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A B S T R A C T

Objective: Physical exercise like dynamic cycling has shown promise in enhancing motor function in Parkinson’s 
disease (PD). We examined the underlying mechanisms of dynamic cycling in PD, emphasizing its impact on the 
activity of the subthalamic nucleus (STN), a pivotal region within the basal ganglia.
Methods: The investigation involved 100 dynamic cycling sessions conducted among nine PD individuals. Each 
participant underwent a maximum of 12 sessions over a four-week period. Local field potentials (LFPs) origi
nating from the STN were recorded before and after cycling, utilizing DBS electrodes positioned within the 
nucleus. We evaluated both immediate and sustained impacts of dynamic cycling on LFP. The periodic LFP 
activity was assessed by determining the dominant spectral frequency and the power associated with that fre
quency. Aperiodic LFP activity was analyzed by calculating the 1/f exponent of the power spectrum.
Results: Immediate and sustained effects of dynamic cycling on LFPs were evaluated. While immediate changes 
were insignificant, long-term effects showed an increasing trend in power and the 1/f exponent of the power 
spectrum, a measure of fluctuation in the signal, in the dorsolateral region of the STN. Ventral region of the STN 
did not show a significant response to the exercise intervention.
Conclusion: These results highlight the impact of dynamic cycling on STN neuronal activity in PD. Prolonged 
interventions, even without immediate changes, bring about significant modifications, emphasizing the role of 
extended exercise in PD management and neuroplasticity.
Significance: These results highlight the impact of dynamic cycling showing changing in the STN neurophysiology 
in PD.

1. Introduction

Nearly 10 million people worldwide suffer from Parkinson’s Disease 
(PD). The current treatment of PD is medication (levodopa, dopamine 
agonists) and surgical intervention (deep brain stimulation). Over the 
past two decades, substantial evidence has demonstrated that physical 
therapy incorporating various exercise methods is effective for long- 
term rehabilitation in PD (Mak et al., 2017; Mak and Wong-Yu, 2019). 
The underlying neurological mechanisms through which exercise in
terventions aid in PD have been studied using studies involving animal 
models and PD patients. Animal studies have elucidated the cellular and 
molecular mechanisms underlying exercise-induced neuroprotection 
and neurorestoration (Mak and Wong-Yu, 2019). These mechanisms 

include neurogenesis, neurotrophic factors, neuroinflammation, and 
oxidative stress (Crowley et al., 2019). Human studies have reported 
functional improvements in gait characteristics such as speed, stride, 
and step length, as well as muscle strength and balance. Additionally, 
enhancements in non-motor symptoms such as memory, mood, execu
tive functions (Tiihonen et al., 2021), and overall quality of life have also 
been observed in response to exercise. However, in the context human 
studies, evidence on the mechanisms by which exercise enhances 
physical function is limited due to practical constraints. An fMRI study 
revealed a 50 % improvement in following exercise, illustrating how 
exercise and anti-parkinsonian medication may function similarly to 
restore functionality (Alberts et al., 2016). Other imaging studies have 
also indicated that exercise interventions may induce structural changes 
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in the brain, including increases in grey matter volume, cortico-motor 
excitability, striatal DA receptor density, and dopamine (DA) concen
tration, as observed through imaging studies. Nevertheless, the trans
lation of these changes into modifications in neurophysiological 
behavior remains uncertain, particularly within the basal ganglia, where 
the underlying pathology of PD resides.

A previous study by (Ridgel et al., 2015) demonstrated objective 
improvements in motor function in PD measured with Unified Parkin
son’s Disease Rating Scale (UPDRS-III) result from a structured high- 
cadence dynamic cycling regimen on a customized motorized station
ary bike over three sessions. In this study, we aimed to understand how 
exercise affects the neurophysiological response of the subthalamic 
nucleus (STN) – a structure within the basal ganglia and a target of deep 
brain stimulation surgery (DBS) for PD. In participants with DBS using 
Medtronic Percept™ PC for a 12-session exercise regime spread over 
four weeks, we measured local field potential (LFP) before and after 
each exercise session. We aimed to understand the immediate and long- 
term effects of exercise by quantifying changes in the neurophysiolog
ical features of their LFP signals.

2. Methods

The study protocol and written informed consent were approved by 
the institutional review board. The primary focus was to explore the 
mechanistic foundations of how dynamic cycling contributes to the 
improvement of PD symptoms. This involved measuring the effects of 
dynamic cycling on STN neuronal activity in PD. We measured effects of 
dynamic cycling on STN LFP activity on 100 instances from nine PD 
individuals (eight men and one woman; age 66.4 ± 9.7). The average 
Unified Parkinson’s Disease rating scale (UPDRS-III) values were 20.7 ±
2.56, and average daily dopamine dose was 1061.7 ± 480 mg/day. The 
inclusion criteria were the diagnosis of PD confirmed with UK Brain 
Bank Criteria, stable antiparkinsonian medication regimen for at least 
six months, bilateral subthalamic region deep brain stimulation (STN- 
DBS) with Medtronic Percept™ PC implantable pulse generator and 
electrode lead models 3389 or Sense Sight B33005 Directional™ 
(Medtronic, Minneapolis, MN, USA), the stimulation settings being 
stable for at least a month’s time, the ability to provide written informed 
consent, and the ability to perform exercise on a motorized stationary 
bike every other day for up to 12 sessions over four weeks. Table 1
provides the details about the demographic information, exercise pa
rameters, and implanted DBS systems. Those with cardiovascular risk 
factors or musculoskeletal injury that prevents safe participation in the 
exercise program were excluded from the study.

2.1. Experimental Setup

The participants engaged in a structured exercise intervention that 
involved dynamic cycling. This intervention consisted of 12 supervised 

sessions spread over a duration of 4 weeks, with each session spaced 
48–72 h apart from the next. Cycling was performed on a custom made 
interactive motorized stationary bike at a cadence of 80 rotations per 
minute (RPM) for 30 mins. Each high cadence cycling was preceded by a 
5-minute warm-up period and was followed by a 5-minute cool-down 
period at a speed of 60 RPM. The time interval between exercise and 
medications was kept consistent, and the participants performed the 
sessions at the same time of the day. Patients were advised to refrain 
from additional physical activities beyond their regular routine before 
the intervention. This precaution ensures a clear determination that any 
observed changes result specifically from the exercise intervention. The 
motor symptoms were assessed using the Kinesia One, an inertial mea
surement unit-based device by Great Lakes Neurotechnologies 
(Heldman et al., 2014). The exercise intensity was monitored at two- 
minute intervals through a heart-rate monitor (Mi Band 6, Xiaomi, 
China or Polar H10 sensor, Polar, USA). The rating of perceived exertion 
(RPE) was acquired every four minutes using the 6–20 Borg RPE scale. 
Out of the nine participants, six completed all 12 sessions. One partici
pant discontinued after the 9th session, and another discontinued ex
ercise sessions after the 8th session, both due to unrelated seasonal flu 
like illness. One participant discontinued the study after the 11th ses
sion. The discontinuation was due to unrelated circumstances. Never
theless, we were able to test our hypothesis from all participants, who 
were included in the analysis.

2.2. Exercise intervention

The intervention was done with a stationary motorized bike where 
the speed can be set to a desired cadence, which is 80 RPM in this case. 
The motor rotates the pedals at this specified speed. The rider is 
instructed to put in a small power to overdrive the motor. While the rider 
can exert additional power to pedal faster, the motor torque feedback is 
calibrated to maintain the set cadence. This creates a dynamic interac
tion between the rider and the motor. The outcome of this dynamic 
interaction is communicated to the rider through a visual display. The 
internal workings of this dynamic cycling paradigm are described in 
detail previously (Ridgel et al., 2017).

2.3. LFP data acquisition

We recorded the LFP from the STN immediately before and after 
exercise intervention. The participants remained seated in a chair with 
their arms supported; they were refrained from talking or making any 
voluntary movements (Bougou et al., 2023; Storzer et al., 2017). The 
steps followed are depicted in Fig. 1(a). Medication was taken at least 
120 min before each session. During each session, the first LFP recording 
was obtained before starting the exercise. The DBS was turned off for 10 
mins prior to beginning 210 s (3.5 min) recording at 250 Hz. The data 
was recorded with on-board hardware filters set at 1 Hz high-pass and 

Table 1 
Highlights the demographic information about the participants, implantation, and their exercise summary. (IPG – Implanted Pulse Generator, UPDRS – Unified 
Parkinsons’s Disease Rating Scale, HR – Heart Rate).

PD 
ID

Age 
(Years)

PD Duration 
(Years)

# Months after 
DBS surgery

Total 
levodopa

DBS Lead 
Type

IPG 
Inserted in

More 
affected Side

dominant 
side

#Sessions Pre- 
UPDRS

Average 
HR

PD04 57 17 2 years, 2 
months

1505 LEAD_3389 left right right 12 18 92.9

PD27 76 6 1 year, 8 months 635 LEAD_B33005 right left right 12 19 81.92
PD28 78 40 2 years, 7 

months
1070 LEAD_B33005 right right right 12 21 89.96

PD35 69 8 1 year, 9 months 1200 LEAD_B33005 right right right 12 24 80.3
PD36 77 5 10 months 1000 LEAD_B33005 right right right 8 21 89.1
PD37 56 11 2 years 600 LEAD_B33005 right left right 9 24 88.24
PD38 67 5 5 months 1940 LEAD_B33005 right left right 12 18 90.6
PD39 66 6 7 months 400 LEAD_B33005 right right right 12 − 83.3
PD40 52 7 1 year, 11 

months
1200 LEAD_B33005 right left right 11 − 99.65
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100 Hz low-pass. Following this recording, the DBS was turned back on 
and remained on during the biking exercise. Similar to the first 
recording, a second recording was obtained after completing 40 min of 
biking in the same manner as the first.

We utilized the ’indefinite streaming’ feature of the Medtronic 
Percept™ PC to capture LFPs. In this mode, recordings were conducted 
simultaneously from 6 contact pairs (3 on the right and 3 on the left) 
with stimulation turned off. Fig. 1(B) shows the arrangement and la
beling of the 4 leads on the electrode placed in each hemisphere for 
patients who underwent bilateral STN-DBS surgery. On the left side, the 
electrodes are labeled from 0 (ventral-most contact) to 3 (dorsal-most 
contact). Similarly, on the right side, the electrodes are labeled from 8 
(ventral-most contact) to 11 (dorsal-most contact). A total of 3 differ
ential recordings were obtained from each electrode from contact pairs 
(0–2, 1–3, 0–3, 8–10, 9–11, 8–11). In this study we will be only utilizing 
recordings from contact pairs (0–2, 1–3, 8–10, 9–11) as these pairs 
which provide more localized recordings than the rest.

The placement of electrodes varies among patients (Table 2). To 
account for this variability and accurately interpret the results, it is 
necessary to identify the exact location of each recording pair within the 
STN. We used the Lead-DBS toolbox (Horn and Kühn, 2015) to recon
struct the locations of the four contact pairs of interest for each patient. 
We then visually classified them into three categories: dorsal, central, 
and ventral. Their locations were estimated based on the position of the 
contact situated between the two differentially recording electrodes. For 

instance, the location of contact pair 0–2 was assigned using the location 
of contact 1. Fig. 1(C) shows an example of this assignment. The orange 
structure is the anterior view of the reconstructed right STN of PD27 
using Lead-DBS. The light grey structure is the electrode, and the dark 
grey parts are the 4 contacts of electrode. We observed that the electrode 
in the lateral STN had contact 8 at the lower boundary, contact 9 in the 
central zone, and contact 10 in the dorsal part of the STN. From our pairs 
of interest, the 8–10 contact pair was designated as recording from the 
central region, and the 9–11 contact pair was designated as recording 
from the dorsal side of the STN. This process was repeated for all the 
contact pairs of interest in all our participants. Out of the 36 leads of 
interest (9 participants × 2 sides of the brain × 2 contact pairs of in
terest), we found 15 placed in the dorsal region of the STN, 11 in the 
central region, and 3 in the ventral region. The contacts found outside of 
the STN were not included in the analysis.

2.4. LFP data analysis

The data was further analyzed using custom MATLAB (Version 
2023b, MathWorks, United States) scripts and Fieldtrip toolbox 
(Oostenveld et al., 2011). After visually inspecting the electrophysio
logical data, any instances of movement artifacts were identified and 
removed from the dataset. The cardiac artifact noted in two participants 
was removed using the open source Perceive toolbox (https://www.gith 
ub.com/neuromodulation/perceive/)(Merk et al., 2022). The output 

Fig. 1. (a) shows the main steps of the experiment design protocol. The participants take medication at least 120 mins before they start exercising. We record the LFP 
for 210 s when they arrive. Later they participate in a 30 mins exercise session. At the end, we again measure the LFP signals for another 210 s. This process is 
repeated every 48–72 h, up to 12 sessions. (b) displays the numbering of electrode contacts on DBS electrodes. Shaded areas represent electrode contacts, each 
labeled with a numerical designation on the left and right side, marked as L and R respectively. The left side recording involves the differential recording of 0–2 and 
1–3 contacts which centered around electrodes 1 and 2 respectively. The right-side measurement comes from the differential recording from 8 to 10 and 9–11 
contacts which are centered around electrodes 9 and 10 respectively. The Medtronic Percept™ Indefinite Streaming mode records simultaneously from these 
electrodes. The location of the electrodes 1,2,9,10 were identified in within the STN for each patient using Lead-DBS (Horn and Kühn, 2015). A representative of it is 
displayed in part (c) where the electrodes are marked as “dorsal”, “central”, “ventral”, “outside” according to their placement in the lead and used in further analysis.
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was saved for further analysis.

2.5. Aperiodic and periodic component separation

For signals obtained from each contact pair during every session, we 
used two methods for aperiodic component extraction: FOOOF 
(Donoghue et al., 2020) and IRASA (Wen and Liu, 2016). For FOOOF, 
the LFP data was filtered using a 5th order, zero phase Butterworth filter 
from 4 Hz to 60 Hz. The power spectral density (PSD) was calculated 
using Welch’s method. This data was then processed with the FOOOF 
algorithm with the following parameters: frequency range of 8–50 Hz, 
peak width limits of 2–20 Hz, a maximum of 6 peaks, a minimum peak 
height of 0, a peak threshold of 2, and an aperiodic model set to fixed. 
After computing the aperiodic fit, we subtracted the aperiodic values 
from the full PSD to obtain the periodic PSD and recorded the aperiodic 
exponent values. Fig. 1 illustrates this process. The recorded signal 
(Fig. 2A) was filtered with a 4–60 Hz filter, and the PSD (Fig. 2B) was 
computed. The PSD was then separated into aperiodic – depicted by blue 
curve in (Fig. 2C) and periodic components (Fig. 2D) using the FOOOF 
algorithm.

For IRASA, each dataset was then divided into 1-second windows 
with 50 % overlap. We used the default resampling factor, hset = (1.1 to 
1.9 in increments of 0.05), and a frequency range of 8–50 Hz to compute 
the aperiodic spectrum (Fig. 2E), without applying any digital filters to 
the data beforehand. The resulting fractal curve was subtracted from the 
original PSD to derive the periodic spectrum (Fig. 2F). The aperiodic 
exponent and aperiodic offset were determined by calculating the slope 
of the linear fit of the aperiodic curve in the log (PSD)-log (frequency) 
domain (Fig. 2G). Due to the imperfections of both algorithms as 
described in (Gerster et al., 2022), we compared the results from both 
algorithms to validate our outcomes.

In addition to the aperiodic exponent derived from the aperiodic fit, 
two features were extracted from the periodic traces obtained using both 
methods: peak power and the frequency at which this peak power 
occurred. Peak power represents the maximum power detected within 
the 8 to 50 Hz range, with the corresponding frequency identified as the 

“frequency corresponding to the peak power”.

2.6. Statistical analysis

To compare parameters before and after biking in the acute analysis, 
we used the independent non-parametric Wilcoxon signed rank test, as 
the data did not follow a normal distribution according to the 
Kolmogorov-Smirnov test. Additionally, we performed Spearman’s rank 
correlation analysis to examine the relationship between session number 
and LFP characteristics across median values of dorsal, central, and 
ventral contacts, aiming to identify any significant monotonic trends in 
each feature. Given the pilot nature of this study and the lack of 
experimental literature from animal models or parallel studies, our 
analysis remains exploratory. Considering these factors, along with the 
variability in disease presentation and brain signals, we chose not to 
apply multiple comparison correction, expecting that the findings 
should be validated in future larger studies.

3. Results

The overarching goal of this study was to gain insights into the 
physiological underpinning of how a short-term and long-term dynamic 
cycling intervention affects PD, particularly in the context of STN 
neuronal activity. We initially hypothesized that changes in LFP features 
would be observed both acutely and over the long term. To examine this 
hypothesis, we studied LFP signals collected from before and after the 
biking paradigm from 9 PD participants with bilateral STN DBS using 
the Medtronic Percept™ PC device.

3.1. Immediate effects of dynamic biking on STN activity

We analyzed LFP data from a total of 100 sessions from 9 participants 
immediately before and after biking. The comparison of LFP features, 
including the aperiodic exponent, peak power, and the frequency cor
responding to the peak power, did not show any significant changes in 
the dorsal, central, and ventral parts of the STN. Fig. 3 (A-I) summarizes 
these findings. In each plot, the X-axis represents the value of each LFP 
feature before biking, and the Y-axis represents the value of the same 
feature on the same day after biking. The broken black line indicates the 
95 % confidence interval for the data, and the solid black line (x = y) 
passes through the region within this interval.

When performing a paired comparison using the Wilcoxon signed 
rank test on the aperiodic exponents of the dorsally placed electrodes, 
the results showed a p-value of 0.06. Before biking, the median was 1.37 
with an interquartile range (IQR) of 1.22 to 1.62. After biking, median 
was 1.41 with an IQR of 1.22 to 1.64. Similarly, the central electrodes 
exhibited a p-value of 0.83, with median values of 1.17 (IQR: 0.95–1.4) 
before biking and 1.20 (IQR: 0.98–1.38) after biking. In contrast, the 
comparison in ventral electrodes showed a p-value of 0.02, with median 
values of 0.9 (IQR: 0.76–1.04) before biking and 0.88 (IQR: 0.79–1.2) 
after biking. Despite the statistical significance observed, the change in 
median values is 2.2 %. The peak power showed a significant change in 
the dorsal electrodes, with a p-value of 0.02 and a median of 0.62 (IQR: 
0.45–0.75) before biking, compared to 0.62 (IQR: 0.41–0.74) after 
biking, indicating a change of less than 1 % in the median value. In 
contrast, the central and ventral locations showed no significant 
changes, with p-values of 0.47 and 0.94, respectively. The median for 
the central location was 0.35 (IQR: 0.26–0.50) before biking and 0.35 
(IQR: 0.27–0.53) after biking, while for the ventral location, it was 0.71 
(IQR: 0.43–0.80) before biking and 0.66 (IQR: 0.52–0.80) after biking. 
The frequency at which peak power occurred also demonstrated similar 
trends. Significant changes were observed on the dorsal side (p-value 
0.01), with a median of 20.25 (IQR: 18.5–22.5) before biking and 21 
(IQR: 18.5–22.7) after biking, reflecting a magnitude of change of 3.7 %. 
In contrast, the central and ventral locations did not exhibit significant 
changes. The centrally placed electrodes had a change with a p-value of 

Table 2 
Displays the MNI (Montreal Neurological Institute) space co-ordinates of the 
electrodes of the electrodes used in the analysis from 9 participants.

ID Side Electrode MNI x MNI y MNI z location

PD04 R 2 11.6021 − 12.1731 − 5.31604 dorsal
PD04 L 2 − 15.0822 − 11.5575 − 6.1634 dorsal
PD27 R 2A 14.1798 − 11.9551 − 5.43647 dorsal
PD27 L 2A − 13.5426 − 12.6371 − 4.69501 dorsal
PD28 L 2A − 12.1661 − 12.1403 − 5.12262 dorsal
PD35 R 1A 12.5508 − 11.3978 − 5.38836 dorsal
PD35 L 1A − 12.4172 − 11.8201 − 6.00909 dorsal
PD36 R 2A 13.9242 − 12.2342 − 5.14102 dorsal
PD37 R 2A 13.9643 − 10.2943 − 8.23863 dorsal
PD38 R 2A 13.7876 − 12.1257 − 5.49839 dorsal
PD38 L 1A − 12.1309 − 12.5292 − 5.00587 dorsal
PD39 R 1A 14.937 − 11.8861 − 5.93852 dorsal
PD39 L 1A − 12.9895 − 11.3429 − 6.86515 dorsal
PD40 R 1A 13.2535 − 11.4529 − 5.77061 dorsal
PD40 L 1A − 14.1301 − 12.4799 − 4.94635 dorsal
PD04 R 1 10.9523 − 13.1833 − 7.0091 central
PD04 L 1 − 14.5555 − 12.5877 − 7.864 central
PD27 R 1 13.4026 − 13.1403 − 7.20052 central
PD27 L 1 − 12.7055 − 13.739 − 6.47806 central
PD28 R 2 11.3619 − 12.4559 − 7.3705 central
PD28 L 1 − 11.5154 − 13.3529 − 6.84328 central
PD36 R 1 13.4139 − 13.4575 − 6.90357 central
PD36 L 2 − 11.3756 − 12.781 − 8.61168 central
PD37 R 1 13.0458 − 11.9572 − 9.51881 central
PD37 L 1 − 13.5363 − 11.0816 − 7.94088 central
PD38 R 1 13.1246 − 13.2175 − 7.23325 central
PD28 R 1A 10.8051 − 13.7129 − 9.12187 ventral
PD36 L 1A − 10.7425 − 14.2644 − 10.1481 ventral
PD37 L 1A − 12.7563 − 12.667 − 9.33916 ventral
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0.64 and medians of 19.9 (IQR: 18.25–22.3) before exercising and 20 
(IQR: 17.6–21.8) after exercising. The ventrally placed electrodes 
showed a change with a p-value of 0.17 and median values of 20 (IQR: 
19–22.6) before biking and 21 (IQR: 18.7–23.5) after biking, 
respectively.

3.2. Long-term effects of dynamic cycling on STN activity

To understand the long-term effects on STN activity, we analyzed 
LFP data collected from each participant before their biking exercise 
over 12 dynamic cycling sessions performed over 4-week period. The 
data was consistently collected at the same time of day and the same 
duration after they took their medication. We calculated the percentage 
change in each LFP feature (aperiodic exponent, peak power, and fre
quency corresponding to the peak power) relative to its baseline value 
from session number 1. Fig. 4(A-I) illustrates the distribution of these 
values across sessions. Each error bar entry displays the median value for 
each session across all electrodes positioned in that location, with the 
value for that session represented by a solid black circle and the inter
quartile range shown by grey error bars. The dashed blue line indicates 
the linear fit through the medians. The “rho” value represents the 
Spearman correlation coefficient calculated between the session count 
and the medians. The “p” value indicates the statistical significance of 
this Spearman correlation. We found significant trends in LFP feature 
changes among dorsally placed leads, whereas central and ventral leads 
did not exhibit notable trends.

For example, dorsally placed leads showed a significant increasing 
trend (Fig. 4A) (rho = 0.62, p = 0.04). In contrast, central (p = 0.68) 
(Fig. 4B) and ventral leads (p = 0.94) (Fig. 4C) did not exhibit significant 
trends. This suggests that dorsal leads responded with an increasing 
aperiodic exponent over sessions. A similar trend was observed for peak 
power, which showed a progressive increase across sessions, as depicted 
in Fig. 4D. The medians indicated a Spearman correlation (rho = 0.64, 
and p = 0.03), indicating an increasing trend in peak power with the 
biking intervention. The frequency corresponding also showed a sig
nificant trend in the dorsal leads but did not show any significant cor
relation in the central (p = 0.51) and ventral (p = 0.23) leads. The 
frequency corresponding to peak power (Fig. 4G) also demonstrated 
significant trends in dorsally placed leads but not in centrally and 
ventrally placed leads. Specifically, the frequency showed a decreasing 
trend over sessions (rho = -0.65, p = 0.02) in dorsal leads, whereas 
central and ventral leads showed non-significant p-values of (p = 0.51) 
and (p = 0.23), respectively. This suggests a slowing down of the fre
quency at which neuronal oscillators are active in the dorsal region. 
Overall, there is a consistent response observed in dorsal leads, while 
centrally and ventrally placed leads do not show consistent trends. This 
indicates that only the dorso-lateral part of the STN responded to this 
exercise intervention.

We conducted the same analysis using the IRASA algorithm. The 
results closely mirrored those obtained previously, with minor varia
tions in values but consistent conclusions drawn from the statistical 
analysis. Fig. 5 (A-I) and Fig. 6 (A-I) similarly reflects results when 

Fig. 2. (a) displays a 1-second epoch of a sample LFP signal from one participant. (b) illustrates the power spectral density curve of the entire signal that includes the 
1-second epoch shown in (a). (c) presents the aperiodic spectrum (blue) computed using the FOOOF algorithm, with the grey curve representing the raw PSD used for 
the fit. (d) shows the oscillatory component remaining after removing the aperiodic fit. Similarly, (e & f) shows the aperiodic fractal component calculated using the 
IRASA algorithm. (e) is the fractal fit, and (f) is the oscillatory component.
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calculating the aperiodic exponent using the IRASA algorithm. Despite 
the equality line passing through the confidence intervals, no significant 
changes were observed for any of the features across electrode locations 
(p-values > 0.05). Furthermore, results obtained using FOOOF, which 
indicated significant p-values, revealed minimal changes in the median 
(<4%). Thus, we conclude that the STN-LFP features did not exhibit 
substantial alterations immediately in response to biking.

3.3. Changes in the motor scores

Motor symptoms showed a trend toward improvement. By 
comparing Kinesia scores for motor symptoms, we observed an increase 
in finger tap count from a median of 42 (IQR: 32.7–51.2) to 46.5 (IQR: 
39.7–46.5; Wilcoxon’s signed-rank test, p = 0.46). Kinetic tremor also 
improved, with a score reduction from a median of 1.15 (IQR: 
0.84–1.45) to 0.65 (IQR: 0.42–0.88; p = 0.07). However, changes in 
resting tremor were minimal. Such trend-wise modest changes were 
likely due to its already low pre-exercise value as a result of data 
collected in DBS on state. However, it is still noteworthy that dynamic 

cycling was effective in modestly improving postural and kinetic tremor 
that remained refractory to DBS at programmed parameters. In other 
words, all motor symptom measurements were recorded with DBS ON, 
indicating that the observed effects of cycling reflect its role as an 
adjunct therapy rather than an isolated intervention.

4. Discussion

Expanding on previous evidence of beneficial impact of dynamic 
cycling on PD motor symptoms (Alberts et al., 2016; Gates and Ridgel, 
2022; Ridgel et al., 2015, 2009), this pilot study aimed to uncover the 
mechanisms behind these improvements. Our hypothesis centered on 
the modulation of STN activity measured by LFP in PD, both acutely and 
in the long term. Using DBS electrodes, we measured LFP frequency, 
power at the dominant spectral frequency, and aperiodic parameters (1/ 
f exponent). We found no immediate conclusive effects of dynamic 
cycling; however, lasting, and incremental effects were evident over the 
4-week intervention, with up to 12 sessions of dynamic cycling in the 
dorsal part of the STN. We were able derive the same conclusion from 2 

Fig. 3. (a-i) summarizes the findings showing the acute response of exercise on the STN LFP parameters calculated using the FOOOF algorithm. In each plot, the X- 
axis represents the value of each LFP feature before biking, and the Y-axis represents the value of the same feature on the same day after biking. The broken black line 
indicates the 95 % confidence interval for the data, and the solid black line (x = y) passes through the region within this interval. (a, b, c) show the values of aperiodic 
exponents in the electrodes placed in the dorsal, central, and ventral regions, respectively. (d, e, f) show the value of the peak power detected within the frequency 
range 8–50 Hz in the dorsal, central, and ventral regions. (g, h, i) show the values of the frequencies corresponding to the peak power in the dorsal, central, and 
ventral regions.
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different methods to identify the aperiodic spectrum of the LFP re
cordings. FOOOF and IRASA are two distinct and well received methods 
for calculating the aperiodic exponent and identifying the aperiodic 
component of the spectrum. Their strengths and weaknesses have been 
discussed thoroughly by (Gerster et al., 2022). To avoid errors in 
interpreting the results due to the limitations of a single method, we 
conducted analyses using both and compared the results to validate our 
conclusions.

Both periodic and aperiodic activity, measured by the power at peak 
frequency and the 1/f exponent, can vary significantly and may be 
influenced by different states of the nervous system, including responses 
to levodopa medication. Ideally, to isolate the effects of exercise from 
changes in dopaminergic concentration, we would have preferred par
ticipants to refrain from taking their levodopa medication overnight. 
However, since this was also a long-term intervention, it was not feasible 
to ask participants to withhold their medication. Hence, the dopamine 
concentration would likely vary between the before and after exercise 
readings, as the ingested medication is absorbed or eliminated from the 
body. This variation can either enhance or mask changes in the LFP 
features, as levodopa medication is known to affect various aspects of 

LFP signals, such as peak power, aperiodic exponent, and beta burst 
dynamics (Tinkhauser et al., 2017). To minimize the influence of 
dopaminergic medications on our interpretations, we structured our 
experiments with a consistent interval between medication intake, ex
ercise, and the measurement of LFPs before and after dynamic cycling.

The long-term analysis revealed a gradual response in the dorsal STN 
over the course of 12 sessions. While the immediate response in the STN 
was not pronounced, there were observable neurophysiological changes 
over time. The aperiodic exponent showed an increasing trend as in the 
dorsal part of STN as the sessions progressed. The aperiodic exponent, 
serving as a measure of aperiodic activity in the recorded LFP signal, can 
be considered a surrogate measure of ionic conductance and the extra
cellular medium (Destexhe et al., 1993). Additionally, it has been pro
posed that this exponent reflects the excitatory-inhibitory balance in the 
region (Gao et al., 2017; Voytek et al., 2015; Wiest et al., 2023) When a 
person takes levodopa medication, an increase in the aperiodic exponent 
is observed (Wiest et al., 2023), suggesting that the medication and 
exercise’s effect on the aperiodic spectrum may follow same neuronal 
pathways. A previous study on the effects of DBS on STN LFP activity 
revealed an increase in the aperiodic exponent, suggesting that 

Fig. 4. (a-i) summarizes the findings showing the acute response of exercise on the STN LFP parameters calculated using the IRASA algorithm. Each plot has the X- 
axis representing the value of each LFP feature before biking and the Y-axis representing the value of the same feature on the same day after biking. The broken black 
line indicates the 95 % confidence interval for the data, while the solid black line (x = y) passes through this interval. (a, b, c) display the values of aperiodic 
exponents in electrodes placed in the dorsal, central, and ventral regions, respectively. (d, e, f) show the values of peak power detected within the frequency range of 
8–50 Hz in the dorsal, central, and ventral regions. (g, h, i) illustrate the frequencies corresponding to the peak power in the dorsal, central, and ventral regions.
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enhanced inhibition over time reflects neuroplasticity induced by STN 
DBS (Darmani et al., 2023). We observed comparable trends in aperiodic 
changes with one-month exercise sessions. While distinguishing the ef
fects of exercise from DBS remains challenging, the fact that we see 
similar trends over a shorter timeframe compared to the longer duration 
of the previous study suggests that exercise may complement the plastic 
changes induced by DBS (Darmani et al., 2023). However, the long-term 
trend in peak power in response to exercise does not mimic its response 
to dopamine intake. In PD patients, levodopa consumption typically 
reduces peak power, indicating a suppression of hypersynchrony in the 
STN, which is often correlated with symptom severity. Our data in
dicates an increase in the hypersynchrony in the dorsal region of the 
STN. One possible explanation for this can be that the exercise engages 
different pathways compared to medication for controlling the oscilla
tory component of the data. This needs to be validated with more ex
periments involving different parts of the brain involved in motor 

control. Additionally, the third LFP feature, the frequency correspond
ing to the peak power, showed a decreasing trend, suggesting that 
hypersynchrony is reducing in frequency, which may indicate a slowing 
down of information flow in the STN. Although the magnitude of the 
frequency changes is small, they might exhibit a more pronounced 
decreasing trend over a longer intervention period. A timeframe of 4 
weeks is relatively short for an exercise study. For patients with 
advanced PD, it may take more time for exercise interventions to show 
significant effects. However, this study suggests that consistent physical 
activity can start to modify the behavior of the dorsal part of the STN. 
Many studies reporting improvements in PD patients with exercise have 
conducted interventions spanning 6 months to many years (Bhalsing 
et al., 2018; Laat et al., 2024; Mak et al., 2017; Tsukita et al., 2022). 
Therefore, to fully understand the extent of improvements, changes, and 
limitations that exercise can offer, a longer-duration study with these 
measurements is recommended.

Fig. 5. (a-i) illustrate the trend in the change in LFP features throughout the 12 exercise sessions. For each electrode placed dorsally, centrally, and ventrally, the 
percentage change from the respective baseline was calculated using the FOOOF algorithm. The median value for all electrodes for each session is marked with a 
filled black circle, and the light grey error bars show the interquartile range. (a-c) depict the change in the aperiodic exponent in the dorsal, central, and ventral 
regions, respectively. (d-f) show the incremental changes in peak power detected within the 8–50 Hz frequency range, and (g-i) display the changes in the frequency 
corresponding to the peak values as the sessions progress.
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While some studies show immediate changes in cortical activity after 
exercise, deeper brain structures like the STN may take longer and more 
consistent interventions to induce neuroplasticity. The extended effects 
are aligned with the notion that exercise induces nervous system plas
ticity, and such plasticity then led to changes in STN activity manifest in 
LFP changes. There is strong evidence that exercise and physical activity 
in PD involves neurotrophic factors as key mediators of neuroplasticity 
(Bettio et al., 2019). Intensive treadmill training is known to rescue al
terations in striatal plasticity in rodent models of synuculopathy (Marino 
et al., 2023). Improved motor control is also associated with a recovery 
in dendritic spine density and alterations and lasting rescue of physio
logical corticostriatal long-term potentiation. Further pharmacological 
analyses of long-term potentiation have shown modulation of N-methyl- 
d-aspartate receptors bearing GluN2B subunits and tropomyosin re
ceptor kinase B, BDNF is also involved in these beneficial effects (Marino 
et al., 2023). The exercise induced alterations in both dopaminergic and 

glutamatergic neurotransmission are thought to mitigate cortically 
driven hyper-excitability in basal ganglia that is seen in PD (Petzinger 
et al., 2010).

We observed significant trends only in the dorsolateral part of the 
STN, with no significant trends in the central or ventral sections of the 
lateral STN. We had only three electrodes placed in the ventral region of 
the STN and therefore prefer not to draw conclusions from that data. 
However, there were around 11 electrodes placed in the central part of 
the lateral STN. The dorsolateral part of the STN, also known as the 
sensorimotor region, is connected to the motor cortex via the hyper 
direct pathway. The more ventral regions are connected with the limbic 
and associative circuits, which did not show a response to the exercise 
paradigms.

There are numerous factors contributing to the variability in the 
data. Despite the participant cohort comprising PD patients, variables 
such as fitness levels, regular exercise routines, age, and specific 

Fig. 6. (a-i) illustrate the trend in the change in LFP features throughout the 12 exercise sessions. For each electrode placed dorsally, centrally, and ventrally, the 
percentage change from the respective baseline was calculated using the IRASA algorithm. The median value for all electrodes for each session is marked with a filled 
black circle, and the light grey error bars show the interquartile range. (a-c) depict the change in the aperiodic exponent in the dorsal, central, and ventral regions, 
respectively. (d-f) show the incremental changes in peak power detected within the 8–50 Hz frequency range, and (g-i) display the changes in the frequency cor
responding to the peak values as the sessions progress.
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symptom presentations likely contribute to this variability. Addition
ally, individual differences in response rates to exercise regimes may 
also vary.

DBS is a powerful technique to mitigate PD symptoms. When the 
stimulation is withdrawn, motor symptoms may take up to 4 h to fully 
return (Temperli et al., 2003). Although the functional symptoms 
manifest gradually, the reemergence of beta peaks in the LFPs sup
pressed during stimulation can be observed in the data. By maintaining a 
consistent interval between turning off the stimulation and recording 
the data, we can still obtain reliable results. This approach prevents us 
from accurately measuring the change in motor symptoms due to dy
namic cycling while DBS is turned off. When DBS is turned on, many 
symptoms are already suppressed, and exercise has less room for 
improving the motor symptoms, as reflected in modest but trend-wise 
improvements in certain motor tasks.

Throughout the month-long experiment, we do not expect significant 
shifts in the participants’ brain states due to disease progression. 
Considering that the reported mean annual decline for PD patients in the 
Hoehn and Yahr scale is approximately 3.2 % per year (Alves et al., 
2005), translating to less than 0.3 % monthly, and our mean UPDRS-III 
score for these participants was 20, a 0.3 % change in 20 amounts to a 
mere 0.06 alteration in the UPDRS score by assuming linear changes, 
indicating minimal disease progression within a month. Hence, it 
seemed reasonable to attribute any observed changes to the exercise 
intervention rather than disease progression.

In summary, this pilot study examines the impact of high cadence 
dynamic cycling on the STN activity in PD patients, investigating acute 
and long-term changes in LFPs. While immediate post-exercise effects 
were not observed, significant alterations in STN LFP power and peri
odicity emerged over a four-week, 12-session period for the dorsal re
gion of the STN. These findings indicate dynamic cycling induces 
neuroplastic changes in STN activity, potentially enhancing motor 
function in PD patients. The study underscores the significance of pro
longed exercise interventions for managing PD symptoms.
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