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Abstract

Background: Both neuromodulation and physical therapy have been shown to mitigate
motor and non-motor symptoms of Parkinson’s disease. To date, no studies have exam-
ined the integration of transcutaneous auricular vagus nerve stimulation (taVNS) with
physical therapy approaches for improving Parkinsonian symptoms. The purpose of this
study was to investigate the safety, tolerability, and feasibility of combining taVNS with
physical therapy to enhance the therapeutic benefits of exercise as medicine in a clinical
setting. Methods: Participants were randomly assigned to receive active or sham bilateral
taVNS in combination with PT for 12 visits over 6 weeks. Safety, tolerability, and feasibil-
ity outcomes were primary. Secondly, exploratory analyses of changes in cardiovascular
and motor function over time were also performed. Results: Overall, taVNS was safe
and well-tolerated prior to PT. Cardiovascular analyses suggest that active taVINS may
augment HR response to exercise compared to sham. For motor outcomes, both groups
showed significant overall improvements; however, no significant between-group differ-
ences were found. Conclusions: The preliminary results obtained in this pilot trial confirm
that taVNS combined with physical therapy for individuals with PD is safe and feasible.
The exploratory cardiovascular and motor findings support the need for larger, adequately
powered clinical trials investigating the integration of taVNS into PT and exercise methods
for improving PD symptomology. Trial registration: ClinicalTrials.gov NCT05871151.

Keywords: Parkinson’s disease; physical therapy; taVINS

1. Introduction

Parkinson’s disease (PD) is a prevalent, progressive neurodegenerative disease classi-
cally characterized by degeneration of nigrostriatal dopaminergic neurons [1]. Although
PD has historically been categorized as a movement disorder, it is now recognized as a
multisystem disease with highly prevalent non-motor symptoms, including dysautonomia,
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sleep disturbance, anxiety, and depression [2—4]. These symptoms reflect the widespread
nature of PD pathology, which extends beyond the nigrostriatal dopaminergic system and
involves broader autonomic, inflammatory, and metabolic processes that may contribute to
disease progression and symptom burden [5-7]. Although dopamine replacement therapy
remains a first-line treatment and provides meaningful benefit for many motor symptomes,
it does not fully address the multisystem manifestations of PD.

While not curative, exercise is a well-established non-pharmacologic therapy that
can improve cardiovascular and metabolic health [8], reduce systemic inflammation [9],
and enhance neuroplasticity [10,11], effectively targeting both motor and non-motor symp-
toms [12,13]. Physical Therapy (PT) is frequently prescribed for PD patients and provides
a structured, reimbursable setting for exercise. However, implementing evidence-based
exercise protocols into routine PT care is often challenging [14,15]. For example, LSVT BIG
therapy, which is a well-established evidence-based exercise protocol specifically designed
for PD patients [16-18], requires 16 h-long, in-person visits over the course of 4 weeks. If
the patient who has been prescribed this treatment lives in a remote area, lacks consistent
caregiver support, and/or works full-time, this treatment frequency will not be achievable.
Additionally, high-intensity aerobic exercise, which is recommended in published clinical
practice guidelines for PT management of the PD patient [19], can also be challenging. To
achieve neuroplastic benefit, the patient must reach and sustain moderate-to-high train-
ing intensities [20,21]; however, non-motor symptoms such as apathy, fatigue [22] and
cardiovascular dysautonomia [23-25] may limit their ability to do so. In both scenarios,
environmental, social, and/or physiologic barriers interfere with the patient’s ability to
achieve the full therapeutic dose of exercise required for meaningful effect. These barriers
contribute to a wide gap between improvements observed in clinical research and outcomes
achieved in routine clinical practice, raising an important question: can we increase the
therapeutic impact of PT treatment so that the benefits of exercise are more accessible in a
clinical setting?

Neuromodulation is a promising therapeutic approach that is increasingly being ex-
plored as an add-on to rehabilitation to enhance recovery and restore function for patients
with neurological conditions [26]. In particular, pairing vagus nerve stimulation (VNS)
with rehabilitation has been shown to augment functional recovery, indicated by greater
improvements with rehab + VNS compared to rehabilitation alone [26-34]. VNS tradi-
tionally involves the delivery of electrical currents to the cervical portion of the vagus
nerve (VN) in the neck via a pulse generator that is surgically implanted in the chest
wall. While promising, the reach of this approach is limited by surgical risks and asso-
ciated costs. Alternatively, transcutaneous auricular vagus nerve stimulation (taVNS) is
a non-invasive alternative that targets the auricular branch of the vagus nerve (ABVN)
through the skin of the external ear [35-37]. Given physical therapists’ familiarity with
transcutaneous electrical stimulation therapies, taVINS is a more practical, lower-risk, and
potentially scalable adjunct to rehabilitation interventions for patients with neurologic
diagnoses, including PD.

Stimulation of the ABVN is thought to engage vagal afferent pathways that project
centrally to the nucleus tractus solitarius (NTS) [38], a primary brainstem relay for vagal
sensory input. The NTS has broad connections with forebrain, limbic, and brainstem
regions, including projections to the locus coeruleus (LC), the brain’s major noradrenergic
nucleus and a putative mediator of VNS-related therapeutic effects. Through this pathway,
taVNS may modulate LC—norepinephrine signaling, which is implicated in arousal, atten-
tion, and neuroplasticity [39], providing a plausible mechanism by which taVNS could
support engagement with task-relevant stimuli and facilitate motor learning during PT [40].
However, this hypothesis remains to be tested.
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TaVNS has been explored as a potential standalone therapy for PD [41-44], and has
been investigated in combination with PT in other patient populations [28-30]. However,
taVINS has not previously been tested alongside PT in individuals with PD. Before eval-
uating efficacy, it is important to first test the safety and feasibility of integrating taVINS
with PT treatment. Therefore, this pilot study aimed to establish and test a protocol for
combining taVNS with PT in individuals with PD, while exploring preliminary trends in
treatment effect to guide future hypothesis testing. This work is intended to inform future
trials investigating the therapeutic benefits of this combined intervention.

2. Methods
2.1. Trial Design and Regulatory Oversight

This study was designed as a pilot, randomized, sham-controlled clinical trial with
aims focused on assessing safety, tolerability, and feasibility (Figure 1). Blinding procedures
were implemented to evaluate the feasibility of maintaining participant and assessor
blinding for a future definitive trial and to reduce the risk of bias in exploratory outcome
measures. The study protocol included 16 visits: screening, baseline motor assessment,
12 treatment sessions over six weeks, a post-test assessment, and a four-week follow-up
visit. All assessment visits were performed in the OFF-medication state (>12 h since last
dopaminergic medication) to reduce the confounding influence of medication on motor
scores. In contrast, all treatment sessions (including taVNS and PT) were completed in
the ON medication state to reflect real-world clinical practice and ensure safety during
exercise. Participants otherwise continued their usual medical care throughout the study,
and no study-related changes to PD medication regimens were required. Cognitive and
quality of life outcomes were collected at each assessment but are beyond the scope of this
paper. Participants were randomized at a 1:1 allocation ratio into 1 of 2 groups: (1) active
taVINS plus PT or (2) sham taVNS plus PT. Written informed consent was obtained prior to
enrollment and study participation. The study protocol was approved by the University
of Alabama at Birmingham IRB (300010182, approved 8 August 2023) and registered on
ClinicalTrials.gov (NCT05871151).

Visit 1: Informed Consent

consent and Motor and cognitive
screening screen
Visit 2: MDS-UPDRS Part lIl
e Gait assessments ‘
(OFF slatel)l Balance assessments

Randomization (N=20), n=10 active
taVNS + PT, n=10 sham taVNS + PT

Visits 3—-14: Treatment; 2-3x/week for 4-6
E ﬂ @ weeks .i o

MDS-UPDRS Part Il

Visit 15:

Post-test Gait assessments
(OFF state)
Balance assessment
Visit 16: MDS-UPDRS Part Ill
Follow-up Gait assessments
(1-month,
OFF state) Balance assessment

(@)

Figure 1. Overview of study design and methods. (a) The block diagram illustrates subject flow
and treatment through the feasibility evaluation of bilateral transcutaneous auricular vagus nerve
stimulation combined with physical therapy for improving Parkinsonian symptoms. (b) Hydrogel
earbud electrodes used in this study were designed to bilaterally target cranial nerve afferents
innervating the skin of the external acoustic meatus.
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2.2. Participants

Participants were recruited through UAB’s Movement Disorders Clinic, local sup-
port groups, and patient advocacy organizations. Inclusion criteria were (1) neurologist-
confirmed diagnosis of idiopathic Parkinson’s disease, (2) age 35-80, (3) stable medications,
(4) no falls in 6 weeks, (5) ability to walk without aids, and (6) written approval from
the treating neurologist to participate in the study. Exclusion criteria were: (1) moderate-
severe cognitive impairment (MoCA < 20), to exclude individuals who may have difficulty
providing informed consent and following multi-step instructions; (2) psychiatric comor-
bidities; (3) clinically significant cardiovascular or neurological comorbidities (e.g., history
of myocardial infarction, uncontrolled hypertension, heart failure, significant arrhythmia,
stroke, or transient ischemic attack), as determined by chart review and patient history;
(4) implanted medical devices; (5) history of seizures and/or vasovagal syncope; and
(6) pregnancy. Interested participants first completed a phone eligibility screen. Those
eligible were invited for in-person screening and consent. After eligibility was confirmed
and physician approval obtained, participants were consented and enrolled (Figure 2).

Initial contact (n=44) Declined
No response (n=7) Not
interested (n=3) Not

—— enough time (n=3)
Assessed for eligibility
(n=31)

| Not meeting inclusion criteria (n=5)

Consented (n=26) I
Ii Cognitive screen fail (n=2)
Motor screen fail (n=1)
c bogali

asse;sments (n=23)

Excluded Uncontrolled

][ Assessment ][Screening/enrol]ment]

Completed post-test
assessments (n=10)

HTN (n=1)
Randomized (n=22)
Allocated to sham "
Allocated to active
aVNS + PT (n=11) aVNS + PT (n=11)
Discontinued intervention (n=1)
= Reason - dropped out due to
[0] unrelated medical issues
£
©
[ Completed all Completed all
L treatments (n=10)

treatments (n=11)

Completed post-test
assessments (n=11)

Lost to follow up (n=1)
Reason - did not want to withhold
from taking levodopa/ carbidopa

Completed follow-up

Completed follow-up o (0
assessments (n=

assessments (n=10)

[ Analysis ][ Re-Assessment ][

Analyzed (n=10) | Analyzed (n=10) I

Figure 2. CONSORT flow diagram. The CONSORT flow diagram for the study illustrates participant
screening, enrollment, randomization, intervention, and analysis. Of 44 individuals initially contacted,
22 were randomized into either sham or active transcutaneous auricular vagus nerve stimulation
(taVNS) treatment groups. A total of 20 participants completed all study procedures, including
12 taVNS plus physical therapy treatment sessions and were included in the final analysis, with
reasons for exclusions and attrition documented throughout the flow.
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2.3. Interventions

Participants completed 12 treatment sessions (2-3/week) over six weeks, reflecting
typical PT care. Each 60 min session began with baseline heart rate and blood pressure (BP)
reading, followed by 15 min of active or sham taVNS while resting. Study staff remained
present and reassessed HR/BP post-stimulation. Participants then completed a 45 min
one-on-one PT session (see below, PWR! Moves PT Treatment) with a PD-trained clinician,
followed by post-exercise vitals. The only difference between groups was the electrical
current output of the taVNS device.

2.4. Transcutaneous Auricular Vagus Nerve Stimulation (taVNS)

Bilateral taVNS was delivered using a small, current-controlled device (vagus.net)
connected to conductive, hydrogel earbud electrodes (BRAIN Buds; IST, LLC, Dover, NJ,
USA) inserted into the external acoustic meatus of the right and left ears (Figure 1b).
Skin was inspected before and after each use. Biphasic pulses (250 psec pulse durations,
50 psec inter-pulse interval) were delivered at 30 Hz and 1.0 to 4.0 mA for 15 min. These
parameters were selected to align with prior clinical and preclinical taVNS studies in PD
and other neurological populations, which have demonstrated acute physiological effects
using similar dosing [41,42,44-46]. Stimulation duration was selected for clinical feasibility,
as 15 min equates to one billable unit of electrotherapy and could more easily be integrated
into clinical workflows. Stimulation intensity was individually titrated for comfort at each
session, beginning at 4.0 mA. Most participants found this intensity tolerable; however,
if discomfort was reported, stimulation intensity was gradually decreased in 0.1-0.5 mA
increments until comfort was achieved. Our rationale for this comfort threshold approach
was to ensure tolerability across repeated sessions in a pragmatic, clinic-based context.
Sham devices mimicked controls but delivered 0 mA current.

2.5. PWR! Moves Physical Therapy Treatment

PWR! Moves® (pwrdlife.org) is a flexible and adaptable PD-specific exercise program
that is increasingly utilized in PT practice. This program was selected as the standard
exercise platform for this study to provide a relevant foundation for testing whether
adjunctive taVNS can enhance motor outcomes in the clinical setting. Participants in both
groups completed 45 min PWR! Moves PT session with a PWR! Moves certified clinician.
The program includes 4 basic movements labeled PWR! Up, Rock, Twist, and Step, targeting
antigravity extension, weight shifting, axial mobility, and transitional movements. Each
movement can be performed in standing, sitting, quadruped, prone, or supine positions.
Sessions were tailored to each participant’s ability level, with emphasis on large amplitude
and high effort during sessions. Progression and prescription of all movements were
determined by the clinician. Patient-specific deficits (whether self-reported or noted during
motor function assessments) were considered in treatment sessions.

2.6. Outcome Measures

Safety and feasibility metrics included (1) recruitment, enrollment, and attrition rates;
(2) adverse events experienced during stimulation or exercise; and (3) treatment toler-
ability [47]. Adverse events (AEs) were defined as any unintended medical occurrence
during or following taVNS or PT. AEs of interest included stimulation-site irritation or
discomfort, pain or unpleasant sensory symptoms, autonomic or cardiovascular symptoms
such as dizziness, lightheadedness, palpitations, presyncope/syncope, abnormal HR or BP
responses. AEs were assessed systematically at each treatment visit through participant
self-report, direct observation by study staff, pre- and post-stimulation skin inspection,
and measurement of HR and BP before taVNS, immediately after taVNS, and immediately
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after exercise. Changes in the Movement Disorders Society Unified Parkinson’s disease
Rating Scale Motor Sub-Scale (MDS-UPDRS Part III) were assessed over three time points to
assess trends in treatment response: (1) baseline (assessment 1), (2) immediately following
12 taVINS + PT sessions (assessment 2), and at 4 weeks follow-up (assessment 3). The
MDS-UPDRS Part IlI was administered at the start of each visit to minimize fatigue effects.
Additional outcome measures included a series of clinical tests commonly used in PT
practice, including the Modified Clinical Test of Sensory Interaction and Balance (mCTSIB;
measure of static balance), Functional Gait Assessment (FGA; measure of dynamic balance,
score out of 30, higher scores indicate better balance), Mini Balance Evaluation Systems
Test (mini-BEST; measure of static and dynamic balance, score out of 28, higher scores
indicate better balance), Six-Minute Walk Test (6 MWT; measure of CV endurance, measures
distance walked in 6 min in feet), and the 10 m walk test (I0MWT-ss and 10MWT-fs, which
measures the time taken to walk 10 m at self-selected and fastest gait speeds). Additionally,
CV response to stimulation and exercise was measured at each treatment visit by recording
HR, systolic blood pressure (SBP), and diastolic blood pressure (DBP) at three time points:
(1) pre-taVNS, (2) immediately post-taVNS, and (3) immediately post-exercise. All data
was collected on-site at UAB’s Wellness, Health, and Research Facility (WHAREF).

2.7. Study Participants

We targeted a sample size of 20 (10 per group) based on the projected number of
individuals that could be recruited, screened, enrolled, and retained within the study
period. The study PI enrolled participants and assigned participants to interventions
using RedCap’s randomization module. Participant blinding was attempted by using
a standardized blinding script to minimize participant awareness of group assignment.
Due to the small study team and limited personnel resources, the PI was not blinded to
group assignment. All other study staff involved in assessments and intervention delivery
remained blinded throughout the study to reduce potential bias.

2.8. Statistical Analysis

Feasibility and safety outcomes, including recruitment, enrollment, attrition, and
adverse events, were summarized using frequency counts and percentages. Descriptive
statistics were calculated for baseline demographic and clinical variables. Baseline dif-
ferences and tolerability were compared using independent ¢-tests and chi-square tests,
as appropriate.

This study was not statistically powered to evaluate efficacy; however, we conducted
ancillary and exploratory analyses to identify potential trends in motor and CV outcomes to
guide protocol refinement and outcome selection for a future, adequately powered clinical
trial. For select motor outcomes (MDS-UPDRS Part III, Mini-BESTest, and 6MWT), we
utilized linear mixed-effect models to evaluate longitudinal between-group differences.
LMMs were constructed with group (active vs. sham), timepoint (baseline, post-treatment,
and 4-week follow-up), and the group x timepoint interaction entered as fixed effects. A
random intercept for each participant was included in all models to account for within-
subject variance across the repeated-measures design.

To evaluate physiological adaptability, unified 3-timepoint LMMs were employed for
CV responses (HR, SBP, and DBP) to map the continuous trajectory across the treatment
session. Fixed effects included group, timepoint (pre-taVNS, post-taVNS, and post-exercise),
and their interaction, with participant included as a random intercept. All mixed-effects
modeling was conducted in R using the Ime4 and ImerTest packages, with significance set
at p < 0.05. Missing data were not imputed; analyses were conducted using available data
for each outcome and time point.
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To supplement these inferential statistics and clinically interpret the magnitude and
retention of intervention effects, descriptive statistics (means, standard deviations, and
mean change scores) were also calculated and described. Furthermore, to formally evaluate
the clinical significance of between-group differences independent of sample size, stan-
dardized effect sizes (Hedge’s g) and 95% confidence intervals (Cls) were calculated for the
longitudinal clinical change scores.

3. Results
3.1. Feasibility

We screened 44 individuals, of whom 33 met preliminary criteria and 26 were con-
sented and enrolled between May 2023 and September 2024. The study was completed
once recruitment goals were met. Three subjects were excluded after in-person screening,
yielding a 70% enrollment rate (23/33). One participant was excluded pre-randomization
due to hypertension. Twenty-two participants were randomized (11 per group). One sham
participant withdrew due to an unrelated illness, and one active participant missed follow-
up, resulting in a 91% completion rate and a 95% adherence rate. A total of 20 participants
(10 per group) were included in the final analyses. Participants in both groups continued
their usual care throughout the trial.

3.2. Demographics and Clinical Characteristics

Baseline demographic and clinical characteristics are presented in Table 1. Participants
averaged 67.2 £ 7.1 years of age, with PD duration of 5.0 = 3.2 years and mild-moderate
disease severity (H&Y 1-3). PD motor subtype was not formally assessed. There were
no significant between-group differences in age (p = 0.143, CI: —1.75, 11.15), years since
diagnosis (p = 0.813, CI: —3.42, 2.72), H&Y stage (p = 0.382, CI: —3.42, 2.72), cognitive
function (MoCA OFF: p = 0.640, CI: —2.71, 1.71; MoCA ON: p = 0.723, CI: —2.74,1.94), and
ethnic composition (p = 0.305). Sex and gender distributions were identical across groups.
There were no significant differences in MDS-UPDRS Part III scores at baseline in the OFF-
(sham: 36.7 + 8.6, active: 31.0 £+ 12.68) and ON-medication (sham: 34.2 4+ 14.66, active:
26.3 £ 13.21) states (OFF: p = 0.255, CI: —4.48, 15.88; ON: p = 0.222, CI: —5.21, 21.01).

Table 1. Demographics and clinical characteristics by treatment group.

Characteristic Total (N =20)  Sham (n =10) Active (1 =10)  p-Value 95% CI
Age, years 67.2 (7.10) 69.5 (6.15) 64.8 (7.51) 0.143 —1.75,11.15
Years since diagnosis 5.0 (3.18) 4.8 (3.05) 5.2 (3.47) 0.813 —3.42,2.72
Hoehn and Yahr stage 2.7 (0.75) 2.8 (0.63) 2.5 (0.85) 0.382 —0.40, 1.00
MDS-UPDRS Part III (off) 33.9 (10.95) 36.7 (8.6) 31.0 (12.68) 0.255 —4.48,15.88
MDS-UPDRS Part ITl (on) ~ 30.3 (14.17) 34.2 (14.66) 263 (13.21) 0.222 ~521,21.01
MoCA (off) 27.0 (2.31) 26.7 (1.95) 27.2 (2.70) 0.640 —2.71,1.71
MoCA (on) 26.7 (2.43) 26.5 (2.37) 26.9 (2.60) 0.723 —2.74,1.94
Sex

Male 16 (80.0%) 8 (80.0%) 8 (80.0%) 1.000

Female 4 (20.0%) 2 (20.0%) 2 (20.0%)
Ethnicity

White/Caucasian 19 (95.0%) 10 (100.0%) 9 (90.0%) 0.305
Amz?f;{ African 1(5.0%) 0 (0.0%) 1.(10.0%)

https://doi.org/10.3390 /neurolint18060118


https://doi.org/10.3390/neurolint18060118

Neurol. Int. 2026, 18,118

8 of 20

3.3. Safety and Tolerability of Treatment

Following consent, randomization, and enrollment, participants began the multi-week
treatment protocol combining taVNS with PT (Figure 2). AE outcomes were assessed from
baseline through the 4-week follow-up visit. There were no AEs reported during the entire
duration of the trial. Analysis of tolerability data (Table 2) showed participants in the active
group were more likely to perceive stimulation compared to sham (p = 0.021). We found
33.3% of participants in the active group reported feeling the stimulation every time and
56.6% most of the time, while the sham group reported only occasional (50.0%) or rare
(50.0%) perception of stimulation. Perceived stimulation intensity ratings (0-10 scale) were
higher in the active group (3.0 &= 1.89) compared to the sham group (0.9 & 1.29; p = 0.009,
CIL: —3.62, —0.58). However, the average rating of 3.0 in the active group indicates that
the intensity was perceived as relatively mild. Tingling was the most frequently reported
sensation (70% active vs. 40% sham), followed by a pulsating sensation (30% active, 0%
sham). No participants reported pain or discomfort during any of the treatment sessions.
As these results indicate, blinding integrity is difficult to maintain at or above sensory
thresholds, and participants in the active group were more likely to correctly identify their
stimulation status.

Table 2. Tolerability of bilateral transcutaneous auricular vagus nerve stimulation. * indicates
p-value <0.05.

Sham (n = 10) Active (n =10) p-Value
Feels Stimulation
Yes 0 (0.0%) 4 (40.0%) 0.021 *
Sometimes 4 (40.0%) 4 (50.0%) :
No 6 (60.0%) 1 (10.0%)
If yes/sometimes, frequency felt 0.020 *
Every time 0 (0.0%) 3 (33.3%)
Most of the time 0 (0.0%) 5 (55.6%)
Occasionally 2 (50.0%) 1(11.1%)
Rarely 2 (50.0%) 0 (0.0%)
Stimulation Intensity (0-10) 0.9 (1.29) 3.0 (1.89) 0.009 *
Tingling Sensation 0.178
Yes 4 (40.0%) 7 (70.0%)
No 6 (60.0%) 3 (30.0%)
Pulsating Sensation 0.060
Yes 0 (0.0%) 3 (30.0%)
No 10 (0.0%) 7 (70.0%)
Warm Sensation 1.000
Yes 0 (0.0%) 0 (0.0%)
No 10 (100.0%) 10 (100.0%)
Pressure 1.000
Yes 0 (0.0%) 0 (0.0%)
No 10 (100.0%) 10 (100.0%)
Pain 1.000
Yes 0 (0.0%) 0 (0.0%)
No 10 (100.0%) 10 (100.0%)
Dull Ache 1.000
Yes 0 (0.0%) 0 (0.0%)
No 10 (100.0%) 10 (100.0%)
Numbness 1.000
Yes 0 (0.0%) 0 (0.0%)
No 10 (100.0%) 10 (100.0%)
Overall Tolerability of Treatment 0.060
Very comfortable 8 (80.0%) 6 (60.0%)
Comfortable 0 (0.0%) 3 (30.0%)
Neutral 2 (20.0%) 1 (10.0%)
Uncomfortable 0 (0.0%) 0 (0.0%)
Very uncomfortable 0 (0.0%) 0 (0.0%)
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3.4. Effects of taVNS and Exercise on Motor Outcomes

To characterize preliminary treatment-related trends, we examined changes in se-
lect motor (MDS-UPDRS Part III), balance (mini-BEST), and walking capacity (6MWT)
outcomes across time in the active and sham taVNS groups (Figure 3). For the primary
motor outcome, the MDS-UPDRS Part III, the LMM revealed a highly significant main
effect of Time (F(2,36) = 9.54, p = 0.0004), indicating overall motor improvement in both
treatment groups. The group X timepoint interaction did not reach statistical significance
(F(2,36) = 1.40, p = 0.259); however, descriptive analysis of the clinical trajectories provides
additional insight. Immediately following the intervention (post-treatment), both groups
achieved a clinically meaningful reduction in motor symptom severity (defined as a de-
crease of >5 points [48]. The sham group improved by an average of 9.9 points (95% CI:
—16.1, —3.7; baseline: 36.7 &£ 8.6; post: 26.8 &= 12.5), while the active taVNS group improved
by 5.9 points (95% CI: —11.6, —0.2; baseline: 31.0 & 12.7; post: 25.1 £ 11.5). However, at
the 4-week follow-up, the sham group experienced a clinical regression in motor function,
losing 5.5 points of their initial post-treatment improvement (95% CI: —2.7, 13.7; follow-up:
32.3 £ 8.5). In contrast, the active taVINS group maintained their therapeutic gains, exhibit-
ing minimal loss of motor function between the post-treatment and follow-up assessments
(follow-up: 24.5 £ 10.0; 95% CI: —4.8, 3.6). This maintenance of motor function in the active
cohort yielded a moderate-to-large between-group effect size during the retention phase
(Hedge’s g = 0.64).

(A) MDS-UPDRS Part il (B) Mini-BESTest (C) 6-Minute Walk Test
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Figure 3. Longitudinal effects of taVNS and physical therapy on motor, balance, and endurance
outcomes. (A) Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) Part III motor scores. (B) Mini-Balance Evaluation Systems Test (Mini-
BESTest) scores. (C) 6-min Walk Test (6(MWT) distance, reported in meters. Data are presented as mean
=+ standard error (SE) at baseline (BL), immediately post-treatment (post), and at the 4-week follow-
up (follow-up). Statistical evaluation utilized linear mixed-effects models (LMMs) controlling for
baseline age. A highly significant main effect of Time was observed across all three metrics (p < 0.05),
reflecting overall improvements following the physical therapy intervention in both groups.

Analysis of balance via the Mini-BESTest similarly demonstrated a highly significant
main effect of Time (F(2,36) = 12.73, p < 0.001). However, again, the overarching group x
timepoint interaction was not statistically significant (F(2,36) = 1.87, p = 0.167). Descriptive
analysis of the clinical change scores indicates that following treatment, the active taVNS
group demonstrated an average improvement of 3.4 points (95% CI: 1.6, 5.2; baseline:
22.3 & 2.5; post: 25.7 & 1.2), achieving the Minimal Clinically Important Difference (MCID)
of 3 to 4 points for the Mini-BESTest in PD [49]. In contrast, the sham group exhibited a sub-
clinical initial improvement of only 1.9 points (95% CI: —0.7, 4.5; baseline: 20.9 & 3.8; post:

https://doi.org/10.3390 /neurolint18060118


https://doi.org/10.3390/neurolint18060118

Neurol. Int. 2026, 18,118

10 of 20

22.8 + 2.9, Hedge’s g = 0.47). During the 4-week retention phase, both groups remained
relatively stable, with the sham group losing 0.6 points of their initial gains (95% CI: —1.7,
0.5; follow-up: 22.2 £ 3.4) and the active group maintaining their gains (gaining 0.1 points,
95% CI: —1.0, 1.2; follow-up: 25.8 & 2.0). This slight divergence in stability represented a
moderate retention effect size (Hedge’s g = 0.43).

Finally, analysis of walking capacity measured by the 6MWT revealed a significant
main effect of Time (F(2,33.3) = 7.05, p = 0.002), reflecting overall improvements across both
groups. Consistent with the other motor metrics, there was no significant group x timepoint
interaction (F(2,33.3) = 1.01, p = 0.371). However, descriptive analysis of the clinical change
scores reveals a clinically important difference in the initial therapeutic response of the
active group only. Following the intervention, the active taVINS group improved their
6MWT distance by a mean of 53.6 m (95% CI: 16.3, 90.9; baseline: 430.4 £ 42.0 m; post:
477.3 £ 59.9 m), effectively achieving the MCID threshold of 54 m for PD patients. In
contrast, the sham group exhibited a sub-clinical initial improvement of only 19.7 m (95%
CI: —18.5, 57.9; baseline: 416.4 £ 83.1 m; post: 441.4 £ 98.7 m). This indicates that the
active group achieved a reliable and robust initial response, yielding a moderate-to-large
between-group effect size (Hedge’s g = 0.66). During the 4-week follow-up period, both
groups experienced a regression in functional walking capacity (active group: —18.5 m,
95% CI: —71.0, 34.0; sham group: —5.9 m, 95% CI: —35.4, 23.6; Hedge’s g = 0.22).

Collectively, these longitudinal analyses confirm that structured physical therapy
significantly improves motor, balance, and endurance metrics in PD. Additionally, while
inferential statistics did not definitively separate the groups in this small pilot, the moderate-
to-large effect sizes and reliable confidence intervals observed in the active cohort suggest
that pairing PT with active taVNS may amplify the initial magnitude of clinical response
towards clinically meaningful change, and improve the long-term retention of therapeutic
benefits compared to sham stimulation. However, these findings remain speculative and
must be confirmed with larger clinical trials.

3.5. Effects of taVNS and Exercise on Cardiovascular Outcomes

To explore the effect of taVNS on cardiovascular physiological responses at rest and
during exercise, average HR, SBP, and DBP were recorded prior to taVNS (pre-taVNS), after
15 min of active or sham stimulation at rest (post-taVNS), and following 45 min of PT (post-
exercise) across all 12 visits (Figure 4). LMMSs were used to explore differences between
groups, and descriptive statistics, along with 95% Cls and effect size, were used to describe
trends in the data (Table 3). Baseline (pre-taVNS) vitals reflected the participants’ average
resting states, with the LMMs confirming no significant baseline differences between the
active and sham groups in HR (p = 0.483), SBP (p = 0.691), or DBP (p = 0.630).

Analysis of HR data revealed a highly significant group x timepoint interaction
(F(2,36) = 20.40, p = 1.19 x 107°). Exploration of fixed effects revealed that both groups
exhibited a slight, non-significant dip in HR immediately after both active and sham taVNS
compared to baseline, with no significant difference between groups (p = 0.608). During this
acute resting phase, the sham group’s HR decreased, on average, by 0.5 bpm (95% CI: —1.6,
0.6). In contrast, the active group’s HR decreased by 1.7 bpm (95% CI: —3.2, —0.2; Hedge’s
g = 0.64). However, following PT (post-exercise), the active taVINS group demonstrated a
significantly more robust HR response to exercise compared to sham (p = 6.88 x 10~°). The
sham group’s HR increased by an average of 9.5 bpm (95% CI: 5.7, 13.3) immediately after
physical exertion, whereas the active taVNS group’s HR increased by 23.1 bpm (95% CI: 18.4,
27.8). This distinct divergence in physiological reactivity represents a large between-group
effect size (Hedge’s g = 2.18).
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Heart Rate Response Across Intervention
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Figure 4. Heart rate response across the combined taVNS and physical therapy intervention. Data
points represent the mean + standard error (SE) heart rate in beats per minute (bpm) for the active
taVNS (green) and sham (red) groups. Measurements were recorded at baseline (pre-taVNS), im-
mediately following 15 min of resting stimulation (post-taVNS), and immediately following 45 min
of targeted physical therapy (post-exercise). A unified 3-timepoint linear mixed-effects model re-
vealed a highly significant group x timepoint interaction (p < 0.001, denoted by *). During the
resting intervention period, both groups exhibited a uniform, non-significant decrease in heart rate.
However, during the subsequent physical therapy session, the active taVNS group demonstrated
a significantly augmented chronotropic response to physical exertion, increasing by an average of
~23.1 bpm compared to the sham group’s ~9.5 bpm increase.

Table 3. Cardiovascular adaptability and physiological reactivity during the physical therapy inter-
vention. All values are reported as mean + standard deviation.

Pre-taVNS Post-taVNS Post-Exercise .

Measure Group (Mean + SD) (Mean + SD) (Mean + SD) Exercise Delta (A)
Heart rate Sham 715+ 122 69.8 =114 929494 +23.1

(bpm) Active 749 £9.6 744+ 9.0 83.9 £11.3 +9.5

Systolic BP Sham 130.2 +£9.9 1215+ 6.9 137.6 £ 15.1 +16.1

(mmHg) Active 128.5 £ 12.5 120.8 = 11.8 134.0 £ 14.9 +13.2

Diastolic BP Sham 759 £ 6.1 73.1+5.0 77.3 £ 6.7 +4.2

(mmHg) Active 76.8 £6.2 754 + 6.5 781 +£72 +2.6

Values represent the mean + standard deviation for heart rate (HR), systolic blood pressure (SBP), and diastolic
blood pressure (DBP) at baseline, following 15 min of seated stimulation, and immediately following the physical
therapy exercise. The Exercise Delta (A) column denotes the absolute change from the resting post-taVNS state to
the post-exercise state, illustrating the magnitude of physiological reactivity to the physical challenge.

Conversely, the LMMs for both SBP and DBP revealed highly significant main effects of
Time (SBP: F(2,36) = 25.00, p < 0.001; DBP: F(2,36) = 11.44, p < 0.001), but did not demonstrate
a significant group x timepoint interaction (SBP: p = 0.774; DBP: p = 0.467). During the
acute resting stimulation, the sham group’s SBP decreased on average by 7.7 mmHg (95%
CI: —13.2, —2.2), whereas the active group’s SBP decreased by 8.7 mmHg (95% CI: —12.3,
—5.1; Hedge’s g = 0.15). DBP pre and post stimulation followed similar trends, with the
sham group demonstrating a 1.3 mmHg decrease (95% CI: —3.7, 1.1) and the active group
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demonstrating a 2.8 mmHg decrease (95% CI: —4.4, —1.2; Hedge’s g = 0.51). After exercise,
the sham group’s SBP increased by 13.2 mmHg (95% CI: 7.2, 19.2), whereas the active
group’s SBP increased by 16.1 mmHg (95% CI: 6.4, 25.8; Hedge’s g = 0.25). Finally, DBP
after exercise increased by 2.6 mmHg in the sham group (95% CI: 0.1, 5.1), and 4.2 mmHg
in the active group (95% CI: 1.3, 7.1; Hedge’s g = 0.39). Collectively, these findings indicate
that active taVNS may function as an autonomic primer, engaging resting parasympathetic
tone while amplifying the necessary sympathetic HR response to physical exertion, without
causing concurrent, unsafe exaggerations in blood pressure.

4. Discussion

This pilot randomized, sham-controlled trial primarily evaluated the safety, tolerability,
and feasibility of combining taVNS with PT in individuals with PD. Electrical stimula-
tion modalities have been used alongside therapeutic exercise in rehabilitation practice
for decades [50]. Although taVNS targets different neural pathways than conventional
stimulation approaches, its use of familiar electrotherapeutic principles may facilitate a
more rapid integration into rehabilitation workflows, helping to bridge the 17-year gap
between research and clinical practice [51]. Combining VNS with PT is of increasing interest,
particularly given the promising findings from paired invasive VNS + rehab studies in
stroke [31,33,52-55] and spinal cord injury [52,56,57]. Additionally, the impact of taVINS on
motor and non-motor PD symptoms has been explored [41], with recent studies demon-
strating acute and significant effects on gait and balance [42-44,58]. However, the use
of taVNS in combination with PT remains a relatively new area of study, and additional
work is needed to determine how this therapeutic approach can be implemented to syner-
gistically improve patient outcomes. Therefore, the present study aims to systematically
evaluate whether taVNS can be delivered repeatedly within a conventional PT workflow
for individuals with PD.

To our knowledge, this is the first study to evaluate the safety, tolerability, and fea-
sibility of combining taVNS with PT in individuals with PD. The primary finding was
that the combined intervention was safe, well-tolerated, and feasible within a clinical re-
habilitation context. Given the high prevalence of dysautonomia in PD [59], and because
taVNS can influence ANS function [60-65], evaluating the safety of administering taVNS
in close temporal proximity to exercise was particularly important. Our goal was to ensure
that taVNS did not produce adverse autonomic effects, such as orthostatic hypotension,
during or after treatment. No adverse events occurred throughout the study period, and
no participants required discontinuation of stimulation or exercise because of autonomic
symptoms, pain, or discomfort. Additionally, administering taVNS prior to PT did not
interfere with treatment delivery or prevent participants from engaging in the prescribed
PT sessions. These findings provide preliminary support for advancing this combined
intervention to the next stage of testing in individuals with PD. However, because this was
a small pilot study that excluded individuals with significant cardiovascular comorbidities
and more severe or atypical PD presentations, these findings should be interpreted as
preliminary evidence of short-term safety in a screened mild-to-moderate PD sample rather
than definitive evidence of safety across the broader PD population.

Participant tolerability was also an important consideration. The long-term goal of this
work is to evaluate the integration of taVNS into routine clinical practice. Patient tolerability
is a necessary first step toward clinical translation, as even highly promising interventions
are unlikely to be adopted if they are uncomfortable, burdensome, or disruptive to care.
This study used a proprietary hydrogel earbud electrode designed to improve participant
comfort; however, the tolerability of this electrode configuration in individuals with PD
had not been established. No participants reported pain or discomfort, and perceived
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stimulation intensity in the active group was mild on average. Importantly, tolerability was
maintained across a repeated, multi-week treatment protocol rather than a single laboratory
exposure, supporting the viability of this approach for future rehabilitation studies.

However, the tolerability findings also highlight an important feasibility challenge
for future efficacy trials. Participants in the active group were more likely to perceive
stimulation and reported higher stimulation intensity than participants in the sham group,
indicating that blinding integrity may be difficult to maintain when stimulation is delivered
at or above sensory threshold. Although the selected stimulation intensity did not appear
to compromise tolerability, it may introduce expectancy effects in future trials designed
to evaluate efficacy. Future studies should therefore consider protocol refinements such
as sub-sensory stimulation, improved active sham approaches, or formal measurement
of treatment expectancy and blinding integrity. These refinements will be important for
distinguishing the specific effects of taVINS from nonspecific effects related to stimulation
perception, attention from study staff, or participant expectations.

Feasibility was another central objective of this pilot study. Specifically, we sought to
determine whether participants could be recruited, enrolled, retained, and treated within a
multi-week protocol combining taVNS with PT, given the safety considerations and eligi-
bility criteria relevant to VNS research. Overall, the recruitment, retention, and adherence
outcomes suggest that this intervention model is feasible within a rehabilitation research
setting. Eligible participants were willing to enroll in a repeated-session neuromodulation
+ PT protocol, and most participants completed the study with high adherence. These
findings suggest that taVNS can be integrated into a multi-week PT intervention without
imposing excessive participant burden or disrupting treatment delivery.

Although the 15 min taVNS protocol was feasible and well tolerated, future studies
should examine whether this stimulation duration is sufficient to maximize rehabilitation-
related effects. The optimal dose-duration for taVNS remains unknown, and many studies
demonstrating acute autonomic or neurophysiologic effects have used stimulation periods
of approximately 30 min or longer [66]. Therefore, the 15 min duration used in this prag-
matic protocol may have prioritized clinical feasibility at the expense of physiologic effect
size. Future studies should directly compare stimulation durations to determine whether
longer pre-session dosing produces stronger or more durable rehabilitation-related effects.

Future studies should also consider whether taVNS should be delivered before PT
as a priming strategy or paired directly with the PT intervention. Pairing stimulation
with movement is the approach used in the majority of invasive VNS rehabilitation
studies [30,31,52,67], as evidence suggests that the timing of stimulation relative to suc-
cessful movement execution may be critical for optimizing therapeutic effects [68]. In the
present study, we selected a pre-session priming approach because it was most compatible
with the device, treatment workflow, and feasibility aims of this pilot trial. However, this
approach may not produce the same temporally specific reinforcement of task-relevant
motor circuits proposed in paired VNS models. Future studies may consider develop-
ing systems that can identify successful movement repetitions or clinically meaningful
movement patterns and deliver stimulation precisely in relation to those events.

Although this pilot study was not powered to establish efficacy, the exploratory motor
findings revealed clinically relevant patterns that warrant further investigation. Across
outcomes, structured PT was associated with improvements in motor function, which is
expected given that all participants received an active rehabilitation intervention. However,
the trajectory of change differed between groups. For motor symptom severity, measured
by the MDS-UPDRS Part III, both groups improved immediately following treatment, but
only the active taVNS group maintained these gains at the 4-week follow-up. A similar
pattern was observed for balance performance. Although Mini-BESTest scores improved
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in both groups, the magnitude of change was greater in the active group vs. sham. Only
the active taVNS group achieved a clinically meaningful change. Additionally, these gains
were maintained at follow-up in the active group, whereas the sham group demonstrated
less durable improvement. This finding is particularly relevant in PD, where balance
impairment and falls are common contributors to reduced mobility, injury risk, loss of
independence, and diminished quality of life [69]. Consequently, interventions that improve
balance may therefore have meaningful clinical implications.

The retention of improvements in motor function and balance reflects a synergis-
tic interaction between the LC-norepinephrine (LC-NE)-mediated neuroplastic effects of
taVNS [28-30,34,70] and the task-specific neuroplasticity induced by PWR! Moves, which
emphasizes large-amplitude, dynamic balance training. One plausible mechanism to sup-
port these results is that taVNS “primes” the brain by activating the LC-NE system prior to
therapy, increasing arousal, facilitating synaptic plasticity, and enhancing consolidation
of the motor skills practiced during PT. This concept parallels findings from stroke reha-
bilitation research, where VNS paired with task-specific training produced more robust
and durable motor gains than training alone [31]. However, it is also possible that optimal
effects require “pairing” stimulation with successful movement execution, timing NE re-
lease to coincide with relevant neural activity. Determining whether priming, pairing, or a
combination yields the most potent neuroplastic response represents an important avenue
for future research.

Finally, submaximal aerobic/functional walking capacity, measured by the 6MWT,
improved in both groups, but only the active taVNS group achieved a clinically meaningful
change immediately following treatment. This pattern may suggest a greater short-term car-
diovascular benefit of the combined intervention. However, unlike the motor severity and
balance outcomes, improvements in the 6MWT were not maintained at follow-up in either
group. This may indicate that endurance-related benefits require continued intervention or
more targeted cardiovascular training to be sustained over time. Overall, these exploratory
findings suggest that taVNS combined with PT may have the potential to enhance the
magnitude and/or retention of rehabilitation-related gains, but larger, adequately powered
trials are needed to determine whether these patterns reflect true treatment effects.

The greater HR response to exercise observed in the active taVNS group is of particular
interest, given the high prevalence of cardiovascular dysautonomia in PD [59]. Individuals
with PD commonly demonstrate blunted or abnormal HR responses to exercise as a result
of degeneration of neural structures of the ANS [71,72], which can complicate exercise
prescription and limit the ability to achieve target exercise intensities. In this context, taVNS
delivered immediately before PT may have acutely modulated autonomic function in a
way that supported a more robust CV response during exercise. Importantly, this larger
HR response was not accompanied by symptoms suggestive of cardiovascular intolerance.
Participants in the active group did not report palpitations, shortness of breath, dizziness,
or lightheadedness, suggesting that the observed HR increase occurred within a clinically
tolerable range.

The mechanism underlying this response remains unclear. Because taVNNS is often
discussed in relation to parasympathetic modulation, one might expect stimulation to
reduce HR at rest, as was observed immediately following taVNS. However, the larger
HR response during subsequent exercise suggests that taVINS may not simply exert a
unidirectional parasympathetic effect. Instead, taVNS may have altered the autonomic state
in a way that improved cardiovascular adaptability, allowing participants to transition more
effectively from rest to exercise. This could reflect enhanced parasympathetic withdrawal,
greater sympathetic engagement during exertion, improved baroreflex responsiveness, or a
combination of these mechanisms. These explanations remain speculative and should be
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tested in future studies using continuous HR monitoring, HRV, direct measures of exercise
intensity, and more comprehensive autonomic assessment. Overall, the larger but clinically
tolerable HR response observed in the active group supports further investigation of taVNS
as a potential strategy for improving cardiovascular responsiveness during rehabilitation
in PD.

Several limitations should be considered when interpreting the findings of this pilot
trial. First, although the study demonstrated that taVINS could be feasibly integrated into a
PT workflow, several feasibility-related limitations remain. The study PI was involved in
multiple aspects of the trial, including recruitment, enrollment, assessment, and treatment
delivery. This was due to the small study team and limited financial resources; however,
the lack of PI blinding may have introduced bias, particularly for clinician-rated and
performance-based outcomes. Future studies should incorporate blinded assessors and
separate personnel for stimulation delivery, intervention administration, and outcome
assessment. Additionally, blinding integrity was difficult to maintain, likely due to the use
of supra-sensory stimulation thresholds. Participants in the active group were more likely
to perceive stimulation, which may have introduced expectancy effects. Future studies
should consider sub-sensory or sub-perceptual stimulation intensities, improved active
sham approaches, and formal assessment of treatment expectancy and blinding integrity.

Second, the exploratory motor outcomes should be interpreted cautiously. Participants
were not instructed to restrict or standardize exercise or physical activity outside of the
treatment sessions or during the follow-up period. Therefore, we cannot determine whether
changes in MDS-UPDRS Part III, Mini-BESTest, or 6MWT performance were influenced by
differences in participants’ exercise behavior outside of the study intervention. This is par-
ticularly relevant for follow-up outcomes, as continued exercise after the treatment period
may have contributed to retention of gains in some participants, whereas reduced activity
may have contributed to regression in others. Additionally, although the individualized
PT intervention improved ecological validity, it introduced variability in exercise intensity,
task content, number of repetitions, progression, and motor learning dose across partici-
pants. Future studies should incorporate objective physical activity monitoring, structured
exercise logs, standardized documentation of treatment intensity and progression, and
treatment fidelity procedures to better characterize total exercise exposure.

Third, the cardiovascular findings were limited by the timing and scope of phys-
iological measurement. HR, SBP, and DBP were measured only at discrete time points
rather than continuously monitored, limiting our ability to characterize dynamic autonomic
responses during stimulation, exercise, and recovery. The PT intervention was also not
a standardized aerobic exercise protocol, and individualized target HR zones were not
prescribed. Therefore, HR responses to exercise were not standardized across participants.
Future studies should examine the effects of taVNS during standardized aerobic exercise
protocols and incorporate continuous HRYV, beat-to-beat BP, perceived exertion, fatigue,
exercise intensity, and cardiorespiratory fitness outcomes to determine whether taVNS
meaningfully improves autonomic regulation during rehabilitation.

Finally, although the rationale for pre-session taVNS included potential effects on
attention, arousal regulation, autonomic function, and motor learning, these mechanisms
were not directly assessed in the present study. Specifically, this study did not include
measures of HRV, baroreflex sensitivity, perceived stress, attention, cognitive-motor engage-
ment, LC-NE activity, or neuroplasticity. Therefore, the observed cardiovascular and motor
trends should be interpreted as preliminary clinical signals rather than mechanistic evi-
dence. Future studies should include mechanistic outcomes to determine whether taVNS
enhances rehabilitation by improving attention to motor practice, reducing maladaptive
arousal, improving autonomic flexibility, or some combination of these pathways.
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Overall, this study established the preliminary safety, tolerability, and feasibility of
combining taVNS with PT in individuals with PD. This study provides necessary early
evidence that repeated taVINS can be delivered safely and acceptably alongside PT in a
screened PD sample. These findings justify future mechanistic and adequately powered
trials designed to determine optimal stimulation dose, timing, sham control, and the
extent to which taVNS meaningfully augments rehabilitation outcomes. If effective, this
therapeutic approach could be integrated into clinical practice as a scalable adjunct to
improve the therapeutic impact of PT and help individuals with PD derive greater benefit
from rehabilitation.

5. Conclusions

This pilot randomized, sham-controlled trial provides preliminary evidence that
taVNS can be safely and feasibly integrated with PT for individuals with PD. The inter-
vention was well tolerated, with no adverse events attributable to stimulation or exercise.
Although not powered to determine efficacy, exploratory findings suggest that taVINS
may enhance the therapeutic benefits of PT, and may increase HR responsiveness during
exercise without destabilizing SBP or DBP. Future studies should optimize stimulation dos-
ing, strengthen blinding, incorporate continuous cardiovascular monitoring, and evaluate
taVNS with standardized aerobic exercise protocols. If effective, taVINS could represent a
scalable adjunct to enhance PT outcomes in individuals with PD.

Author Contributions: Conceptualization, A.E., W]J.T. and H.C.W.; methodology, A.E., W.J.T. and
H.C.W,; software, A.E. and W.J.T,; validation, A.E. and W.J.T,; formal analysis, A.E., W].T. and C.G.B,;
investigation, A.E., W].T., H.C.W. and ].D.; resources, A.E., W].T. and H.C.W.; data curation, A.E.
and C.G.B.; writing—original draft preparation, A.E. and ].D.; writing—review and editing, A.E.,
WJ].T., HC.W. and C.G.B; visualization, A.E.; supervision, H.C.W. and W.J.T.; project administration,
AE,; funding acquisition, A.E. and W.J.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This project was made possible by pilot funding from the School of Health Professions
Junior Faculty Grant and in-kind resources provided by the Center for Engagement in Disability
Health and Rehabilitation Science at the University of Alabama at Birmingham.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of The University of Alabama at
Birmingham (protocol code 300010182 and date of approval: 8 August 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Dataset available on request from the authors.

Acknowledgments: During the preparation of this manuscript, the author(s) used Google Gemini
3.1 Pro for the purposes of text editing and table and figure code generation. The authors have
reviewed and edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: W]T is an equity holding co-founder of IST, LLC and an inventor and co-
inventor on issued and pending neuromodulation methods and device patents for treating various
disorders. All other authors declare no financial or non-financial competing interests.

1. Simon, D.K,; Tanner, C.M.; Brundin, P. Parkinson Disease Epidemiology, Pathology, Genetics, and Pathophysiology. Clin. Geriatr.
Med. 2020, 36, 1-12. [CrossRef] [PubMed]

2. Durcan, R,; Wiblin, L.; Lawson, R.A.; Khoo, TK.; Yarnall, A.].; Duncan, G.W.; Brooks, D.J.; Pavese, N.; Burn, D.J.; Grp, L-P.S.
Prevalence and duration of non-motor symptoms in prodromal Parkinson’s disease. Eur. J. Neurol. 2019, 26, 979-985. [CrossRef]

[PubMed]

https://doi.org/10.3390 /neurolint18060118


https://doi.org/10.1016/j.cger.2019.08.002
https://www.ncbi.nlm.nih.gov/pubmed/31733690
https://doi.org/10.1111/ene.13919
https://www.ncbi.nlm.nih.gov/pubmed/30706593
https://doi.org/10.3390/neurolint18060118

Neurol. Int. 2026, 18,118 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

Schapira, A.H.V,; Chaudhuri, K.R.; Jenner, P. Non-motor features of Parkinson disease. Nat. Rev. Neurosci. 2017, 18, 435-450.
[CrossRef] [PubMed]

Pfeiffer, R.F. Non-motor symptoms in Parkinson’s disease. Park. Relat. Disord. 2016, 22, S119-5122. [CrossRef] [PubMed]
Pieperhoff, P.; Stidmeyer, M.; Dinkelbach, L.; Hartmann, C.J.; Ferrea, S.; Moldovan, A.S.; Minnerop, M.; Diaz-Pier, S.; Schnitzler,
A.; Amunts, K. Regional changes of brain structure during progression of idiopathic Parkinson’s disease—A longitudinal study
using deformation based morphometry. Cortex 2022, 151, 188-210. [CrossRef] [PubMed]

Prakash, K.G.; Bannur, B.M.; Chavan, M.D.; Saniya, K.; Sailesh, K.S.; Rajagopalan, A. Neuroanatomical changes in Parkinson’s
disease in relation to cognition: An update. J. Adv. Pharm. Technol. Res. 2016, 7, 123-126. [CrossRef] [PubMed]

Madetko-Alster, N.; Alster, P. Importance of hypoglycemia episodes and glycemic variability in parkinsonian syndromes. Neurol.
Neurochir. Pol. 2025, 59, 501-503. [CrossRef] [PubMed]

Belanger, M.].; Rao, P.; Robbins, ].M. Exercise, Physical Activity, and Cardiometabolic Health: Pathophysiologic Insights. Cardiol.
Rev. 2022, 30, 134-144. [CrossRef] [PubMed]

Mathur, N.; Pedersen, B.K. Exercise as a mean to control low-grade systemic inflammation. Mediat. Inflamm. 2008, 2008, 109502.
[CrossRef] [PubMed]

Hirsch, M.A; Iyer, S.S.; Sanjak, M. Exercise-induced neuroplasticity in human Parkinson’s disease: What is the evidence telling
us? Park. Relat. Disord. 2016, 22, S78-S81. [CrossRef] [PubMed]

Johansson, H.; Hagstromer, M.; Grooten, W.J.A.; Franzén, E. Exercise-Induced Neuroplasticity in Parkinson’s Disease: A Metasyn-
thesis of the Literature. Neural Plast. 2020, 2020, 8961493. [CrossRef] [PubMed]

Fox, S.H.; Katzenschlager, R.; Lim, S.Y.; Barton, B.; de Bie, RM.A.; Seppi, K.; Coelho, M.; Sampaio, C.; Movement Disorder
Society Evidence-Based Medicine Committee. International Parkinson and Movement Disorder Society Evidence-Based Medicine
Review: Update on Treatments for the Motor Symptoms of Parkinson’s Disease. Mov. Disord. 2018, 33, 1248-1266. [CrossRef]
[PubMed]

Dashtipour, K.; Johnson, E.; Kani, C.; Kani, K.; Hadi, E.; Ghamsary, M.; Pezeshkian, S.; Chen, ].J. Effect of exercise on motor and
nonmotor symptoms of Parkinson’s disease. Park. Dis. 2015, 2015, 586378. [CrossRef] [PubMed]

Ellis, T.; Boudreau, ] K.; DeAngelis, T.R.; Brown, L.E.; Cavanaugh, J.T.; Earhart, G.M.; Ford, M.P.; Foreman, K.B.; Dibble, L.E.
Barriers to exercise in people with Parkinson disease. Phys. Ther. 2013, 93, 628-636. [CrossRef] [PubMed]

Schootemeijer, S.; van der Kolk, N.M.; Ellis, T.; Mirelman, A.; Nieuwboer, A.; Nieuwhof, F; Schwarzschild, M.A.; de Vries, N.M.;
Bloem, B.R. Barriers and Motivators to Engage in Exercise for Persons with Parkinson’s Disease. J. Park. Dis. 2020, 10, 1293-1299.
[CrossRef] [PubMed]

Ekmekyapar Firat, Y.; Turgay, T.; Sogan, S.S.; Giinel Karadeniz, P. Effects of LSVT-BIG via telerehabilitation on non-motor and
motor symptoms and quality of life in Parkinson’s disease. Acta Neurol. Belg. 2023, 123, 207-214. [CrossRef] [PubMed]

Fleming Walsh, S.; Balster, C.; Chandler, A.; Brown, J.; Boehler, M.; O'Rear, S. LSVT BIG® and long-term retention of functional
gains in individuals with Parkinson’s disease. Physiother. Theory Pract. 2022, 38, 629-636. [CrossRef] [PubMed]

Peterka, M.; Odorfer, T.; Schwab, M.; Volkmann, J.; Zeller, D. LSVT-BIG therapy in Parkinson’s disease: Physiological evidence for
proprioceptive recalibration. BMC Neurol. 2020, 20, 276. [CrossRef] [PubMed]

Osborne, J.A.; Botkin, R.; Colon-Semenza, C.; DeAngelis, T.R.; Gallardo, O.G.; Kosakowski, H.; Martello, J.; Pradhan, S.; Rafferty,
M.; Readinger, ].L.; et al. Physical Therapist Management of Parkinson Disease: A Clinical Practice Guideline From the American
Physical Therapy Association. Phys. Ther. 2022, 102, pzab302. [CrossRef] [PubMed]

Kathia, M.M.; Duplea, S.G.; Bommarito, J.C.; Hinks, A.; Leake, E.; Shannon, J.; Pitman, J.; Khangura, PK.; Coates, A.M.; Slysz, ].T.;
et al. High-intensity interval versus moderate-intensity continuous cycling training in Parkinson’s disease: A randomized trial.
J. Appl. Physiol. 2024, 137, 603-615. [CrossRef] [PubMed]

Schenkman, M.; Moore, C.G.; Kohrt, WM.; Hall, D.A.; Delitto, A.; Comella, C.L.; Josbeno, D.A.; Christiansen, C.L.; Berman, B.D.;
Kluger, B.M,; et al. Effect of High-Intensity Treadmill Exercise on Motor Symptoms in Patients with De Novo Parkinson Disease:
A Phase 2 Randomized Clinical Trial. JAMA Neurol. 2018, 75, 219-226. [CrossRef] [PubMed]

Herlofson, K.; Kluger, B.M. Fatigue in Parkinson’s disease. J. Neurol. Sci. 2017, 374, 38-41. [CrossRef] [PubMed]
Cuenca-Bermejo, L.; Almela, P.; Navarro-Zaragoza, J.; Ferndndez Villalba, E.; Gonzédlez-Cuello, A.M.; Laorden, M.L.; Herrero,
M.T. Cardiac Changes in Parkinson’s Disease: Lessons from Clinical and Experimental Evidence. Int. . Mol. Sci. 2021, 22, 13488.
[CrossRef] [PubMed]

Roberson, K.B.; Signorile, ].E; Singer, C.; Jacobs, K.A.; Eltoukhy, M.; Ruta, N.; Mazzei, N.; Buskard, A.N.L. Hemodynamic
responses to an exercise stress test in Parkinson’s disease patients without orthostatic hypotension. Appl. Physiol. Nutr. Metab.
2019, 44, 751-758. [CrossRef] [PubMed]

Ziemssen, T.; Reichmann, H. Cardiovascular autonomic dysfunction in Parkinson’s disease. J. Neurol. Sci. 2010, 289, 74-80.
[CrossRef] [PubMed]

Evancho, A.; Tyler, W.J.; McGregor, K. A review of combined neuromodulation and physical therapy interventions for enhanced
neurorehabilitation. Front. Hum. Neurosci. 2023, 17, 1151218. [CrossRef] [PubMed]

https://doi.org/10.3390 /neurolint18060118


https://doi.org/10.1038/nrn.2017.62
https://www.ncbi.nlm.nih.gov/pubmed/28592904
https://doi.org/10.1016/j.parkreldis.2015.09.004
https://www.ncbi.nlm.nih.gov/pubmed/26372623
https://doi.org/10.1016/j.cortex.2022.03.009
https://www.ncbi.nlm.nih.gov/pubmed/35439717
https://doi.org/10.4103/2231-4040.191416
https://www.ncbi.nlm.nih.gov/pubmed/27833890
https://doi.org/10.5603/pjnns.109238
https://www.ncbi.nlm.nih.gov/pubmed/41230806
https://doi.org/10.1097/crd.0000000000000417
https://www.ncbi.nlm.nih.gov/pubmed/34560713
https://doi.org/10.1155/2008/109502
https://www.ncbi.nlm.nih.gov/pubmed/19148295
https://doi.org/10.1016/j.parkreldis.2015.09.030
https://www.ncbi.nlm.nih.gov/pubmed/26439945
https://doi.org/10.1155/2020/8961493
https://www.ncbi.nlm.nih.gov/pubmed/32256559
https://doi.org/10.1002/mds.27372
https://www.ncbi.nlm.nih.gov/pubmed/29570866
https://doi.org/10.1155/2015/586378
https://www.ncbi.nlm.nih.gov/pubmed/25722915
https://doi.org/10.2522/ptj.20120279
https://www.ncbi.nlm.nih.gov/pubmed/23288910
https://doi.org/10.3233/jpd-202247
https://www.ncbi.nlm.nih.gov/pubmed/32925106
https://doi.org/10.1007/s13760-022-02104-x
https://www.ncbi.nlm.nih.gov/pubmed/36175786
https://doi.org/10.1080/09593985.2020.1780655
https://www.ncbi.nlm.nih.gov/pubmed/33969801
https://doi.org/10.1186/s12883-020-01858-2
https://www.ncbi.nlm.nih.gov/pubmed/32652957
https://doi.org/10.1093/ptj/pzac098
https://www.ncbi.nlm.nih.gov/pubmed/36029042
https://doi.org/10.1152/japplphysiol.00219.2024
https://www.ncbi.nlm.nih.gov/pubmed/39008618
https://doi.org/10.1001/jamaneurol.2017.3517
https://www.ncbi.nlm.nih.gov/pubmed/29228079
https://doi.org/10.1016/j.jns.2016.12.061
https://www.ncbi.nlm.nih.gov/pubmed/28087059
https://doi.org/10.3390/ijms222413488
https://www.ncbi.nlm.nih.gov/pubmed/34948285
https://doi.org/10.1139/apnm-2018-0638
https://www.ncbi.nlm.nih.gov/pubmed/30521353
https://doi.org/10.1016/j.jns.2009.08.031
https://www.ncbi.nlm.nih.gov/pubmed/19740484
https://doi.org/10.3389/fnhum.2023.1151218
https://www.ncbi.nlm.nih.gov/pubmed/37545593
https://doi.org/10.3390/neurolint18060118

Neurol. Int. 2026, 18,118 18 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Yoshida, Y.; Okayama, S.; Fujihara, D.; Taniyama, M.; Yamada, A.; Fukui, M.; Doi, N.; Takahashi, R.; Tanabe, A.; Ogaki, S.; et al.
Effects of Transcutaneous Auricular Vagus Nerve Stimulation on Hemodynamics and Autonomic Function During Exercise
Stress Tests in Healthy Volunteers. Circ. Rep. 2025, 7, 315-322. [CrossRef] [PubMed]

Wang, M.H.; Wang, Y.X.; Xie, M.; Chen, L.Y.; He, M.F; Lin, F; Jiang, Z.L. Transcutaneous auricular vagus nerve stimulation with
task-oriented training improves upper extremity function in patients with subacute stroke: A randomized clinical trial. Front.
Neurosci. 2024, 18, 1346634. [CrossRef] [PubMed]

Shi, X.; Zhao, J.; Xu, S.; Ren, M.; Wu, Y.; Chen, X.; Zhou, Z.; Chen, S.; Huang, Y.; Li, Y.; et al. Clinical Research Progress of the
Post-Stroke Upper Limb Motor Function Improvement via Transcutaneous Auricular Vagus Nerve Stimulation. Neural Plast.
2023, 2023, 9532713. [CrossRef] [PubMed]

Badran, B.W.; Peng, X.; Baker-Vogel, B.; Hutchison, S.; Finetto, P; Rishe, K.; Fortune, A.; Kitchens, E.; O’'Leary, G.H.; Short, A;
et al. Motor Activated Auricular Vagus Nerve Stimulation as a Potential Neuromodulation Approach for Post-Stroke Motor
Rehabilitation: A Pilot Study. Neurorehabilit. Neural Repair 2023, 37, 374-383. [CrossRef] [PubMed]

Dawson, J.; Liu, C.Y.; Francisco, G.E.; Cramer, S.C.; Wolf, S.L.; Dixit, A.; Alexander, J.; Ali, R.; Brown, B.L.; Feng, W.; et al. Vagus
nerve stimulation paired with rehabilitation for upper limb motor function after ischaemic stroke (VNS-REHAB): A randomised,
blinded, pivotal, device trial. Lancet 2021, 397, 1545-1553. [CrossRef] [PubMed]

Keute, M.; Gharabaghi, A. Brain plasticity and vagus nerve stimulation. Auton. Neurosci. 2021, 236, 102876. [CrossRef] [PubMed]
Engineer, N.D.; Kimberley, T.J.; Prudente, C.N.; Dawson, J.; Tarver, W.B.; Hays, S.A. Targeted Vagus Nerve Stimulation for
Rehabilitation After Stroke. Front. Neurosci. 2019, 13, 280. [CrossRef] [PubMed]

Redgrave, ].N.; Moore, L.; Oyekunle, T.; Ebrahim, M.; Falidas, K.; Snowdon, N.; Ali, A.; Majid, A. Transcutaneous Auricular
Vagus Nerve Stimulation with Concurrent Upper Limb Repetitive Task Practice for Poststroke Motor Recovery: A Pilot Study.
J. Stroke Cerebrovasc. Dis. 2018, 27, 1998-2005. [CrossRef] [PubMed]

Verma, N.; Mudge, ].D.; Kasole, M.; Chen, R.C.; Blanz, S.L.; Trevathan, ].K,; Lovett, E.G.; Williams, ].C.; Ludwig, K.A. Auricular
Vagus Neuromodulation—A Systematic Review on Quality of Evidence and Clinical Effects. Front. Neurosci. 2021, 15, 664740.
[CrossRef] [PubMed]

Kim, A.Y;; Marduy, A.; de Melo, P.S.; Gianlorenco, A.C.; Kim, C.K.; Choi, H.; Song, ].J.; Fregni, F. Safety of transcutaneous auricular
vagus nerve stimulation (taVNS): A systematic review and meta-analysis. Sci. Rep. 2022, 12, 22055. [CrossRef] [PubMed]
Urbin, M.A.; Lafe, C.W.; Simpson, T.W.; Wittenberg, G.F.; Chandrasekaran, B.; Weber, D.J. Electrical stimulation of the external ear
acutely activates noradrenergic mechanisms in humans. Brain Stimul. 2021, 14, 990-1001. [CrossRef] [PubMed]

Butt, M.E; Albusoda, A.; Farmer, A.D.; Aziz, Q. The anatomical basis for transcutaneous auricular vagus nerve stimulation.
J. Anat. 2020, 236, 588-611. [CrossRef] [PubMed]

Torres, A.S.; Robison, M.K.; Brewer, G.A. The role of the LC-NE system in attention: From cells, to systems, to sensory-motor
control. Neurosci. Biobehav. Rev. 2025, 175, 106233. [CrossRef] [PubMed]

Bari, B.A.; Chokshi, V.; Schmidt, K. Locus coeruleus-norepinephrine: Basic functions and insights into Parkinson’s disease. Neural
Regen. Res. 2020, 15, 1006-1013. [CrossRef] [PubMed]

Evancho, A.; Do, M.; Fortenberry, D.; Billings, R.; Sartayev, A.; Tyler, W.J. Vagus nerve stimulation in Parkinson’s disease:
A scoping review of animal studies and human subjects research. npj Park. Dis. 2024, 10, 199. [CrossRef] [PubMed]

Zhang, H.; Cao, X.Y.; Wang, L.N.; Tong, Q.; Sun, HM.; Gan, C.T,; Shan, A.D.; Yuan, Y.S.; Zhang, K.Z. Transcutaneous auricular
vagus nerve stimulation improves gait and cortical activity in Parkinson’s disease: A pilot randomized study. CNS Neurosci. Ther.
2023, 29, 3889-3900. [CrossRef] [PubMed]

Lench, D.H.; Turner, TH.; McLeod, C.; Boger, H.A.; Lovera, L.; Heidelberg, L.; Elm, J.; Phan, A.; Badran, B.W.; Hinson, V.K.
Multi-session transcutaneous auricular vagus nerve stimulation for Parkinson’s disease: Evaluating feasibility, safety, and
preliminary efficacy. Front. Neurol. 2023, 14, 1210103. [CrossRef] [PubMed]

Marano, M.; Anzini, G.; Saltarocchi, L.; Ricciuti, R.; Capone, F; Tan, H.; Torrecillos, F.; Lanzone, ].; Di Lazzaro, V. Left Vagus
Stimulation Modulates Contralateral Subthalamic 3 Power Improving the Gait in Parkinson’s Disease. Mov. Disord. 2023, 39,
424-428. [CrossRef] [PubMed]

Farrand, A.Q.; Verner, R.S.; McGuire, R M.; Helke, K.L.; Hinson, V.K.; Boger, H.A. Differential effects of vagus nerve stimulation
paradigms guide clinical development for Parkinson’s disease. Brain Stimul. 2020, 13, 1323-1332. [CrossRef] [PubMed]
Farrand, A.Q.; Helke, K.L.; Gregory, R.A.; Gooz, M.; Hinson, V.K.; Boger, H.A. Vagus nerve stimulation improves locomotion and
neuronal populations in a model of Parkinson’s disease. Brain Stimul. 2017, 10, 1045-1054. [CrossRef] [PubMed]
Tickle-Degnen, L. Nuts and bolts of conducting feasibility studies. Am. J. Occup. Ther. 2013, 67, 171-176. [CrossRef] [PubMed]
Horviéth, K.; Aschermann, Z.; Acs, P; Deli, G.; Janszky, J.; Komoly, S.; Balazs, E.; Takécs, K.; Karadi, K.; Kovécs, N. Minimal
clinically important difference on the Motor Examination part of MDS-UPDRS. Park. Relat. Disord. 2015, 21, 1421-1426. [CrossRef]
[PubMed]

Godi, M.; Arcolin, L; Giardini, M.; Corna, S.; Schieppati, M. Responsiveness and minimal clinically important difference of the
Mini-BESTest in patients with Parkinson’s disease. Gait Posture 2020, 80, 14-19. [CrossRef] [PubMed]

https://doi.org/10.3390 /neurolint18060118


https://doi.org/10.1253/circrep.cr-24-0136
https://www.ncbi.nlm.nih.gov/pubmed/40352124
https://doi.org/10.3389/fnins.2024.1346634
https://www.ncbi.nlm.nih.gov/pubmed/38525376
https://doi.org/10.1155/2023/9532713
https://www.ncbi.nlm.nih.gov/pubmed/37789954
https://doi.org/10.1177/15459683231173357
https://www.ncbi.nlm.nih.gov/pubmed/37209010
https://doi.org/10.1016/s0140-6736(21)00475-x
https://www.ncbi.nlm.nih.gov/pubmed/33894832
https://doi.org/10.1016/j.autneu.2021.102876
https://www.ncbi.nlm.nih.gov/pubmed/34537681
https://doi.org/10.3389/fnins.2019.00280
https://www.ncbi.nlm.nih.gov/pubmed/30983963
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.02.056
https://www.ncbi.nlm.nih.gov/pubmed/29580658
https://doi.org/10.3389/fnins.2021.664740
https://www.ncbi.nlm.nih.gov/pubmed/33994937
https://doi.org/10.1038/s41598-022-25864-1
https://www.ncbi.nlm.nih.gov/pubmed/36543841
https://doi.org/10.1016/j.brs.2021.06.002
https://www.ncbi.nlm.nih.gov/pubmed/34154980
https://doi.org/10.1111/joa.13122
https://www.ncbi.nlm.nih.gov/pubmed/31742681
https://doi.org/10.1016/j.neubiorev.2025.106233
https://www.ncbi.nlm.nih.gov/pubmed/40412462
https://doi.org/10.4103/1673-5374.270297
https://www.ncbi.nlm.nih.gov/pubmed/31823870
https://doi.org/10.1038/s41531-024-00803-1
https://www.ncbi.nlm.nih.gov/pubmed/39448636
https://doi.org/10.1111/cns.14309
https://www.ncbi.nlm.nih.gov/pubmed/37311693
https://doi.org/10.3389/fneur.2023.1210103
https://www.ncbi.nlm.nih.gov/pubmed/37554394
https://doi.org/10.1002/mds.29690
https://www.ncbi.nlm.nih.gov/pubmed/38111224
https://doi.org/10.1016/j.brs.2020.06.078
https://www.ncbi.nlm.nih.gov/pubmed/32629028
https://doi.org/10.1016/j.brs.2017.08.008
https://www.ncbi.nlm.nih.gov/pubmed/28918943
https://doi.org/10.5014/ajot.2013.006270
https://www.ncbi.nlm.nih.gov/pubmed/23433271
https://doi.org/10.1016/j.parkreldis.2015.10.006
https://www.ncbi.nlm.nih.gov/pubmed/26578041
https://doi.org/10.1016/j.gaitpost.2020.05.004
https://www.ncbi.nlm.nih.gov/pubmed/32464537
https://doi.org/10.3390/neurolint18060118

Neurol. Int. 2026, 18,118 19 of 20

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Tiktinsky, R.; Chen, L.; Narayan, P. Electrotherapy: Yesterday, today and tomorrow. Haemophilia 2010, 16, 126-131. [CrossRef]
[PubMed]

Rubin, R. It Takes an Average of 17 Years for Evidence to Change Practice—The Burgeoning Field of Implementation Science
Seeks to Speed Things Up. JAMA 2023, 329, 1333-1336. [CrossRef] [PubMed]

Darrow, M.].; Torres, M.; Sosa, M.J.; Danaphongse, T.T.; Haider, Z.; Rennaker, R.L.; Kilgard, M.P; Hays, S.A. Vagus Nerve
Stimulation Paired with Rehabilitative Training Enhances Motor Recovery After Bilateral Spinal Cord Injury to Cervical Forelimb
Motor Pools. Neurorehabilit. Neural Repair 2020, 34, 200-209. [CrossRef] [PubMed]

Hays, S.A.; Adehunoluwa, E.A.; Epperson, ].D.; Malley, K.M.; Porter, A.L.; Gallaway, H.L.; Swank, C.; Carrera, A.]. ; Stevens, C.;
Gillespie, J.; et al. Closed-Loop Vagus Nerve Stimulation Delivered with a Miniaturized System Produces Lasting Recovery in
Individuals with Chronic Stroke. Stroke 2026, 57, 38-49. [CrossRef] [PubMed]

Hays, S.A.; Khodaparast, N.; Hulsey, D.R.; Ruiz, A.; Sloan, A.M.; Rennaker, R.L.; Kilgard, M.P. Vagus nerve stimulation during
rehabilitative training improves functional recovery after intracerebral hemorrhage. Stroke 2014, 45, 3097-3100. [CrossRef]
[PubMed]

Khodaparast, N.; Hays, S.A.; Sloan, A.M.; Fayyaz, T.; Hulsey, D.R.; Rennaker, R.L.; Kilgard, M.P. Vagus nerve stimulation
delivered during motor rehabilitation improves recovery in a rat model of stroke. Neurorehabilit. Neural Repair 2014, 28, 698-706.
[CrossRef] [PubMed]

Kilgard, M.P,; Epperson, ].D.; Adehunoluwa, E.A.; Swank, C.; Porter, A.L.; Pruitt, D.T.; Gallaway, H.L.; Stevens, C.; Gillespie,
J.; Arnold, D.; et al. Closed-loop vagus nerve stimulation aids recovery from spinal cord injury. Nature 2025, 643, 1030-1036.
[CrossRef] [PubMed]

Malley, K.M.; Epperson, ].D.; Bynum, Z.S.; Kian, S.; Adehunoluwa, E.A.; Dunbar, S.M.; Stanislav, B.T.; Wright, ].M.; Pruitt, D.T,;
Wigginton, J.G.; et al. At-Home Delivery of Vagus Nerve Stimulation Paired with Task-Specific Training Improves Performance
of High-Priority Activities in Persons with Chronic Spinal Cord Injury or Stroke. Am. J. Phys. Med. Rehabil. 2026, 105, S57-563.
[CrossRef] [PubMed]

van Midden, V.; Simon¢i¢, U.; Pirtosek, Z.; Kojovi¢, M. The Effect of taVNS at 25 Hz and 100 Hz on Parkinson’s Disease
Gait—A Randomized Motion Sensor Study. Mov. Disord. 2024, 39, 1375-1385. [CrossRef] [PubMed]

Rissardo, ].P; Gadelmawla, A.E; Khalil, I.; Abdulgadir, A.; Bhatti, K.S.; Fornari Caprara, A.L. Epidemiology of autonomic
dysfunction in Parkinson’s disease. Med. Int. 2025, 5, 68. [CrossRef] [PubMed]

Antonino, D.; Teixeira, A.L.; Maia-Lopes, PM.; Souza, M.C.; Sabino-Carvalho, J.L.; Murray, A.R.; Deuchars, ].; Vianna, L.C.
Non-invasive vagus nerve stimulation acutely improves spontaneous cardiac baroreflex sensitivity in healthy young men:
A randomized placebo-controlled trial. Brain Stimul. 2017, 10, 875-881. [CrossRef] [PubMed]

Atanackov, P; Peterlin, J.; Derlink, M.; Kovaci¢, U.; Kejzar, N.; Bajrovi¢, EF. The Acute Effects of Varying Frequency and Pulse
Width of Transcutaneous Auricular Vagus Nerve Stimulation on Heart Rate Variability in Healthy Adults: A Randomized
Crossover Controlled Trial. Biomedicines 2025, 13, 700. [CrossRef] [PubMed]

Badran, B.W.; Mithoefer, O.].; Summer, C.E.; LaBate, N.T.; Glusman, C.E.; Badran, A.W.; DeVries, W.H.; Summers, PM.; Austelle,
C.W.,; McTeague, L.M.; et al. Short trains of transcutaneous auricular vagus nerve stimulation (taVNS) have parameter-specific
effects on heart rate. Brain Stimul. 2018, 11, 699-708. [CrossRef] [PubMed]

Carandina, A.; Rodrigues, G.D.; Di Francesco, P; Filtz, A.; Bellocchi, C.; Furlan, L.; Carugo, S.; Montano, N.; Tobaldini, E. Effects
of transcutaneous auricular vagus nerve stimulation on cardiovascular autonomic control in health and disease. Auton. Neurosci.
2021, 236, 102893. [CrossRef] [PubMed]

Forte, G.; Favieri, E; Leemhuis, E.; De Martino, M.L.; Giannini, A.M.; De Gennaro, L.; Casagrande, M.; Pazzaglia, M. Ear your
heart: Transcutaneous auricular vagus nerve stimulation on heart rate variability in healthy young participants. Peer] 2022,
10, e14447. [CrossRef] [PubMed]

Soltani, D.; Azizi, B.; Sima, S.; Tavakoli, K.; Hosseini Mohammadi, N.S.; Vahabie, A.-H.; Akbarzadeh-Sherbaf, K.; Vasheghani-
Farahani, A. A systematic review of the effects of transcutaneous auricular vagus nerve stimulation on baroreflex sensitivity and
heart rate variability in healthy subjects. Clin. Auton. Res. 2023, 33, 165-189. [CrossRef] [PubMed]

Badran, B.W,; Yu, A.B.; Adair, D.; Mappin, G.; DeVries, W.H.; Jenkins, D.D.; George, M.S.; Bikson, M. Laboratory Administration
of Transcutaneous Auricular Vagus Nerve Stimulation (taVNS): Technique, Targeting, and Considerations. J. Vis. Exp. 2019,
143, €58984. [CrossRef] [PubMed]

Liu, C.Y,; Russin, J.; Adelson, D.P; Jenkins, A.; Hilmi, O.; Brown, B.; Lega, B.; Whitworth, T.; Bhattacharyya, D.; Schwartz, T.H.;
et al. Vagus nerve stimulation paired with rehabilitation for stroke: Implantation experience from the VNS-REHAB trial. J. Clin.
Neurosci. 2022, 105, 122-128. [CrossRef] [PubMed]

Hays, S.A.; Khodaparast, N.; Ruiz, A.; Sloan, A.M.; Hulsey, D.R.; Rennaker, R.L., 2nd; Kilgard, M.P. The timing and amount
of vagus nerve stimulation during rehabilitative training affect poststroke recovery of forelimb strength. Neuroreport 2014, 25,
676-682. [CrossRef] [PubMed]

https://doi.org/10.3390 /neurolint18060118


https://doi.org/10.1111/j.1365-2516.2010.02310.x
https://www.ncbi.nlm.nih.gov/pubmed/20590871
https://doi.org/10.1001/jama.2023.4387
https://www.ncbi.nlm.nih.gov/pubmed/37018006
https://doi.org/10.1177/1545968319895480
https://www.ncbi.nlm.nih.gov/pubmed/31969052
https://doi.org/10.1161/strokeaha.125.052937
https://www.ncbi.nlm.nih.gov/pubmed/41054846
https://doi.org/10.1161/strokeaha.114.006654
https://www.ncbi.nlm.nih.gov/pubmed/25147331
https://doi.org/10.1177/1545968314521006
https://www.ncbi.nlm.nih.gov/pubmed/24553102
https://doi.org/10.1038/s41586-025-09028-5
https://www.ncbi.nlm.nih.gov/pubmed/40399668
https://doi.org/10.1097/phm.0000000000002784
https://www.ncbi.nlm.nih.gov/pubmed/41707125
https://doi.org/10.1002/mds.29826
https://www.ncbi.nlm.nih.gov/pubmed/38757756
https://doi.org/10.3892/mi.2025.267
https://www.ncbi.nlm.nih.gov/pubmed/41018272
https://doi.org/10.1016/j.brs.2017.05.006
https://www.ncbi.nlm.nih.gov/pubmed/28566194
https://doi.org/10.3390/biomedicines13030700
https://www.ncbi.nlm.nih.gov/pubmed/40149675
https://doi.org/10.1016/j.brs.2018.04.004
https://www.ncbi.nlm.nih.gov/pubmed/29716843
https://doi.org/10.1016/j.autneu.2021.102893
https://www.ncbi.nlm.nih.gov/pubmed/34649119
https://doi.org/10.7717/peerj.14447
https://www.ncbi.nlm.nih.gov/pubmed/36438582
https://doi.org/10.1007/s10286-023-00938-w
https://www.ncbi.nlm.nih.gov/pubmed/37119426
https://doi.org/10.3791/58984
https://www.ncbi.nlm.nih.gov/pubmed/30663712
https://doi.org/10.1016/j.jocn.2022.09.013
https://www.ncbi.nlm.nih.gov/pubmed/36182812
https://doi.org/10.1097/wnr.0000000000000154
https://www.ncbi.nlm.nih.gov/pubmed/24818637
https://doi.org/10.3390/neurolint18060118

Neurol. Int. 2026, 18,118 20 of 20

69. Fasano, A.; Canning, C.G.; Hausdorff, ]. M.; Lord, S.; Rochester, L. Falls in Parkinson’s disease: A complex and evolving picture.
Mov. Disord. 2017, 32, 1524-1536. [CrossRef] [PubMed]

70. Badran, B.W.; Jenkins, D.D.; Cook, D.; Thompson, S.; Dancy, M.; DeVries, W.H.; Mappin, G.; Summers, P.; Bikson, M.; George,
M.S. Transcutaneous Auricular Vagus Nerve Stimulation-Paired Rehabilitation for Oromotor Feeding Problems in Newborns:
An Open-Label Pilot Study. Front. Hum. Neurosci. 2020, 14, 77. [CrossRef] [PubMed]

71. Kanegusuku, H.; Silva-Batista, C.; Pecanha, T.; Nieuwboer, A.; Silva, N.D., Jr.; Costa, L.A.; de Mello, M.T.; Piemonte, M.E.;
Ugrinowitsch, C.; Forjaz, C.L. Blunted Maximal and Submaximal Responses to Cardiopulmonary Exercise Tests in Patients with
Parkinson Disease. Arch. Phys. Med. Rehabil. 2016, 97, 720-725. [CrossRef] [PubMed]

72. Sabino-Carvalho, J.L.; Teixeira, A.L.; Samora, M.; Daher, M.; Vianna, L.C. Blunted cardiovascular responses to exercise in
Parkinson’s disease patients: Role of the muscle metaboreflex. J. Neurophysiol. 2018, 120, 1516-1524. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /neurolint18060118


https://doi.org/10.1002/mds.27195
https://www.ncbi.nlm.nih.gov/pubmed/29067726
https://doi.org/10.3389/fnhum.2020.00077
https://www.ncbi.nlm.nih.gov/pubmed/32256328
https://doi.org/10.1016/j.apmr.2015.12.020
https://www.ncbi.nlm.nih.gov/pubmed/26780469
https://doi.org/10.1152/jn.00308.2018
https://www.ncbi.nlm.nih.gov/pubmed/29947592
https://doi.org/10.3390/neurolint18060118

	Introduction 
	Methods 
	Trial Design and Regulatory Oversight 
	Participants 
	Interventions 
	Transcutaneous Auricular Vagus Nerve Stimulation (taVNS) 
	PWR! Moves Physical Therapy Treatment 
	Outcome Measures 
	Study Participants 
	Statistical Analysis 

	Results 
	Feasibility 
	Demographics and Clinical Characteristics 
	Safety and Tolerability of Treatment 
	Effects of taVNS and Exercise on Motor Outcomes 
	Effects of taVNS and Exercise on Cardiovascular Outcomes 

	Discussion 
	Conclusions 
	References

