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Abstract:

Falls among older adults pose a major threat to their health and independence, often resulting
in serious injuries and increased healthcare burdens. Recent advances in wearable sensors,
artificial intelligence (AI), and wireless technologies have led to the development of integrated
fall prevention systems. This review categorizes such systems, based on their operational
contexts, indoor vs. outdoor, online vs. offline, and mobile vs. non-mobile, and examines their
technical components, including sensor types, communication infrastructure, and decision-
making algorithms. Prevention strategies are classified as feedback-based or non-feedback-
based, each offering unique applications in either immediate response or long-term
interventions. Notably, recent studies have highlighted the utility of sensor fusion, adaptive
threshold algorithms, and radio-frequency sensing to enhance system accuracy and user
comfort. Additionally, the importance of interdisciplinary collaboration, in which real-time data
are shared among healthcare professionals to inform them about personalized care plans, is
emphasized. However, challenges remain in standardizing data formats, ensuring system
usability in real-world settings, and addressing ethical and legal concerns. Successful
implementation of fall prevention technologies requires not only technical innovation but also

social acceptance, policy support, and interprofessional integration.

1. Introduction

Falls among older adults pose a serious public
health concern, often resulting in fractures, head
injuries, hospitalization, and even death [1].
Beyond their physical consequences, falls
significantly reduce the quality of life (QOL) of
individuals and impose a considerable economic

burden on healthcare systems. Accordingly,

recent years have witnessed rapid advance-
ments in research and development aimed at
preventing falls. In particular, integration of
wearable devices, smart sensors, and artificial
intelligence (AI) technologies has facilitated the
development of comprehensive systems that
address both fall prediction and prevention in a

unified manner [2,3]. This review systematically
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examines the classification and technical
characteristics of such systems[4]. In addition, it
incorporates recent developments and techno-
logical perspectives, thereby offering an over-
view of the latest trends and future directions in

fall-related research.

2. Classification of Fall Prediction Systems (I)
2-1. Indoor vs. Outdoor Prediction

Indoor fall prediction systems utilize fixed
sensors such as pressure sensors, infrared
motion sensors, and cameras to monitor
movement within homes or care facilities.
Typical examples include pressure sensors
placed under bed mattresses and motion
detectors mounted on ceilings [5,6]. These are
particularly effective in detecting high-risk
scenarios such as nighttime bathroom visits or
getting out of bed. In contrast, outdoor systems
use accelerometers embedded in smartphones,
GPS modules, and dedicated wearable devices to
gather data during activities such as walking or
going out [7]. These systems allow for long-term
monitoring without restricting the user’s
mobility and offer fall risk assessments that

better reflect real-world conditions.

2-2. Online vs. Offline Prediction

The term “online” here refers to systems or
configurations that process data and respond
immediately upon request within a networked
environment. On the other hand, the term “real-
time” requires that a specific task be completed
within strictly defined time constraints. Gene-
rally, online systems are often real-time. Online
prediction systems analyze sensor data, identify

abnormal gait patterns or acceleration and issue
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immediate alerts via sound or vibration [7.8].
This online capability allows for immediate
intervention and potentially prevents falls.
Accelerometer-based systems are considered
highly acceptable because the waist reliably
indicates whole-body movement and can be
attached to existing waistbands [7]. However,
such systems may be sensitive to sensor
accuracy and network latency. Offline prediction
systems analyze data accumulated over time to
identify personal trends and risk factors related
to falls [9]. In medical and caregiving settings,
these systems are valuable for developing
personalized intervention plans and for early

1dentification of high-risk individuals.

2-3. Mobile vs. Non-Mobile Systems

Mobile systems employ wearable devices such
as accelerometers, smartwatches, and smart-
phones worn by users to collect movement
data[7]. These systems allow unobtrusive
monitoring of physical activity during daily life.
Improvements in battery performance have
made their extended use increasingly practical.
In contrast, non-mobile systems use fixed
installations such as ceiling-mounted cameras,
infrared sensors, and floor pressure sensors to
monitor individuals [5,6]. Although these systems
do not require users to wear devices and offer
greater user acceptance, they may have
limitations in terms of coverage owing to blind
spots or placement of sensors. A summary of
these system categories is presented in Table 1,
showing representative examples classified by

operational context and data-processing type.
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Table 1: Classification of Fall Prediction Systems

Indoor

Outdoor

* Pressure mat sensor

* Infrared motion detector

* Ceiling-mounted camera

* Nighttime bed-exit monitoring
* Real-time gait alert

Online Systems

* Wearable accelerometer

* Smartphone GPS tracking

* Smartwatch with vibration alert
* On-line fall risk monitoring

Offline Systems * Long-term motion logging

* Bed-exit event analysis

» Retrospective risk trend detection
+ Data for individualized rehabilitation planning

* GPS & accelerometer data review

* Gait irregularity trend analysis

* Post-event risk assessment

+ Community-based fall risk profiling

3. Classification of Fall Prevention Systems (II)
3-1. Feedback-Based vs. Non-Feedback-Based
Systems

Feedback-based fall prevention systems provide
users with real-time alerts, such as vibrations,
sounds, or lights, when abnormal movements or
balance disturbances are detected. These alerts
prompt users to correct their posture or
movement, thereby preventing potential falls.
For example, a vibrotactile belt can notify users
through haptic feedback when they sense
instability while walking, thereby allowing them
to regain their balance.

By contrast, non-feedback-based systems utilize
collected sensor data to develop long-term
intervention strategies. Medical professionals
and rehabilitation staff analyze the data and
implement preventive measures such as physical
therapy, environmental modifications, or health
education programs [10,11]. Research testing the
practicality of wearable systems found that
overall responses were positive, with wearable
technology generally being well-tolerated,
comfortable, and easy to use. Although these
systems lack immediate responsiveness, they
allow for more comprehensive and multifaceted

Interventions.

3-2. Real-Time vs. Non-Real-Time Systems
Real-time prevention systems aim to detect
subtle changes in motion immediately before a fall
and prompt users to take corrective actions [12].
For example, a sudden shortening of step length
or shift in the center of gravity can trigger an
alert to help prevent falls.
Non-real-time systems, in contrast, analyze data
retrospectively. Healthcare providers then use
these results to evaluate risk levels and provide
tailored instructions, such as exercise regimens
or safety education[9]. Previously published fall
detection algorithms demonstrated high
sensitivity when tested on simulated falls by
healthy volunteers, but when applied to real-
world fall data from high-risk patient populations,
their sensitivity was significantly lower.
Although not suitable for immediate inter-
vention, these systems play a vital role in long-

term risk management of falls.

4. Technical Components of Fall Prediction and
Prevention Systems

4-1. Types and Placement of Sensors

Various sensors are used for fall detection and

prediction including accelerometers[7], gyros-

copes, electromyography (EMG) sensors [13],

pressure sensors [14], and cameras [6]. Although
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each sensor type can function independently
with a certain degree of accuracy, integrating
multiple sensor modalities enables higher
precision in the monitoring of falls. Privacy
concerns among the elderly regarding these
systems can be addressed by employing
appropriate privacy protection processing
technologies, such as silhouettes.

Placement of sensors significantly affects both
detection accuracy and user comfort. Common
locations include the waist, chest, and thighs. The
optimal position should be determined according
to the user’s age, daily activity levels, and
physical condition to balance effectiveness with

usability.

4-2. Communication and Data Processing
Collected data are transmitted via wireless
protocols such as Bluetooth[7], ZigBee [5], and
Wi-Fi [9] to smartphones or cloud platforms.
Recent developments have focused on achieving
both real-time processing and energy efficiency
using techniques such as low-power design and
on-device Al computation [9,12]. These advances
aim to support continuous monitoring of falls
while minimizing power consumption and

latency.

4-3. Algorithms and Decision-Making

Various algorithms have been employed in fall
detection systems. These include threshold-based
methods [1], machine learning models such as
Support Vector Machines (SVMs) and decision
trees [9], and deep learning approaches [15]. The
use of advanced models allows systems to
recognize individual gait patterns and time-series

variations, thereby surpassing the limitations of
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conventional methods.

These algorithms are trained to identify subtle
deviations in movement patterns that may
indicate instability or an increased risk of falls.
Deep learning, in particular, holds promise for
adapting to user-specific characteristics and
Improving accuracy in dynamic real-world

environments.

5. Recent Research Trends

Ren and Peng conducted a comprehensive
review of technologies related to fall prediction
and prevention, emphasizing the effectiveness of
sensor fusion techniques and adaptive threshold
models[16]. These methods are considered
promising for enhancing detection accuracy
by accounting for individual variability and
environmental changes.

They also introduced radio frequency (RF)-
based systems as a non-contact approach that
utilizes reflected wireless signals to detect
human motion[17]. These systems offer advan-
tages in privacy protection and are non-invasive,
making them suitable for in-home use without
requiring wearable devices.

In addition, integration of artificial intelligence
(AI) has significantly advanced the scope of fall
prevention systems. Modern solutions are not
limited to fall detection but also aim to analyze
a combination of physical, environmental, and
psychological risk factors. This holistic approach
enables proactive interventions, such as sugges-
ting environmental modifications or providing
cognitive-motor training, before a fall occurs.
Ren and Peng affirm that further developments
in user Iinterface design and feedback mecha-

nisms, as well as coordination with health-
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care systems, are essential for the success-
ful implementation and adoption of these
technologies[16]. These improvements will
enhance usability, particularly for older adults,
and promote widespread integration into daily

life and clinical settings.

6. Future Challenges and Perspectives

Several challenges must be addressed to
advance the development and practical imp-
lementation of fall prediction and prevention
systems.

First, there is a critical need for personalized
systems that can adapt to individual physical
characteristics and lifestyle patterns. As fall risk
varies greatly among older adults, systems must
Incorporate adaptive mechanisms that tailor
detection and intervention strategies to each
user. In fact, Kangas et al's algorithm failed to
detect several types of falls during posture
monitoring tests [9]. This failure stemmed from
subjects not lying on the floor when they fell
backward onto their buttocks or knees, or when
they leaned against tables or walkers.

Second, wearability and comfort of sensor
devices are vital for their long-term use in real-
life environments. Elderly users may be
reluctant to use systems that are cumbersome
or intrusive; therefore, ergonomic design and
unobtrusive monitoring must be prioritized.

Third, standardization of algorithms, sensor
placement, and evaluation metrics is necessary
to ensure consistency across studies and
promote real-world deployment. Without
standardized protocols, comparing results across
different studies and developing unified solutions

is challenging.

From the standpoint of healthcare imple-
mentation, evaluating cost-effectiveness and
sustainability of such interventions is also
essential. Large-scale longitudinal studies and
clinical trials are needed to build evidence on
how fall prevention technologies impact health
outcomes and healthcare costs.

Moreover, seamless integration of medical and
caregiving workflows, including electronic health
records and rehabilitation plans, is an emerging
challenge. To realize the full potential of these
systems, collaboration across disciplines, such as
gerontology, biomedical engineering, reha-
bilitation sciences, and health informatics, is
indispensable.

In summary, future research must not only
refine the technical performance of fall preven-
tion systems but also address human factors,
usability, clinical integration, and long-term
viability to make meaningful contributions to

public health.
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Abstract

In recent years, transcranial magnetic stimulation (TMS) has emerged as a standard

therapeutic approach for treating functional impairments following stroke. Although primarily

used for motor paralysis in patients with stroke, TMS has also been used for unilateral spatial

neglect, a type of higher-level cognitive impairment, with demonstrated efficacy. However, no

unified protocol is available for TMS parameters in post-stroke unilateral spatial neglect, which

may hinder its consistent implementation in clinical practice. This study reviews recent

research trends in the optimization of TMS for post-stroke unilateral spatial neglect, with a

particular focus on currently prevalent theta-burst stimulation protocols. Furthermore, based on

existing evidence, we discuss future research directions and clinical challenges.

Introduction

Unilateral spatial neglect (USN) refers to
difficulty detecting or responding to stimuli in
the space contralateral to a cerebral hemisphere
lesion, a symptom not explained by sensory or
motor deficits [1]. Individuals with USN exhibited
a higher risk of falls and lower rates of discharge
than those without such symptoms [2].
Furthermore, individuals with USN exhibit
significantly lower scores in activities of daily
living (ADL), particularly transfer and walking

[3]. Therefore, establishing effective treatments

for USN is essential.

Transcranial magnetic stimulation (TMS), a
noninvasive brain stimulation, has been
introduced in clinical settings for the treatment
of USN. TMS has demonstrated efficacy in
alleviating USN symptoms in pen-and-paper tests
and ADL [4]. However, TMS parameter
protocols have not been standardized. In recent
years, theta-burst stimulation (TBS) has been
widely adopted in TMS protocols. TBS is a
stimulation pattern that delivers repeated bursts

of three at 50 Hz (20 ms inter-pulse interval)
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within a 5 Hz cycle [5]. Two main variants are
recognized: excitatory intermittent TBS (iTBS),
which consists of 2-s bursts repeated at 8-s
intervals, and inhibitory continuous TBS (cTBS),
in which bursts are delivered without intervals.
TBS not only significantly reduces treatment
time compared to conventional TMS but has also
been confirmed to achieve equivalently high
therapeutic efficacy. However, variability in
efficacy has been reported among participants,
necessitating further verification.

One proposed mechanism for USN onset is the
interhemispheric rivalry hypothesis [6]. This
hypothesis suggests that the two cerebral
hemispheres regulate normal brain function by
mutually inhibiting each other's activity. USN is
believed to emerge when damage to one
hemisphere disrupts the balance of
interhemispheric inhibitory control. Therefore, in
cases of left USN resulting from right
hemispheric damage, it is standard practice to
apply inhibitory ¢TBS to the intact left
hemisphere or excitatory iTBS to the affected
right hemisphere. Compared to healthy indivi-
duals, patients with USN exhibit reduced
excitability in the parietal cortex of the affected
hemisphere [7]. Studies comparing the thera-
peutic effects of ¢TBS with 1 Hz or 10 Hz TMS
have identified ¢TBS as the most effective
intervention for USN. Moreover, diffusion tensor
imaging analyses, including fractional anisotropy
or mean diffusivity, have demonstrated
significant improvements in white matter
integrity [8]. Another study concluded that TBS
(both ¢TBS and 1TBS) was more effective for
USN than TMS or transcranial direct current

stimulation [9].
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This study outlines the current status and
limitations of the TBS for USN to optimize its

application.

TBS for USN

In the 2019 report by Cotoi et al. [10], nine
studies on the TBS were documented. The
stimulation site was the posterior parietal cortex
(PPC) of the non-lesioned hemisphere in all but
one study, which used the dorsolateral prefrontal
cortex (DLPFC) on the non-lesioned side. With
the exception of a single study that employed
iTBS, all other studies utilized ¢TBS. The most
common stimulation frequency was 30 Hz (seven
studies). The intensity was 80% of the resting
motor threshold (RMT) in five studies and 100%
of RMT in four studies. The majority of studies
employed 801 pulses, followed by 600 pulses in
the remaining studies. The number of sessions
per day was one in most studies (four studies),
followed by two sessions. The duration was most
frequently 1 or 10 days (three studies each),
followed by 14 days. Consequently, all nine
studies confirmed the efficacy of TBS in
improving performance on the behavioral
inattention test (BIT) [11] and its subtests.
Conversely, only one study demonstrated an
improvement in the Catherine Bergego Scale
(CBS) [12].

In the 2021 report by Houben et al. [13], nine
studies on the TBS were documented. The
stimulation site was the PPC of the non-lesioned
hemisphere in all but one study (the DLPFC on
the non-lesioned side); meanwhile, ¢TBS was
utilized in all but one study (iITBS). The most
common stimulation frequency was 30 Hz (seven

studies), while the most common intensity was
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80% of the RMT in five studies, followed by
100% of the RMT in two studies. The number of
pulses was 801 (more than half of the studies),
followed by 600. The most common number of
sessions per day was four (four studies), followed
by two (three studies). The duration was most
frequently 10 or 14 days (three studies each).
The follow-up period was most frequently
unspecified (four studies), followed by two or four
weeks after the final session (two studies each).
Consequently, all nine studies confirmed the
efficacy of the TBS in improving performance on
paper-and-pencil tests, such as the BIT and its
subtests. However, only two studies reported
improvement on the CBS, with sustained
reductions in USN symptoms observed at follow-
up after 2 weeks or 3 months.

In addition, we discuss critical findings
regarding c¢TBS that were not included in the
aforementioned reports.

In a 2023 report by Vatanparasti et al. [14], the
effects of combined ¢TBS and prism adaptation
versus prism adaptation alone were evaluated in
a randomized controlled trial. The stimulation
site was the non-lesion-side PPC, with a
stimulation frequency of 30 Hz and intensity of
80% of the RMT, with 801 pulses delivered
across 10 sessions in 1 day. Both groups
exhibited significant improvements on the BIT
subtest, but the combined effect was not
sufficiently confirmed.

Subsequently, we outline the 1iTBS studies
included in the aforementioned report and those
recently reported.

In a 2016 report by Cao et al. [15], iTBS was
applied to the DLPFC on the non-lesioned side.

Stimulation was delivered at a frequency of 50

Hz and an intensity of 80% of the RMT,
comprising 801 pulses per session, with two
sessions per day over 10 days. Outcomes were
assessed using the subtests of the BIT. The
results demonstrated a significant improvement
in the star cancellation and line bisection tests in
80% of the RMT group compared with 40% of
the control group.

In a 2025 report by Zhao et al. [16], iTBS was
administered to a non-lesioned DLPFC using a
figure-of-eight coil. Stimulation was delivered at a
frequency of 50 Hz and an intensity of 90% of
the RMT, comprising 600 pulses per session,
with two sessions per day over 10 days.
Outcomes were assessed using BIT subtests and
electroencephalography. The results revealed a
significant improvement in the line cancellation
test in the i1TBS group, with marked changes in
cortical excitability and neural signal propa-
gation. However, no significant differences were
observed between the iTBS and sham groups in

the star cancellation and line bisection tests.

Conclusion

This study describes the optimization of the
TBS for USN after a stroke. Synthesizing the
currently reported findings, the optimal
stimulation protocol appears to be ¢TBS applied
to the non-lesion-side PPC at 30 Hz and 80%
RMT intensity, with 801 pulses. ¢TBS is
commonly employed due to its suppressive effect
on the overactive, non-lesioned hemisphere,
consistent with the interhemispheric rivalry
hypothesis [6]. Furthermore, the frequency
selection of the PPC as a stimulation site can be
attributed to the region constituting part of the

neural network involved in spatial attention [17].
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Conversely, the DLPFC was selected as the
stimulation site in the frontal lobe, as it is
considered central to cognitive functions and
neural network connectivity, playing a pivotal
role in diverse cognitive processes while
possessing extensive network connections [18].
Regarding the intensity and number of sessions,
it is presumed that protocols are generally based
on accumulated research evidence. However,
variations exist across studies regarding the
number of sessions (once, twice, or four times
per day) and duration (1, 10, or 14 days);
however, no consensus has been reached
regarding the optimal schedule. Reports on iTBS
remain limited, and further validation of its
therapeutic effects and optimal stimulation
conditions is required.

Furthermore, most studies evaluating outcomes
in TBS rely on BIT subtests, particularly the
star cancellation and line bisection tests.
Therefore, future research should introduce
metrics capable of assessing USN within ADL
contexts, including the CBS or the Kessler
Foundation Neglect Assessment Process [19]. Eye
movement analysis using an eye tracker [20, 21]
or evaluations using virtual reality technology
[22] are required for quantitative verification.
Furthermore, conducting more studies that
consider the subtype-specific characteristics of
USN [23] and verify the effects from the
perspective of neural networks based on the

network hypothesis are essential [24].
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