brain Stimulation on Balance and Gait in PD. Neurology 75, 1292–1299. 
doi:10.1212/WNL.0b013e3181f61329 [PubMed: 20921515] 

Lu et al. Page 8

Front Signal Process (Lausanne). Author manuscript; available in PMC 2022 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



R Core Team (2018). R: A language and environment for statistical computing. Vienna, Austria: R 
Foundation for Statistical Computing. Available at: hhttps://www.R-project.org/.

Teeuwisse WM, Brink WM, and Webb AG (2012). Quantitative Assessment of the Effects of High-
Permittivity Pads in 7 Tesla MRI of the Brain. Magn. Reson. Med 67, 1285–1293. doi:10.1002/
mrm.23108 [PubMed: 21826732] 

Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, and Clarke CE (2010). Systematic Review of 
Levodopa Dose Equivalency Reporting in Parkinson’s Disease. Mov. Disord 25, 2649–2653. 
doi:10.1002/mds.23429 [PubMed: 21069833] 

van der Veen SM, Hammerbeck U, Baker RJ, and Hollands KL (2018). Validation of Gait 
Event Detection by Centre of Pressure during Target Stepping in Healthy and Paretic Gait. J. 
Biomechanics 79, 218–222. doi:10.1016/j.jbiomech.2018.07.039

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, et al. (2020). SciPy 
1.0: Fundamental Algorithms for Scientific Computing in Python. Nat. Methods 17, 261–272. 
doi:10.1038/s41592-019-0686-2 [PubMed: 32015543] 

Wu T, Hallett M, and Chan P (2015). Motor Automaticity in Parkinson’s Disease. Neurobiol. Dis 82, 
226–234. doi:10.1016/j.nbd.2015.06.014 [PubMed: 26102020] 

Lu et al. Page 9

Front Signal Process (Lausanne). Author manuscript; available in PMC 2022 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.R-project.org/


FIGURE 1 ∣. 
Electrode location within the patient’s GPi. (A) 3D view of the electrode location against 

the patient’s 7T T1 image. (B–D) show the coronal, axial and sagittal view of the electrode 

location against the patient’s 7T T2 image. The 2D images are shown in “left is right” 

orientation. White = electrode shaft, grey = electrode contact, beige = GPi, red = GPe, A = 

anterior, R = right, S = superior.
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FIGURE 2 ∣. 
(A) Illustration of how gait phase was determined. Mediolateral COP displacement data are 

represented in the phase plane. The horizontal axis, dX/dt, is the first derivative of COPX 

with respect to time; the vertical axis, labeled as X, is the COP in the mediolateral direction. 

The origin is set at the average value over the entire trial. Polar coordinates (θ) derived 

from the phase plane, were used to determine the gait phase (see Supplementary Figure S2 

for plot with real gait events). (B) Gait phase was validated against gait events that were 

independently detected by the treadmill manufacturer’s software for all trials. The phase 

of the gait events are represented as a polar histogram, where left heel-strike (HSL, green) 

occurs approximately at 0.59π radians, right toe-off (TOR, pink) at −0.90π radians, right 

heel-strike (HSR, orange) at −0.34π radians, and left toe-off (TOL, purple) at 0.06π radians.
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FIGURE 3 ∣. 
(A) The relationship between total beta-power (12–30 Hz) and gait phases. The swing phase 
of the right leg (gray shaded area) is from −0.90π to −0.34π radians while the stance 

phase (yellow shaded area) of the right leg is between 0 and 0.60π radians. The gait phase 

was determined including all strides in each trial. Trials with constant color cues are blue, 

whereas trials with color-changing cues are red. The thick lines represent the average power 

across trials and the associated shaded region shows the standard error of the mean across 

trials. (B) Boxplots show total beta-power in swing and stance phases for two types of 

visual cues. Each point represents the average power of each trial in each phase. Trials with 

constant color cues are blue whereas trials with color-changing cues are red. The Condition 

by Gait phase interaction for the total beta power was significant (p < 0.001), reflecting that 

the power of the color-changing cues was lower in the swing phase and higher in the stance 

phase compared to non-color changing cues.
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FIGURE 4 ∣. 
(A) Boxplots show the number of freezing episodes during treadmill walking for two 

types of visual cues. Each dot represents a single trial. Trials with constant color cues are 

blue whereas trials with color-changing cues (stepping stones change color) are red. (B) 
Step length for each side and visual cue condition (constant color, color-changing) during 

treadmill walking. Each open circle represents the average step length for a single trial. The 

filled circle represents the average step length for each cueing condition and each side and 

the vertical lines represent standard error. The right side is yellow whereas the left side is 

black.
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