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Objective: To assess the utility of digital biomarkers derived from a head-mounted wearable physiological vibration acceleration
(phybrata) sensor for quantifying changes in balance, gait, fall risk, and sensory reweighting in older adults undergoing multi-session
electrical vestibular stimulation therapy (eVST).

Methods: Data were collected and analyzed from 32 residents aged 60—98 yrs from a continuing care retirement community before,
during, and after the administration of an 18-session eVST treatment protocol delivered over a 4—6-week period. Each session included
subthreshold wideband stochastic electrical vestibular stimulation (swsEVS) for 20 minutes delivered using a wearable device.
Balance performance, sensory reweighting, and fall risk were assessed immediately before and after treatment using a head-
mounted phybrata sensor. Two additional standard balance tests, along with wearable-sensor-based gait assessments, were adminis-
tered before the 1% and after the 18™ treatment session.

Results: 30 of the 32 participants demonstrated significantly improved balance and gait performance and reduced fall risk following
the 18-session eV ST treatment protocol. Phybrata sensory reweighting profiles for the study participants as a group revealed significant
recovery of vestibular balance regulation and decreased reliance on proprioception. Phybrata biomarkers were found to identify the 2
non-responders in the study population within the first 2 treatment sessions. The number of participants classified as “high fall risk”
decreased from 19 to 4 following treatment. Significant stabilization of head movement was observed following eVST treatment using
head-mounted sensors during gait tests over distances as short as 7.6m, with the largest reductions observed in the medial-lateral
direction. Head-acceleration based gait biomarkers were found to be more sensitive to eVST-induced improvements than stride-to-
stride gait parameters measured using foot-mounted sensors.

Conclusion: Phybrata digital biomarkers enable rapid objective assessment of changes in balance, gait, fall risk, and sensory
reweighting in older adults before, during, and after a multi-session eVST treatment protocol.

Keywords: presbystasis, presbyvestibulopathy, age-related balance decline, electrical vestibular stimulation, phybrata, vestibular,
proprioception, sensory reweighting, wearable sensor, biomarkers of aging, balance restoration, fall risk

Introduction

Declining balance and mobility, clinically referred to as presbystasis,' significantly degrades overall health, increases the
risk of falls, and hinders the ability of older adults to live actively, independently, and productively. Although many age-
related changes contribute to presbystasis, studies of balance aging have identified vestibular dysfunction, clinically
known as presbyvestibulopathy,” and the resulting central nervous system sensory reweighting,® as primary underlying
causes of balance decline in older adults. The economic burden exceeds $280 billion annually in the U.S., with over

$50 billion in direct medical expenses for falls* and $230 billion in additional costs for post-acute care services, long-
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term care, productivity loss for patients and unpaid caregivers, and diminished quality of life.” Despite this enormous
economic impact, quantitative clinical evaluations of vestibular balance and mobility impairments require specialized
laboratory equipment that most older adults and their care providers do not have access to, so they are limited to
subjective, inconsistent, and outdated methods to assess functional decline.®® And even when vestibular dysfunction is
diagnosed accurately, non-surgical restorative interventions are lacking.

The complex neuroplastic learning and development processes that enable human balance and locomotor stability
continue into the teenage years.” The central nervous system (CNS), which includes the brain and spinal cord, integrates
visual, vestibular, and proprioceptive/somatosensory sensory inputs to generate motor control outputs. These signals are
then transmitted to the musculoskeletal system via the peripheral nervous system (PNS) to enable standing upright,
walking steadily, keeping objects in visual focus during head movements, and performing complex actions without losing
balance. Progressive loss of functioning of all these systems with increasing age contributes to balance deficits.

More than 35% of U.S. adults over 40 years of age already suffer from age-related dysfunction in the vestibular
balance system,'® often long before symptoms begin to be observed.'' Vestibular dysfunction has been identified as the
primary cause of balance decline in more than 55% of adults over age 50, or around 70 million people in the U.S."*'
Vestibular disorders significantly increase the risk of clinically significant outcomes such as falls, with studies revealing
that individuals with diagnosed vestibular balance impairments had a 12-fold increase in the odds of falling, while
individuals with non-specific balance dysfunction had a 2.6-fold increase in the odds of falling.'® The vestibular system
consists of the peripheral vestibular balance organs, the vestibular nerve that transmits motion signals to the brain, the
vestibular nucleus in the brainstem, and multiple brain regions that utilize this information. The wide distribution of
vestibular sensory information throughout the CNS reflects its important role in supporting not just balance, but also
many other physiological, cognitive, and psychological processes'®'” Presbyvestibulopathy in aging adults can include
dysfunction in both the peripheral vestibular organs in the inner ear and central vestibular processing in the brain,'®

1419 0ait,'3 and vestibulo-ocular reflexes,'" increasing fall risk,” and contributing to the

21,22

significantly disrupting balance,
onset and progression of cognitive decline.

Loss of vestibular hair cells is a consequence of normal aging, weakening sensory outputs from the vestibular organs
and triggering atrophy effects in other components of the vestibular system.'>'®272° These atrophy effects include
decrease in the gain of the synapses between vestibular hair cells and the vestibular nerve, along with decreased neuronal
excitability and axonal transmission along the vestibular nerve, all three of which further weaken the signals received by
the brain. These weaker signals can in turn lead to decrease in the gain of the synapses in the vestibular nuclei and
atrophy in those parts of the CNS that integrate and process sensory input and motor control output signals.

A key element of balance-related CNS processing is sensory reweighting (SR), a feature of neuroplasticity that allows
the brain to continually assess the reliability and recalibrate the utilization of signals from various sensory systems.>’>*
SR can occur dynamically (eg, in response to changing environmental factors such as poor lighting or unstable surfaces)
or gradually over time (eg, in response to physiological changes such as vestibular hair cell loss, vision decline, or
proprioceptive signal degradation). Reduced response time or accuracy of the SR process significantly increases fall
risks.?’ Evaluating SR is important to identify potential underlying causes of balance decline. In a previous study’ we
have demonstrated that digital biomarkers derived from balance assessments using a wearable physiological vibration
acceleration (phybrata) sensor can be used to quantify declining postural stability, underlying impairments across
multiple balance system components, the resulting sensory reweighting, and increased fall risks in older adults. The
results demonstrated clear progressive trends in declining balance performance and sensory reweighting, with decreased
vestibular function offset by increased reliance on proprioception,® across a wide range of age and balance performance.

The phybrata sensor is essentially a very sensitive seismometer for the human body, used to detect and analyze
involuntary micro-movements of the head and body during standing balance and walking gait tests. The head-mounted
design and tiny mass of the phybrata sensor enable the detection of unique spatial-, time-, and frequency-domain feature
sets, including the separate contributions that each of the different physiological systems in the body make to the
biomechanical stabilization of the head and eyes that enables stable balance and movement, by mapping them to specific
vibrational frequency bands in the phybrata data.®
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The current standard treatment for older adults diagnosed with vestibular decline, as well as many patients with other
vestibular disorders or injuries, is vestibular rehabilitation therapy (VRT).*'*? VRT is an exercise-based regimen
typically delivered by physical and occupational therapists who have specialized vestibular training. The mechanisms
behind VRT include habituation to normalize the brain’s reaction to movements or visual environments that trigger
dizziness; adaptation to recalibrate the brain’s response to remaining vestibular function and minimize discrepancies
between vision and inner ear sensation; and substitution to help patients compensate for weakened vestibular inputs by
relying more on vision and proprioception. However, VRT does not restore degraded vestibular function or prevent
further deterioration. Prescription medications, known as vestibular suppressants, are available to alleviate acute
symptoms such as dizziness, nausea, and vertigo.’>** However, these drugs come with significant side effects and are
usually prescribed for only a few days to manage acute symptoms. Since they have no prophylactic or therapeutic role,
they are unsuitable for long-term treatment for older adults without acute symptoms, or as preventative interventions, and

some have been shown to increase subsequent fall risk.’>> Vestibular implants*®-’

represent the only current option to
restore vestibular function, but these experimental devices require a high-risk invasive surgical procedure and are limited
to patients with severe damage or loss of their vestibular organs. Consequently, they are not expected to become a widely
available or economically viable solution for normal age-related balance decline. When fall risks become critical, the
most common solution offered to older adults is some combination of mobility assistive devices such as canes, walkers,
or wheelchairs. However, these interventions may be counterproductive, since they can potentially exacerbate vestibular
dysfunction and further degrade quality of life.*®

A growing body of research suggests that non-invasive low-level noisy electrical vestibular stimulation (nEVS) is
a promising approach to enhancing or restoring age-related decline in vestibular function, with potential diagnostic
applications, therapeutic benefits, and mechanisms of action that are well documented.>®>* EVS stimulates vestibular
hair cells and the vestibulocochlear nerve, and at amplitudes exceeding the human perceptual threshold (typically 0.5mA
or greater) can evoke vestibular reflexes. Early applications included assessing neuromotor impairments in astronauts
exposed to microgravity>> and reducing motion sickness in pilots training in flight simulators.”® Whereas EVS delivered
at amplitudes above the perceptual threshold can degrade vestibular performance, nEVS has emerged as a promising safe

3357 including in older adults.***%!

and non-invasive restorative treatment for balance deficits, nEVS involves deliver-
ing imperceptible electrical currents to the vestibular organs and afferent neurons, typically via electrodes placed over the
left and right mastoids. Multiple studies indicate that nEVS can restore both peripheral and central vestibular functions
by inducing neuroplastic changes at the cellular level and in the connectivity of neural circuits.*> "2 Changes in
peripheral vestibular function may include regeneration of motion-sensing hair cells (stereocilia), enhanced synaptic
transmission between stereocilia and the vestibular nerve, and enhanced neuronal excitability and axonal transmission
along the vestibular nerve, all of which strengthen motion-related signals delivered to the brain.’® °® Changes in central
vestibular function include increased synaptic gain in the vestibular nuclei and multiple forms of neuroplasticity that
partially restore functional performance across sensory integration and motor control systems.®' These changes not only
stabilize balance and movement but also enhance neuromotor control and sensory reweighting. It has also been proposed
that low levels of noise applied to the vestibular system can enhance the detection of sub-threshold signals via

a stochastic resonance mechanism,*3+#4-48:50:33.57

where the addition of noise enhances the detection of a signal that
would otherwise be undetectable.

Electrical vestibular stimulation is also unique among sensory neuromodulation® techniques because it targets the
vestibular sensory organ to activate the brain’s endogenous neural pathways rather than forcing artificial currents directly
into brain tissue, allowing the stimulation to be naturally transformed and integrated within regional neuronal dynamics
and oscillatory networks. This access to broad, multisynaptic vestibular projections throughout brainstem, cerebellar,
subcortical, and cortical systems offers potential therapeutic applications across diverse neurological conditions, trauma-
related dysfunction, and age-related decline in balance, cognition, and motor control. Clinical applications of nEVS that
have been explored include Meniere’s disease, vestibular neuritis, bilateral vestibular disorders, vestibular schwannoma,
Parkinson’s disease, stroke, motor myelopathies, anxiety, cognitive disorders, memory disorders, insomnia, obesity, type

2 diabetes, and age-related balance decline.*!#+47-52:63-65
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However, the above studies have shown that the effectiveness of EVS can vary widely, and not all choices of
stimulation parameters are effective for improving postural control. Sensitivity to EVS is also known to differ between
the sexes® and change as a function of age.®” Two previous studies of nEVS stimulation in older adults demonstrated
reductions in center of pressure motion and postural sway measured using force plates following a single treatment
session, indicating improvement in postural stability, which persisted for several hours after stimulation.*®** Two other
previous studies have investigated the cumulative impact of repetitive EVS treatment sessions.>'* One of these studies’'
combined nEVS with a 6-week exercise-based treatment program in a cohort of 150 older adults (age 66+4 years), and
demonstrated a significant improvement in balance and reduction in risk of falls in both the exercise-only group (N=50)
and exercise+nEVS group (N=50) compared to the placebo group (N=50), and the treatment benefits were significantly
larger when nEVS was included. However, the persistence of these effects was not assessed. The second of these
studies™ combined EVS with a 4-week vestibular rehab therapy (VRT) in a cohort of 40 patients (age 438 years)
diagnosed with unilateral peripheral vestibular weakness. The EVS+VRT group (N=20) demonstrated significantly larger
improvements in both vestibular function (measured using videonystagmography) and postural stability (measured using
computerized dynamic posturography) than the VRT-only group (N=20). The persistence of these effects was again not
assessed.

nEVS has also been investigated to enhance human gait performance. Several studies have demonstrated that
imperceptible nEVS can reduce stride-to-stride variability, improve bilateral coordination, and enhance dynamic walking
stability in both healthy adults®® and patients with bilateral vestibulopathy.®® Others have reported increases in gait
velocity and stride length with nEVS in healthy and vestibular-impaired participants,’® as well as reductions in step-width
variability and improvements in trunk stability during balance-challenged walking tasks.”' Similar benefits have been
observed in more demanding locomotor contexts such as treadmill walking with lateral perturbations’* and head-turning
tasks under visual deprivation.”> While these findings support the potential of EVS to facilitate improvements in gait
control, the interventions were generally limited to single-session or short-duration applications, with outcomes assessed
only within the experimental session.

Despite a wide range of promising diagnostic and therapeutic applications, EVS has not yet been widely commer-
cialized due to the challenge of assessing individual responses across a wide range of potential stimulation parameters.
We have been able to overcome this challenge by utilizing phybrata sensors and biomarkers to monitor changes in test
subjects’ balance performance, sensory reweighting, and fall risk in response to varying EVS waveforms and dosing
regimens.’*’> This capability led to the development of a subthreshold (+0.35 mA) wideband (0 to 300 Hz) stochastic
(noisy) EVS waveform (swsEVS) and an electrical vestibular stimulation therapy (eVST) treatment protocol (eighteen
20-minute swsEVS treatment sessions delivered over a 4-6-week period) that has produced significant and long-lasting
increases in balance performance in study populations from 50-95 years of age.”®’® In a pilot randomized control trial
(RCT) we have demonstrated persistence of 6 months or longer for eVST treatment group participants but not for sham
control group participants.”® Pilot deployments in multiple senior living communities and physical therapy/neuro rehab
clinics have demonstrated that eVST treatments are comfortable, well-tolerated, have no adverse side effects, and can be
administered by medical staff with minimal training in any senior care location, including at-home care and in remote
communities with limited healthcare access.””’

Our previous eVST studies have been limited to the use of laboratory stimulation equipment and phybrata assess-
ments of changes in static balance performance measures in a clinical setting. The present study expands the use of
phybrata biomarkers to quantify changes in balance, gait, fall risk, and sensory reweighting in older adults following the
above 18-session eVST treatment protocol delivered in a real-world senior living setting using a Neurvesta bioelectronic
stimulation device’® (Neursantys Inc, Cupertino, CA). Changes in balance were also assessed using two standard balance
tests: standing on 1 leg, a validated assessment of overall balance-related mortality risk;** and standing on a foam pad
with feet together and eyes closed to assess vestibular balance function.®' Changes in gait performance were assessed
using 3 time-synchronized IMUs — 2 attached to the shoes and one attached to the mastoid — while patients walked
distances of 7.6 m (25 feet) and 20 m on a hard surface wearing shoes. Gait biomarkers derived from the head-mounted
sensor were compared with standard gait metrics derived from IMUs attached to the feet in terms of their sensitivity to
eVST-induced performance changes. The present study does not include a sham control group. However, comparisons
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with our recent RCT indicate that the eVST-induced improvements observed here significantly exceed the small practice
effects typically observed for sham participants.”®

Methods

Participants

32 participants aged 83.7 + 6.8 yrs (min 60 yrs, max 98 yrs, 23 female, 9 male) from a continuing care retirement
community (The Forum at Rancho San Antonio, Cupertino, California) enrolled in and completed the 18-session study.
Individuals with an implanted electronic device (pacemaker, cochlear implant), neurological disorder, vestibular disorder,
or musculoskeletal condition that significantly impaired balance or mobility were excluded from the study. Participants
were also required to have normal or corrected-to-normal vision.

Ethical Considerations

The study protocol is published on ClinicalTrials.gov (NCT06846047). The study was conducted in accordance with the
Declaration of Helsinki with research ethics approval under the University of Calgary’s Conjoint Health Research Ethics
Board (IRB Study Number REB22-1006), and written informed consent was obtained for all participants in the study.
Participants provided written informed consent for publication of the images in Figures 1 and 2.

Test and Treatment Procedures

All balance and gait tests and eVST treatments were administered by research team members and trained home care
providers in dedicated clinical office space at the Caring Hands Caregivers study site. Each of the 18 study sessions
included 20 minutes of swsEVS dosing. During the first, second, 6, and 18" sessions, 2-minute phybrata balance
assessments were carried out for all participants immediately before and after the swsEVS dosing. During the first
session, clinical staff at each center measured and recorded each participant’s date of birth, height, weight, and leg-length.
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Figure | Phybrata sensor attached to the mastoid using an adhesive patch.
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Figure 2 NEURVESTA device attached using disposable electrodes.

Gait assessments and the two additional standard balance tests described above were also administered prior to the first
treatment session and following completion of the 18" treatment session.

Phybrata balance testing was carried out on a hard floor with footwear removed as previously reported,® with the test
subject and administrator alone in a separate quiet windowless room to minimize distractions and resulting anomalous
patient movements, and avoid the need for manual data cleaning.”® Tests with artefacts from anomalous patient move-
ment can be readily identified by test administrators via visual inspection of the raw acceleration time series data
presented by the mobile app. Less than three percent of all tests in this study were flagged — these tests were repeated
immediately, and test data with motion artefacts was excluded from the analysis. The phybrata sensor was attached to the
patient’s mastoid using a disposable medical adhesive, as shown in Figure 1, while standing still for 60 sec with eyes
open (Eo) and then again for 60 sec with eyes closed (Ec). As in previous studies using the phybrata sensor, participants
were instructed to stand upright in a relaxed position with their feet together and their arms at their sides while
maintaining their gaze in a straight-ahead direction focused on a visual target mounted on the wall 10 feet away at
eye level. Patients were also instructed not to talk or move during testing. The test administrator always stood by the
subjects: (1) to monitor subjects’ postural sway throughout the trial; and (2) so that the subjects had no fear of falling
during eyes-closed testing. Testing was repeated if any anomalous patient movement was observed during phybrata
testing.

A smartphone app connects to the phybrata sensor via a Bluetooth low-energy (BLE) wireless link to configure and
run tests, collect data, and interface with cloud-based data storage, analytics, and reporting services. The phybrata IMU
includes a 3-axis accelerometer to record x (anterior-posterior (AP), or front-back), y (vertical), and z (medial-lateral
(ML), or left-right) acceleration time series data in units of g. During each 60 sec test, data is recorded at a sampling rate
of 100 Hz, generating a total of 6000 samples for each of the 3 axes (x, y, z). The accelerometer signals are filtered to

8285 ysing a recursive high-pass filter with a 0.02 Hz

remove drift, as in our previous studies with the same device,
cutoff frequency.

After the initial phybrata balance assessment, a Neurvesta bioelectronic stimulation device (Neursantys Inc,
Cupertino, CA) was placed over the participant’s shoulders and attached to 2 pairs of disposable pre-gelled electrodes
(Ambu Blue Sensor SP, Ballerup, Denmark) placed on both mastoid processes and on both sides of the back of the neck
beside the spine at the level of the C4 vertebrae (Figure 2). The skin was cleaned with an alcohol swab before attaching
the electrodes. Electrode impedance between each mastoid-C4 pair bilaterally was typically between ~3-8 kQ. Neurvesta
balance treatments were administered in a larger communal room, typically with groups of 2—4 participants at a time.

Participants were seated and not required to complete any specific physical tasks during the 20 minutes of swsEVS
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dosing. Immediately after treatment, the Neurvesta device and electrodes were removed, and participants waited
5 minutes before repeating phybrata balance assessments.

During each of the 18 eVST treatment sessions, participants received 20 minutes of continuous swsEVS dosing
(£0.35 mA peak-to-peak amplitude, 0 to 300 Hz), as in our previously reported RCT.”® The uniform white noise signal
was band-pass filtered (4th order Butterworth) between 0.001 and 300 Hz, and output at a rate of 5 kHz from the
Neurvesta device. Previous research has indicated that individuals typically begin to perceive vestibular sensations
around 0.9-1.0 mA, with cutaneous sensations such as tingling or prickling occurring at similar or slightly lower
intensities (0.85 mA).®® The eVST protocol uses +0.35 mA to maximize participant comfort, and recent studies have
shown that this amplitude is sufficient to activate vestibulospinal pathways despite the user being perceptually unaware
of the stimulation.®® Brain imaging studies have shown that broadband nEVS, relative to narrow-band or sinusoidal EVS,
is more effective at activating vestibular cortical areas.*®®” A bandwidth of 0-300 Hz was chosen because recent primate
studies indicate that 300 Hz is the highest frequency vestibular afferents are capable of encoding.*®*® Participants also
received a low-amplitude current pulse (“tap”) at the electrodes at the beginning of the stimulation interval to alert them
that the session had started.

Two additional standard balance tests were also administered before the 1°' and after the 18™ treatment session:
standing on 1 leg to asses overall balance;* and standing on a foam pad with feet together and eyes closed to assess
vestibular balance function.®' Similar to the phybrata tests, these two additional balance tests were carried out with the
test subject and administrator alone in a separate quiet windowless room to avoid any distractions.

Gait performance was also measured before the 1% and after the 18™ treatment session using 3 time-synchronized
IMUs, 2 of which were attached to the shoes, and one attached to the mastoid. Patients walked 2 different distances —
7.6 meters and 20 meters — on a hard surface wearing shoes. Gait performance over each distance was measured twice
before and after the eVST treatment. We chose 20 meters because it is long enough to see changes in acceleration
patterns of the body and head in healthy®® and impaired” study populations. We chose 7.6 meters (25 feet) because the
25-foot walk test is convenient and typical distance used for gait testing in clinical settings.”'

Data Processing

For each pair of standing balance tests (60 sec Eo followed by 60 sec Ec), Eo and Ec phybrata powers (in watts) were
calculated as previously described®’®**% by summing over the time series data using the combined magnitude of the
accelerations along all three axes (accely,,) and assuming a reference mass moving under these accelerations,
providing a direction-independent measure of postural stability:

Phybrata power = X, (accelx,,2 + accely,,2 + accelz’,z) *mg * At * g2

where mp = 1.3kg is the reference mass undergoing the measured acceleration (average mass of the human brain®?), Az =
0.01sec is the accelerometer sampling interval, and g = 9.8 1m/sec? is the gravitational constant (to convert accelerometer
output in units of g into units of m/sec?), which gives phybrata power in units of kg m*/sec® = watts.

Sensory reweighting profiles were derived for each participant as previously described®**?>% by using a Fast Fourier
Transform (FFT) of the raw accelerometer data to derive the Acceleration Spectral Density (ASD) for each of the
directional components. For the FFT calculation, zero-padding was added to increase the number of acceleration signal
data points to the next power of 2. Relative reliance on specific mechanisms of postural control was quantified by
calculating the normalized sum of the three directional components across five frequency bands in the phybrata ASD
frequency spectra: 0.02—0.1 Hz (visual regulation); 0.1-0.5 Hz (vestibular regulation); 0.5—1 Hz (CNS participation, both
cerebellar and cortical); 1-10Hz (spinal reflexive loops, proprioception, multi-joint and muscle activity); 10-25 Hz
(vestibulocollic head stabilization).

Figure 3 shows sample Eo and Ec x, y, z phybrata time series signals for a study participant prior to the first eVST
treatment session (Figure 3a) and following completion of the 18™ eVST treatment session (Figure 3b). The three
acceleration traces illustrate the raw AP, vertical, and ML head-motion signals, respectively, used to quantify balance
performance. After treatment, the overall amplitude and variability of the acceleration signals are visibly reduced,
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Figure 3 Sample raw x (anterior-posterior (AP), or front-back), y (vertical), and z (medial-lateral (ML) or left-right) phybrata acceleration time series data for a test subject
during 60-second eyes open (Eo) and eyes closed (Ec) standing balance tests (a) before beginning and (b) after completing the 18-seesion eVST treatment.

particularly along the medial-lateral axis, indicating improved postural stability and finer control of head motion during

quiet stance.

Figure 4 presents the corresponding AP/ML phybrata spatial scatter plots and phybrata power bar graphs for the same

study participant as in Figure 3 during 60-second Eo and Ec standing balance tests, prior to the first eVST treatment session

(Figure 4a) and following completion of the 18™ eVST treatment session (Figure 4b). The two-dimensional acceleration
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during 60-second eyes open (Eo) and eyes closed (Ec) standing balance tests (a) before beginning and (b) after completing the 18-seesion eVST treatment.
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distributions (anterior—posterior vs. medial-lateral) show a tighter, more centralized cluster of data points after treatment,
reflecting reduced sway excursions for both Eo and Ec. The accompanying bar graphs in Figure 4a and b confirm a marked
reduction in total phybrata power from pre- to post-eVST, quantitatively consistent with improved balance performance.

Figure 5 presents the Ec sensory-reweighting profiles derived from the same participant’s acceleration spectral density
distributions prior to the first eVST treatment session and following completion of the 18™ eVST treatment session. The
post-treatment SR profile reveals increased power within the vestibular band and decreased power within the proprio-
ceptive band, signifying a functional shift toward enhanced vestibular regulation and reduced reliance on proprioceptive
control. This representative example captures the characteristic redistribution of sensory weighting observed across
participants following repeated eVST dosing, essentially reversing the impact of age-related vestibular loss on SR that we
have previously reported.’

Gait speed, stride length and width, and step time were calculated from the IMU’s on the feet using inertial navigation
techniques that we have previously reported.”**° Foot trajectories were computed from an IMU mounted on top of each
foot. Gravity-compensated accelerations were integrated to yield foot velocity by assuming that each foot comes briefly
to rest when it is flat on the ground during each footfall. These midstance instances were used to correct the integrated
foot velocity to zero during each stride and the foot position was calculated by integrating the corrected velocity. Given
that our gait assessments are restricted to straight walking and the absolute heading of the IMU’s are not known, the
forward walking direction was estimated from a linear fit of seven successive footfall locations. We then rotated each foot
path to align it to the estimated forward direction. The forward direction and gravity vector together define the local
lateral direction. Stride length is then defined as the distance between two discrete footfall (midstance) instants of the
same foot along the forward direction, and stride time is defined as the time duration between these footfall instances.
Stride width is defined as the lateral deviation of the foot from the forward trajectory path. Step time is defined as the
time difference between subsequent left and right footfalls. The variabilities of stride length, stride width, stride time, and
step time are defined as the standard deviation of the corresponding parameters. The trial time for each run was calculated
as the time difference between the instances when the acceleration magnitude of the foot that takes the first step exceeds
a threshold of 1 m/sec? (relative to gravity) and the acceleration magnitude of the foot that takes the last step drops below
the same threshold. The trial distance was calculated as the average integrated forward distance travelled by both feet at
the end of the trial assuming their initial position is zero. The average gait speed for each trial was calculated by dividing
the trial distance by the trial time.

M Pre eVST [@PosteVST
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Figure 5 Eyes closed sensory reweighting profiles derived from acceleration spectral density distributions for the same test subject as in Figures 3 and 4, prior to beginning
and following completion of the 18-session eVST treatment.
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For the head IMU, we corrected the gravity compensated acceleration to have zero mean, based on the assumption
that the head IMU began moving from zero speed and ended at zero speed. We then integrated this acceleration to find
head speed and integrated the head speed to estimate head position. As was the case for the foot-mounted IMU’s, we did
not know the absolute heading, but unlike the feet, the head-mounted IMU does not have well-defined midstance rest
durations that can be used to correct integration errors in the head position calculated by integrating head velocity.
Nevertheless, a principal component analysis (PCA) showed that more than 99% of the variability in head position was
explained by the first PCA vector. In other words, the direction of the head remained constant along this principal
direction during our straight walking gait trials, allowing us to assume that the first PCA component represents the
forward direction of the head. We then rotated the gravity compensated and zero mean head acceleration to be aligned
with the forward direction, allowing us to use the forward direction and gravity vector to determine the lateral head
direction. From the head acceleration in forward, lateral, and vertical acceleration we calculated the root mean square
(RMS) variability in total head power and head powers in each direction, to assess changes due to the eVST treatment.

Statistical Analysis

All statistical analysis were performed in R, fitting separate linear mixed effects models (LMMs) using the “Imer”
function in the “Ilme4” package. For both balance and gait, the eVST treatment is the main effect. For the standing
balance data, we analyzed separate LMMs for Eo and Ec conditions, both with “Session” (sessions 1, 2, 6, and 18) as
a fixed factor, and subject as a random factor. For the gait data, we quantified the significant gait differences of the
treatment by fitting two separate LMMs for each walking distance, 7.6m and 20m, with “Session” (session 1 vs 18) as
a fixed factor, and subject as a random factor. When we had a significant effect of eVST treatment, we performed a post-
hoc analysis on the estimated marginal means using Bonferroni correction. The confidence intervals (CI) for significant
post-hoc comparisons are reported as CI_L (CI low) and CI_H (CI high). All statistical analyses were performed with
R Statistical Software (version 2025.05.1+513), using an alpha level of 0.05.

An a priori power analysis was performed for the primary balance metrics based on effect sizes observed in our prior
sham-controlled EVS balance study’® using comparable phybrata-derived metrics. Using those previously reported
between-session reductions in total phybrata power for the stimulation group we performed a power analysis for the
Ec condition and concluded 22 subjects is enough to provide 80% power to detect similar within-subject treatment effects
at o = 0.05. For gait outcomes, however, this investigation represents the first multi-session (18-session) EVS study
assessing longitudinal effects on gait stability; therefore, no directly comparable effect size estimates were available to
inform an a priori calculation. As such, gait analyses should be considered exploratory and hypothesis-generating. To
address potential false-negative risk and improve interpretability, we report effect sizes and 95% confidence intervals for
all primary and secondary outcomes. Future randomized controlled trials with larger samples will use the present gait
effect size estimates to perform fully powered a priori sample size determinations.

Results

30 of the 32 participants demonstrated significantly improved balance and gait performance and reduced fall risk
following the 18-session eVST treatment protocol (“responders”). 2 of the 32 participants demonstrated no significant
changes (“non-responders”). No adverse events were reported during the study. Figure 6 presents box-whisker plots
illustrating the changes in Eo and Ec phybrata powers for the 30 responders. Both Eo (F3,87 = 28.15, p = 8.11e-13) and
Ec (F3,87 = 32.43, p = 3.61e-14) phybrata head accelerometer powers decreased significantly with the eVST treatment
sessions. Overall, the Eo phybrata power decreased 35.80% (p = 3.29¢-12, CI L = 0.116, CI_H = 0.226, ES = 1.16)
between the first and the 18™ eVST treatment sessions. The Eo phybrata power decreased 17.48% (p = 4.87¢-04, CI L =
0.029, CI_H = 0.138, ES = 1.00) between the first and second eVST treatment sessions and 15.25% (p =0.022, CI L =
0.005, CI_H = 0.114, ES = 0.74) between the second and 6™ treatment sessions. The difference between the 6™ and 18™
treatments was not significant. Overall, the Ec phybrata power decreased 62.02% (p = 9.53e-14, CI L = 0.585, CI H =
1.070, ES = 1.12) between the first and the 18" eVST treatment sessions. The Ec phybrata power decreased 35.78% (p =
4.77e-6, CI_L =0.235, CI_H = 0.720, ES = 1.05) between the first and second eVST treatment sessions, and 69.08% (p =
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Figure 6 Eo and Ec phybrata power box-whisker plots for 30 responders.

Note: *p < 0.05.

0.0011, CI_L =-0.592, CI H =—0.107, ES = 0.89) from the second to the 18" treatment session. The changes between

the second and the 6" treatment sessions, and between the 6™ and the 18™ treatment sessions were not significant.

Figure 7 presents phybrata sensory reweighting plots for study participants as a group prior to beginning and after

completing the 18-session eVST treatment protocol. Separate plots are shown for Eo (Figure 7a) and Ec (Figure 7b).

Relative changes in reliance on specific mechanisms of postural control were quantified by calculating relative changes

within the five frequency bands in the normalized phybrata ASD frequency spectra defined above, corresponding to

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Normalized Balance Control Weighting

0.1

0.0

(a) Eyes open

— k—

IT

Vis
D pre
[ post

=

Vest CNS
Opre Epre
[] post [ post

BE
=

Prop VCR
O pre [ pre
[ post [ post

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Normalized Balance Control Weighting

0.1

0.0

(b) Eyes closed

o
— %

I
Vis Vest CNS
Opre Opre Mpre
[ post [ post [J post

ST

X

Prop VCR
Eopre Opre
[ post [ post

Figure 7 (a) Eyes open and (b) Eyes closed phybrata sensory reweighting plots for study participants as a group prior to beginning and following completion of the 18-
session eVST treatment.

Note: *p < 0.05.
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visual regulation, vestibular regulation, CNS participation, proprioceptive regulation, and vestibulocollic head stabiliza-
tion. The normalized sensory reweighting plots in Figure 7 are calculated by integrating over time and frequency in each
of the five ASD frequency bands for each individual and then averaging each band over all 32 study participants.
Figure 7 reveals a significant eVST-induced redistribution across the five spectral bands following the 18-session
treatment, with restoration of vestibular balance regulation and a decreased reliance on proprioceptive balance control.
For Eo, we found significant effects of the treatment for the vestibular (F1,31 = 41.8, p = 3.28e-7), proprioceptive (F1,31
= 21.25, p = 6.55¢-5), and CNS processing (F1,31 = 28.76, p = 7.57¢-6) frequency bands. Specifically, the vestibular
(54.14%, CI L = 0.094, CI_ H = 0.181, ES = 1.14) contribution to postural stabilization increased, whereas CNS
processing (—31.52%, CI L = —-0.047, CI H = —-0.021, ES = 0.94) and the proprioceptive (-23.22%, CI L =
—0.13661450, CI_H = —0.05280862, ES = 0.81) contribution decreased. Similarly, for the eyes closed condition, we
found significant effects of the treatment for the vestibular (F1,31 = 44.83, p = 1.72e-7), proprioceptive (F1,31 = 18.08,
p =0.00018), and CNS processing (F1,31 =28.34, p = 1.72e-7) frequency bands. Specifically, the vestibular contribution
(50.92%, CI_L = 0.095, CI_H = 0.179, ES = 1.18) increased, while the CNS processing (—32.24%, CI_L = 0.066, CI_H
= —0.029, ES = 0.94) and the proprioceptive (—24.48%, CI L = —0.163, CI_H = —0.057, ES = 0.75) contribution to
postural stabilization decreased.

Figure 8 presents gait performance measured with sensors on the head at the start and end of the 18-session eVST
treatment for the 30 responders. The two trials at the start and again at the end were averaged for each subject and are
shown as a single data point. We found significant effects of the treatment in head acceleration for both 20-meter and
7.6-meter trials. For the 20-meter walk, the total RMS head acceleration power on average decreased 17.04% (F1,89 =
23.38, P = 5.5¢-6, CI L = —0.024, CI_H = —-0.0102, ES = 0.55). The average forward, lateral and vertical RMS head
acceleration powers all decreased: forward —19.15% (F1,89 = 6.69, P = 0.011, CI_ L = -0.009, CI_H = —0.001, ES =
0.21); lateral —26.78% (F1,89 =23.98, P =4.3e-6, CI L =0.008, CI_H =-0.003, ES = 0.74); vertical —14.16% (F1,89 =
17.28, P = 7.4e-5, CI_L =—0.01, CI_H =-0.005, ES = 0.45), respectively. For the 7.6-meter walk, the total RMS head
acceleration power on average decreased 10.25% (F1,89 =9.95, P =0.0021, CI L =-0.011, CI_H =-0.002, ES = 0.30).
The average lateral and vertical RMS head acceleration powers decreased significantly: lateral —19.38% (F1,89 = 15.99,
P =0.00013, CI_ L = -0.004, CI H = -0.001, ES = 0.67); vertical —7.81% (F1,89 = 5.03, P = 0.027, CI L = —0.007,
CI H = —-0.0004, ES = 0.22), respectively. The forward RMS head acceleration power also decreased, but not
significantly: forward —12.79% (F1,89 = 3.79, P = 0.054, CI L = —0.004, CI_H = 0.00004, ES = 0.11). Significant
changes were also observed in some of the gait parameters derived from the foot-mounted IMUs. Step time variability
and stride width variability on average decreased 19.58% (F1,89 = 8.93, P =0.0036, CI_L =-0.020, CI_H =—0.004, ES
=0.44) and 11.08% (F1,89 = 6.72, P = 0.011, CI_ L =-0.007, CI H =-0.001, ES = 0.36), respectively for the 20-meter
walk. For the 7.6-meter walk, stride width variability on average decreased 14.12% (F1,89 = 4.09, P = 0.046, CI L =
—0.010, CI_H = —0.00009, ES = 0.52) but the step time variability was not significantly different.

Figure 9 summarizes results of the additional balance performance tests and fall risk assessments for all 32 study
participants. A McNemar’s chi-square test with continuity correction was conducted to evaluate the statistical signifi-
cance of the changes observed for the 32 participants. The number of participants able to stand for a full minute on
a foam balance pad with eyes closed increased from 14 to 27 (x°(1) = 11.08, p = 0.001), demonstrating substantial
recovery of vestibular balance function. Those capable of maintaining a single-leg stance for at least 10 seconds with
eyes open on a hard floor increased from 6 to 17 for the left leg (x*(1) = 9.09, p = 0.003)) and from 8 to 19 for the right
leg (x*(1) = 9.09, p = 0.003), indicating significant improvements in unilateral balance control. The number of
participants classified as “high fall risk” based on their Ec phybrata performance® was reduced from 19 to 4 after
treatment (Xz(l) =13.07, p = 0.0003). These results indicate statistically significant (o = 0.01) improvements in balance
performance and fall risk. Many participants also self-reported immediate improvements in balance and walking within
the first two treatment sessions, consistent with the results presented in Figure 6.

Figure 10 presents Eo and Ec phybrata powers for the 2 non-responders. Figure 11 presents sensory reweighting
profiles for the 2 non-responders, derived from phybrata test data captured prior to the first eVST treatment session.
These results reveal that non-responders can be identified in the first two treatment sessions by a combination of 3
phybrata biomarkers:
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Figure 8 Gait performance for the 30 responders measured over 20m and 7.6m with sensors on the head prior to beginning and following completion of the |8-session
eVST treatment. Significant decreases in the total RMS head acceleration power and all three directional components (lateral, forward, and vertical) are observed over 20m,
and in the total and lateral RMS head acceleration powers over 7.6m.

Note: *p < 0.05.

(i) Eo (Figure 10a) and Ec (Figure 10b) Phybrata powers above a threshold of 2W (Figure 10), indicating seriously
impaired balance.
(i) Normalized vestibular sensory reweighting contributions below a threshold of 0.15 (Figure 11a), indicating very
little remaining vestibular contribution to balance control.
(iii) A decrease in the vestibular sensory reweighting contribution from Eo to Ec testing (Figure 11b) that is
accompanied by a large increase in proprioceptive balance control, indicating that the CNS has already adapted
to rely on proprioception rather than vestibular balance control when visual input is reduced.

These behaviors essentially identify individuals whose balance impairment is already very large, and their vestibular

function has deteriorated too far to respond to the standard eVST treatment protocol.
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Figure 9 Summary of changes in fall risk and balance performance measures for all 32 pilot participants.
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Discussion

We have previously demonstrated that digital biomarkers derived from a single head-mounted phybrata sensor during Eo
and Ec standing balance tests provide objective assessments of progressive age-related balance impairments and sensory
reweighting, underlying physiological contributions, and related intrinsic fall risks in older populations.® The present
study uses these same phybrata balance tests and biomarkers, and additional gait tests and biomarkers, to quantify the
corresponding restoration of balance and mobility and reduction of fall risk in older adults resulting from an 18-session
eVST treatment protocol. Phybrata sensory reweighting biomarkers reveal a corresponding recovery of vestibular
balance regulation that is offset by decreased reliance on proprioceptive balance control.

eVST-Induced Improvements in Balance

The magnitude and consistency of the observed reductions in phybrata power across the eighteen treatment sessions
demonstrate that cumulative eVST dosing produces progressive stabilization of head motion during quiet stance. These
findings are consistent with our recent RCT trial in older adults utilizing a prototype eVST electronics module
(Neursantys Inc, Cupertino, CA), in which significant reductions in postural phybrata power were observed beginning
within the first week of treatment and persisting for up to six months following treatment completion.”® The present
community-based pilot extends those findings by confirming that similar improvements can be achieved outside
laboratory settings, using home-care providers and a portable non-invasive wearable neurostimulation device to deliver
eVST treatments. Importantly, the improvements were evident in both eyes-open and eyes-closed conditions, implying
that eVST can enhance vestibular contributions to balance even when visual information is available. The accompanying
changes in sensory reweighting profiles—characterized by increased weighting of vestibular balance control and reduced
reliance on proprioception—may indicate a functional recovery of vestibular regulation. Together, these results provide
evidence that repeated eVST sessions promote recalibration of sensory integration networks, allowing older adults to
depend more effectively on vestibular cues for postural stability during static balance tasks.

eVST-Induced Improvements in Gait

In addition to static balance, the present findings demonstrate significant improvements in gait performance following the
18-session eVST treatment protocol. Head-acceleration-based biomarkers are observed to be sensitive to eVST-induced
improvements even in short (7.6m) clinical walking tests, whereas longer walking distances (20m) are required to capture
changes in stride-to-stride gait parameters measured using foot-mounted IMUs. Head acceleration power decreased
across all directions during both short (7.6 m) and long (20 m) walks, with the largest reductions in the medial-lateral
direction. This is a significant result because, among gait acceleration components, medial-lateral acceleration has been
shown to be most strongly associated with fall risk in older adults, reflecting impaired lateral balance control during
walking.”” Balance control during walking relies heavily on controlling side-to-side motion of the body’s center of mass.
Aging is associated with declines in hip abductor strength, sensory integration, and neuromuscular coordination, all of
which are critical for mediolateral stability. Increased variability or magnitude of medial-lateral head acceleration reflects
poorer dynamic balance and reduced ability to respond to perturbations. Anterior—posterior acceleration is more related
to gait speed and propulsion; while informative, it is less predictive of falls. Vertical acceleration reflects step impact and
leg stiffness but shows weaker and less consistent associations with fall risk.

Reductions in stride-to-stride variability of step time and stride width during the longer 20 m walks further indicate
enhanced dynamic balance and gait consistency. The absence of significant variability changes in the shorter 7.6 m gait
test results using foot-mounted IMUs is likely due to the limited number of strides available for analysis, but the head-
based IMU metrics were nonetheless able to capture eVST-related improvements even in these short, clinically feasible
protocols. The combination of head biomarkers over short walking distances and stride-level improvements over longer
walks highlights both the mechanistic impact of eVST on gait control and the practical potential for monitoring clinical
changes with brief, accessible gait tests.

The present findings extend the growing body of work showing that subthreshold noisy EVS can acutely improve
walking performance in both healthy individuals and patients with vestibular impairment. Previous studies have
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demonstrated reduced gait variability and enhanced dynamic stability in healthy individuals,*®"? increased gait velocity
and stride length in both normals and patients with bilateral Vestibulopathy,70 and improved coordination and reduced
stride variability in bilateral vestibulopathy patients.®” Others have reported reductions in trunk sway and step-width
variability in balance-challenged walking tasks’' and improvements in stability under visual deprivation.”> However,
these studies were limited to short, single-session exposures, with transient in-session effects measured only during or
immediately after stimulation. Our structured, multi-week protocol and longitudinal study design provide evidence that
repeated eVST sessions not only elicit immediate improvements but also lead to persistent adaptations in head and gait
stability, likely reflecting cumulative neuroplastic changes within vestibular and sensorimotor pathways. The combined
evidence from the present study and our previous RCT’® suggests that eVST may promote both immediate improvements
due to stochastic resonance while the stimulation is being applied (and potentially short-lasting after-effects) and longer-
term neural adaptations that consolidate improved balance and gait performance.

Possible Mechanisms
Several mechanisms may underlie these improvements. At the peripheral level, subthreshold EVS likely modulates

vestibular afferent firing from both otolith and semicircular canal hair cells,*’

enhancing the encoding of small head
movements” and compensating for age-related reductions in hair-cell sensitivity.® Repeated stimulation may also
support limited regeneration or functional recovery of vestibular hair cells and synaptic transmission, as suggested by
histological evidence of residual regenerative capacity in older human utricles.””

At the central level, cumulative eVST dosing may induce neuroplastic changes within the vestibular nuclei,
cerebellum, and associated cortical regions.*’ Evidence from animal and human studies has shown changes in the
expression of AMPA and NDMA receptors within the vestibular nuclei following repeated stimulation, suggesting
neuroplasticity has occurred.*®'%’ The observed persistence of balance and gait improvements months after treatment
cessation reported in our previous RCT’® further supports a neuroplastic mechanism rather than transient stochastic
resonance alone. Such adaptations likely enhance the efficiency of vestibulospinal reflexes and improve the dynamic

weighting of vestibular inputs during complex postural and locomotor tasks.

Clinical Significance
Research into aging has identified many biomarkers that can quantify biological age and monitor underlying molecular
and physiological changes in older adults.'®’ "' However, progress has been much slower in translating these findings
into clinically effective interventions that extend healthspan.'® The 2015 World Health Organization report on “World
Health and Aging”'®® highlighted the importance of minimizing the rate of decline in multiple domains of intrinsic
capacity that impact healthspan. Interventions that can turn back epigenetic clocks or reduce inflammatory markers are
only a preliminary step towards enhancing key domains of intrinsic capacity in older adults.'®* Vestibular dysfunction is
now known to trigger a downward spiral that impacts multiple domains of intrinsic capacity, including sensory,
locomotion, cognition, and psychological capacity.'®>!19¢

The results presented here address key challenges that have impeded access to widely available diagnosis and
treatment for declining vestibular function. From a translational perspective, the ability to track age-related vestibular
decline and eVST-induced improvements using a single head-mounted phybrata sensor offers a practical, scalable
approach for quantifying physiological aging and recovery. The phybrata biomarkers used here are sensitive enough to
detect treatment responses after only two sessions and could distinguish non-responders early in the intervention, which
limits costs and unproductive time for payers, providers, and patients alike. Compared to traditional balance and gait
assessments, these phybrata metrics provide high-resolution quantitative insight into sensory reweighting and neural
recovery, supporting the development of personalized neuromodulation therapies for fall prevention. The significant
improvements in balance performance and reductions in fall risk illustrated in Figure 9 further highlight the functional
and clinical benefits of combing phybrata assessments and eVST treatments.

Given the substantial healthcare costs associated with falls and fall-related injuries, effective strategies for early
detection and treatment of balance decline could yield significant patient-centered and system-level benefits. Balance
decline contributes to fear of falling, activity restriction, and progressive deconditioning, creating a self-reinforcing cycle
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of functional loss.'”” Detecting impairment before this cascade becomes entrenched allows clinicians to intervene when
adaptive capacity and neuroplastic potential remain relatively preserved. The present findings suggest the possibility of
shifting from purely compensatory approaches toward interventions that more directly target underlying sensory
dysfunction. This proactive approach aligns with current models of preventive geriatrics and supports maintenance of
mobility, participation, and quality of life. A recent health economics assessment of the current eVST solution'®
quantified the substantial unmet clinical need for better diagnosis and management of vestibular dysfunction and
highlighted how the present phybrata and eVST innovations address these inefficiencies through proactive detection
and functional restoration of declining balance in older adults.

The potential scalability of wearable diagnostic and therapeutic technologies further enhances their clinical relevance.
Together with the simplicity and safety of the wearable stimulation system, the results reported here position eVST as
a feasible intervention that can be deployed in outpatient, rehabilitation, senior living, long-term-care, home-based, and
community settings. Combining phybrata and eVST can expand access to balance assessment and intervention,
particularly for older adults with limited mobility or access to specialty care.

Combining phybrata and eVST can also enable a closed-loop stimulation approach, which is a rapidly evolving
research area in non-invasive brain stimulation.'” Since the optimal swsEVS stimulus to deliver may depend on the
current balance impairment profile, changes in this profile throughout treatment can impact patient response. Together
with our previous balance impairment studies,” the current results, demonstrate that phybrata sensory reweighting profiles
can be using to quantify each patient’s unique balance impairment profile at the outset of treatment and unique response
trajectory throughout treatment. We have recently developed a machine learning classifier that processes phybrata sensor
data during eVST therapeutic treatment sessions to assess the effectiveness of each individual treatment session and the
cumulative response over multiple treatment sessions.''® The resulting phybrata response biomarkers establish the
foundation for a closed-loop, adaptive, hyper-personalized eVST therapy framework that optimizes treatment parameters
based on continuous objective monitoring of individual patient response.

The Importance of Head Stabilization

An additional clinically important implication of our work is the emphasis on head stabilization as a core mechanism
underlying both standing balance and walking gait stability. The results discussed here indicate that age-related vestibular
decline impairs the ability to stabilize the head in space, which not only reduces postural stability, but also disrupts gaze
control, trunk alignment, and step-to-step consistency during locomotion. Because vestibular signals are referenced to
head motion, inadequate head stabilization increases sensory noise during gait, forcing greater reliance on visual and
proprioceptive/somatosensory inputs that are frequently degraded in older adults. This destabilization is particularly
evident during walking, when rhythmic head movements must be precisely regulated to maintain visual acuity and
dynamic equilibrium.

These findings have important gait-specific clinical implications, especially in situations that challenge attentional and
sensory integration demands. During dual-task walking, older adults with vestibular impairment often demonstrate
disproportionate increases in head motion, gait variability, and instability,'"" reflecting limited capacity to allocate
attentional resources to head and postural control simultaneously. This helps explain why dual-task gait assessments
are strong predictors of fall risk''? and why interventions that improve head stabilization may enhance performance
under cognitively demanding conditions. Improved head control may also enhance visual sampling and environmental
awareness during ambulation, further reducing fall susceptibility.

Head stabilization also has direct relevance to the use and prescription of assistive devices. While canes and walkers
may improve base of support, they do not directly address head—trunk coordination and may, in some cases, promote
downward gaze or altered head posture that further degrades vestibular input. Interventions such as eVST that target
vestibular function and head stabilization could complement assistive device use by improving upright head posture, gaze
stability, and confidence during walking, thereby optimizing overall mobility rather than compensating solely at the level
of the lower extremities.

Finally, impaired head stabilization during gait may serve as a valuable biomarker for fall prediction. Excessive or
irregular head motion during walking has been associated with reduced dynamic stability and increased fall risk in older
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adults.”” By highlighting improvements in balance outcomes linked to vestibular-focused interventions, the present
results underscore the potential utility of head-motion metrics—captured via wearable sensors—as clinically actionable
indicators of fall risk and treatment response. Collectively, these findings position head stabilization not as a secondary
byproduct of improved balance, but as a central diagnostic and therapeutic target for enhancing balance and gait stability

and reducing falls in aging populations.

Limitations and Future Studies
While the present study describes innovations in both diagnostics and treatments and reports promising outcomes, several

limitations should be acknowledged.

Generalizability of Pilot Data

The absence of a sham control group prevents us from fully isolating stimulation-specific effects; however, comparisons
with our recent RCT’® indicate that improvements observed here significantly exceed the small practice effects typically
seen in sham conditions. The sample size of 32 was modest and the participants were predominantly female, precluding
robust subgroup analyses by sex or age. Larger and more diverse samples are needed to confirm these findings, examine
dose-response relationships, and explore how stimulation parameters (eg, frequency content, amplitude, or duration)
influence outcomes. The present study was also carried out in a single senior living location — replicating the results in
more diverse settings and including more comprehensive functional baselines will be important extensions of the study.
The ability to identify potential non-responders early in the treatment process is of significant potential value, but the
ability to generalize this result is limited by the small sample size and post-hoc identification of corresponding phybrata
biomarkers. Larger controlled trials will be required to determine the degree to which the combination of phybrata
biomarkers identified in the current study can serve as the basis for a prospectively testable rule. Moreover, this study
focused on standing balance and straight-line walking and did not assess dynamic gait adaptability, obstacle negotiation,
and real-world mobility to fully characterize the therapeutic benefits of eVST. Larger controlled trials will also be
required for confirmation and external validation of the present results, including ecologically valid tasks to assess
changes in fall risk.

Mechanistic Understanding

EVS is unique among sensory neuromodulation techniques in terms of the large number of vestibular projections that can be
accessed throughout brainstem, cerebellar, subcortical, and cortical systems.®* As a result, it has diagnostic and therapeutic
applications across diverse neurological conditions, trauma-related dysfunction, and age-related decline in balance, cogni-
tion, and motor control. Phybrata digital biomarkers and IMU gait metrics both show functional improvements following
eVST treatment, and these changes are consistent with a hypothesized recalibration of sensory integration, favoring increased
vestibular contribution. However, underlying physiological mechanisms were not assessed directly in the present study. The
precise biological mechanisms by which electrical stimulation induces enduring neuroplastic recovery in vestibular
systems — particularly in the context of age-related degeneration — require deeper exploration.

The assignment of frequency bands to specific neural systems in the present sensory reweighting analysis relies
primarily on indirect associations between control latencies and spectral content in previously reported studies, rather
than direct neural recordings from these pathways. While some studies have demonstrated correlational relationships
between sensory manipulations and frequency shifts, direct evidence that specific frequency bands exclusively reflect
particular neural systems remains limited. Although the results presented here are consistent with widely reported trends
in sensory, CNS, and neuromotor contributions to postural stabilization, future studies should investigate in more detail
the potential overlap between these frequency bands, variations across study populations, and individual variations as

a function of time, impairments, and interventions.
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Technology Adoption Barriers

Wearable sensors and bioelectronic devices, while more accessible than traditional lab equipment, still require integration
into routine clinical practice, reimbursement pathways, and clinician training. There may be variability in uptake across
care settings, especially in resource-limited contexts.

To build on these early findings, future studies should include:

Larger-scale, sham-controlled, double-blinded, multi-site clinical trials with longer follow-up and direct fall/outcomes
tracking to evaluate the longer-term efficacy and cost-effectiveness of wearable diagnostic tools and multi-session
bioelectronic treatments compared with standard care, across broader demographic and clinical subgroups.

Mechanistic research investigating how neuroplastic changes induced by eVST interact with aging neural circuits to
restore balance control, and how these changes correlate with clinical outcomes like fall rates and functional indepen-
dence. Previous studies of the oculomotor responses to EVS''® have shown that the resulting eye-movement is the sum of
the contributions of the oculomotor drive of all the vestibular end organs. Compared with healthy individuals, patients
with a variety of clinical vestibular conditions showed systematic differences in EVS-induced eye-movement patterns
that were consistent with the reduction or absence of oculomotor contributions from the specific end organs impacted by
their particular vestibular condition. Future studies should add comprehensive vestibular excitatory response testing™''*
(VNG/VOR, VEMP, vHIT, fHIT, caloric testing, rotary chair testing) to assess and distinguish between age-related
decline and eVST-related changes that are specific to peripheral vestibular functions (otoliths vs. semi-circular canals) vs.
central vestibular processing. Future studies investigating eVST-induced changes in the neural mechanisms underlying

postural stability''>!°

are also warranted. Future studies should also investigate eVST-induced changes in the critical
vestibular balance stabilizing mechanisms that accompany transitions between motor states that link balance and gait,
such as between quiet standing and locomotion, between different standing postures, and during locomotion
termination.'"”

Implementation science studies focusing on best practices for integrating these technologies into primary care,
rehabilitation, and community-based settings, including evaluation of clinician training models, patient adherence, and
health system barriers to real-world implementation.

Comparative effectiveness research examining how emerging noninvasive treatments perform relative to or syner-

gistically with established therapies such as VRT or multicomponent fall prevention programs.

Conclusions

The present study demonstrates that multi-session eVST produced significant and durable enhancements in both balance
and gait among older adults, mediated by improved vestibular regulation and sensory reweighting. These findings,
consistent with controlled laboratory results, provide new evidence that eVST can restore vestibular function and enhance
locomotor stability in older adults, with head-motion-based phybrata biomarkers offering a practical means of detecting
treatment effects even in short, clinically feasible walking tests compatible with ecologically valid, community-based
environments. The combination of wearable sensor and stimulation technologies offers a practical pathway toward

accessible, personalized, and data-driven interventions to mitigate age-related balance decline and fall risk.
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