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Abstract. To date, only a few studies have investigated the clinical
translational value of multisensory integration. Our previous
research has linked the magnitude of visual-somatosensory
integration (measured behaviorally using simple reaction time
tasks) to important cognitive (attention) and motor (balance, gait,
and falls) outcomes in healthy older adults. While multisensory
integration effects have been measured across a wide array of
populations using various sensory combinations and different
neuroscience research approaches, multisensory integration tests
have not been systematically implemented in clinical settings. We
recently developed a step-by-step protocol for administering and
calculating multisensory integration effects to facilitate innovative
and novel translational research across diverse clinical populations
and age-ranges. In recognizing that patients with severe medical
conditions and/or mobility limitations often experience difficulty
traveling to research facilities or joining time-demanding research
protocols, we deemed it necessary for patients to be able to
benefit from multisensory testing. Using an established protocol
and methodology, we developed a multisensory falls-screening tool
called CatchUTM (an iPhone app) to quantify multisensory integration
performance in clinical practice that is currently undergoing validation
studies. Our goal is to facilitate the identification of patients who
are at increased risk of falls and promote physician-initiated falls
counseling during clinical visits (e.g., annual wellness, sick, or
follow-up visits). This will thereby raise falls-awareness and foster
physician efforts to alleviate disability, promote independence,
and increase quality of life for our older adults. This conceptual
overview highlights the potential of multisensory integration in
predicting clinical outcomes from a research perspective, while also
showcasing the practical application of a multisensory screening tool
in routine clinical practice. c 2022 Society for Imaging Science
and Technology.
[DOI: 10.2352/J.Percept.Imaging.2022.5.000407]

1. INTRODUCTION
According to the Centers for Disease Control and Prevention
(CDC), more than 25% of Americans over the age of 65
(∼16 M) experience a fall annually [3, 37]. In fact, over 3
million older Americans require an emergency room visit
each year because of fall-related injuries, and individuals
who fall once are likely to fall again [36, 38]. Falls are the
leading cause of injury and injury-related death in older
adults, and are a significant burden to the U.S. healthcare
system with over $50 billion spent annually on non-fatal
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and fatal falls. The CDC recommends routine fall-risk
screening at least annually; however, according to Sun
& Sosnoff [32], screening is currently not systematically
integrated into practice. Some identified barriers to
successful implementation of quantitative falls-assessment
in older adults include: (1) over-reliance on subjective
measurements that are limited in scope and only modestly
capture potential fall-risk (e.g., patient responses to physician
queries about fall history, balance/walking difficulty, and fear
of falling); (2) lack of cost-effective technology that assesses
falls; (3) on-site testing; and (4) clinical time constraints for
physicians and staff to administer and interpret test results.
While several functional mobility tests are in fact readily
available for clinical use such as the Timed-up and Go (TUG)
test [30], Performance-Oriented Mobility Assessments [33],
Berg Balance Test [2], FallSkip [29], and Sway [26], these
assessments are unfortunately not systematically integrated
into practice yet, and most require in-person testing and
interpretation of results by a physician or trained staff.
Lack of efficient quantitative screening tools and failure to
raise falls awareness in older adults effectively contribute to
increased occurrence of falls, increased societal burden of
high annual falls-related expenses, and most importantly,
decreased quality of life for our seniors. Thus, there is an
unmet need for novel quantitative and research-based digital
health screening tools that can raise falls awareness while
striving to improve patient outcomes.
Falls are inherently complex on many levels. Aging
presents additional challenges to the central nervous system
by concurrently disrupting the functionality of cognitive,
sensory, and motor systems [27]. Specifically, age-related
visual and somatosensory impairments have been linked
to slower gait [12], functional decline [13], increased risks
of falls [5, 11, 14, 16], and worse quality of life [7]. Balance
requires efficient interactions between musculoskeletal and
sensory systems [31], which are compromised in aging [15,
38]. Moreover, poor balance is a major predictor of falls and is
the leading cause of injury and death in older Americans [38].
Our laboratory research reveals robust but differential
multisensory integration effects (i.e., visual-somatosensory)
in healthy aging, while highlighting important associations
of visual-somatosensory integration with both cognitive
(attention) and motor outcomes (balance, gait, falls) in
aging [18–21, 23].
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Figure 1. Cumulative probability difference wave: The difference wave between ‘‘actual’’ and ‘‘predicted’’ cumulative distribution functions over the
trajectory of averaged responses for the total cohort (dashed trace) and for each of the three cognitive status groups (solid traces; adapted from [21]).
Area under the curve during the positive portion of the difference wave (gray shaded box) represents the magnitude of visual-somatosensory integration,
where higher area under the curve values indicate greater ability to successfully integrate multisensory inputs.

1.1 Multisensory Integration and its Significance in Aging
Multisensory integration, a rapidly growing field of neuroscience as demonstrated by a recent increase in publications
and special interest topics, investigates the simultaneous
processing of information from multiple sensory systems.
Our brains are specifically designed to simultaneously process concurrent information from multiple sensory inputs
to produce the most appropriate response to environmental
cues [4]. Such responses are vital to functional independence
in the real world, including successful completion of daily
activities [4, 24, 34].
When simultaneous sensory inputs (e.g., visual and
somatosensory) are presented, they combine in the brain
by a non-linear process to yield faster responses than
their unisensory constituents. Efficient sensory integration
depends on intact feedback and feedforward neuronal loops
between cortical (primary sensory regions, multisensory
areas (e.g., superior temporal sulcus), and motor regions)
and subcortical (thalamus) regions [28]. Cortico-cortical and
cortico-thalamic loops required for intact multisensory integration and balance performance are notoriously compromised with aging. Unfortunately, multisensory integration
processes have not been comprehensively examined, and
their relation to clinical outcomes across diverse populations
has been recognized as a major knowledge gap in the
field [17, 24, 34]. The mission of our aging research is to
address this knowledge gap and to demonstrate the clinical
utility of multisensory integration processes in predicting
cognitive and motor outcomes.
The efficiency of multisensory integration can be
quantified using established probabilistic modeling of behavioral performance, such as reaction time and accuracy,
to determine the magnitude of multisensory integration. This
J. Percept. Imaging

measure is operationalized as the area under the curve of the
difference between actual and predicted cumulative distribution functions (CDFs) of reaction time data. In an effort
to increase innovative translational multisensory projects,
we have published a step-by-step tutorial for calculating
the magnitude of multisensory integration [22]. Briefly, the
laboratory paradigm consists of three experimental blocks
where 45 unisensory visual, 45 unisensory somatosensory,
and 45 visual-somatosensory trials are randomly presented
with a random inter-trial-interval ranging from 1 to 3 s.
Each stimulus is presented for 100 ms, and the participants
are asked to press a foot pedal as soon as they feel, see,
or feel and see any stimulation. The three experimental
blocks are separated by 20-s rest blocks to reduce fatigue
and enhance attention. Valid reaction time data (a maximum
of 45 trials per condition) are collected, sorted in ascending
order by condition, and binned into percentiles (typically in
5% increments) from fastest reaction time (0.00 percentile)
to slowest reaction time (1.00 percentile). Next, reaction
time data to the three experimental conditions are submitted
to cumulative distribution functions (CDFs)—this provides
the probability of a response occurring during any given
percentile bin. The ‘‘predicted’’ CDF (the sum of the visual
alone CDF and the somatosensory alone CDF, with an
upper limit of 1) is subtracted from the ‘‘actual’’ CDF
of the combined visual-somatosensory (i.e., multisensory)
condition and the resulting difference wave is plotted.
Positive values at any given latency (i.e., percentile bin) are
indicative of successful multisensory integration and the
area under the curve of these values can be calculated and
used to determine the magnitude of multisensory integration
(see [22] for detailed specifications). As an example, Figure 1
(adapted from Mahoney and colleagues [21]) depicts the
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cumulative probability difference (y-axis) between actual
and predicted CDFs during percentile binned reaction time
responses (x-axis). The overall study cohort (n = 345; black
dashed trace) reveals positive values during the fastest tenth
(0.00–0.10 percentile bins) of responses. Here, the area under
the curve during the 0.00–0.10 percentiles (gray shaded box)
represents the magnitude of visual-somatosensory integration
(VSI) and higher area under the curve values signify greater
ability to successfully integrate multisensory inputs.
In a series of laboratory studies examining the magnitude of visual-somatosensory integration (VSI) using the
above-referenced methodology, we demonstrate differential
VSI abilities across healthy older adults. We reveal the clinical
importance of multisensory integration in aging as we
showed that greater ability to integrate visual and somatosensory information was associated with lesser likelihood of
falling. That is, magnitude of VSI demonstrated incremental
predictive validity for falls over balance and other known
fall risk factors, suggesting that inefficient multisensory
integration could contribute to falls via alternate pathways
or mechanisms [18]. We also demonstrated that older
adults with intact levels of VSI (area under the curve
values > 0) demonstrate better balance [18] and faster gait
velocity [23], compared to those with deficient levels of VSI
(area under the curve values < 0). Our latest work reveals
the mediating effect of mild cognitive impairment (MCI)
and dementia on the association between magnitude of
multisensory integration and mobility measures including
balance and gait [21]. Referring attention back to Fig. 1,
notice the existence of differential multisensory integration
effects. That is, when the overall group difference wave
(black dashed trace) was later parsed based on participants’
cognitive status (normal n = 293, solid light gray trace;
mild cognitive impairment (MCI) n = 40, solid dark gray
trace; dementia n = 12, solid black trace), the magnitude of
VSI was significantly reduced in older adults with MCI and
dementia [21]. In this study, we revealed that cognitive status
mediates the relationship between magnitude of multisensory integration and mobility outcomes, where those with
cognitive impairments demonstrated worse multisensory
integration and slower gait/worse balance, which increases
their risk for falls. Further, the results indicate that magnitude
of VSI was specifically associated with attention-based
performance (i.e., Attention Index) on the Repeatable Battery
for the Assessment of Neuropsychological Status [21].
But why should cognitive status implicate multisensory
functioning? Many studies have indicated the critical role
of the prefrontal cortex (PFC) in maintaining successful
gait and cognition [1]. Studies in primates and young
adults also reveal that flexible multisensory integration
processes are regulated by specific areas in PFC, including
but not limited to dorsomedial and ventrolateral regions [6,
10]. There is good reason to suspect that impairments in
cognition adversely affect the association between magnitude
of multisensory integration and mobility measures in aging
because: (1) flexible multisensory processing in young adults
appears to be regulated by PFC [6, 10]; (2) selective attention
J. Percept. Imaging

processes modulate multisensory integration in aging [9,
25]; and (3) disruptions in executive attention and cognition
in aging compromise both mobility and multisensory
integration processes [8, 21, 35]. However, future studies are
still needed to pinpoint the exact overlapping neural circuits
involved in (multi)sensory, cognitive, and motor functioning
in both healthy and impaired older adults.
2. TRANSLATING RESEARCH INTO CLINICAL
PRACTICE
While multisensory integration effects have been measured across a wide array of populations using various
sensory combinations and different neuroscience research
approaches, multisensory integration tests have not been
systematically implemented in clinical settings. Though
the significance of uncovering the clinical translational
value of multisensory integration processes has been recognized [17, 24, 34], relatively few studies have investigated
the utility of clinical multisensory tools. Our method for
quantifying multisensory interactions demonstrates clear
clinical-translational value with regard to predicting motor
outcomes like falls. Using our research as a solid foundation
and our patent-pending system and methods for testing
multisensory integration effects (U.S. Provisional Application No: 62/908,180; U.S. Non-Provisional Application
No: 17038974), we have developed an innovative and quantitative iPhone-based multisensory reaction time assessment
called CatchUTM . The main objective of CatchUTM is to
facilitate the identification of patients who are at increased
risk of falls and promote the initiation of interventions aimed
at reducing falls.
The impetus for creating CatchUTM . . . Before You
Fall was to alleviate disability, promote independence, and
increase quality of life for our older adults. CatchUTM is
a quick (<10 min) multisensory mobile reaction time
assessment tool that older adults can complete in the comfort
of their own home, residential community, or medical
provider’s waiting room. The actual assessment contains
the exact experimental design noted above. Specifically,
patients will be asked to complete the simple reaction
time test employing three sensory conditions (visual alone,
somatosensory alone, and combined visual-somatosensory;
see iPhone in Figure 2 for example of visual stimulus (*)
and somatosensory stimulus (vibration)). The addition of
45 control (i.e., ‘‘catch’’) trials, where no stimulation is
presented and no response is expected, affords monitoring of
attentional performance throughout the assessment. Patients
will be instructed to respond to each stimulus as quickly
as possible by pressing a designated response space on the
iPhone touchscreen (see gray ‘‘Click Here’’ response area
on iPhone in Fig. 2) with either their left or right thumb.
CatchUTM technology has been successfully developed for
iPhone (to be available through iOS App stores).
3. CURRENT VALIDATION STUDIES
Our goal is to provide a standardized and mobile multisensory screening test that is quick, easy, affordable, and
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laboratory experimental protocols. Thus, in order to make
claims that CatchUTM taps into similar visual-somatosensory
integration processes that are predictive of falls as reported
using our laboratory apparatus, several validation studies
are currently being performed. The goal of these validation
studies are twofold: (1) to determine the relationship
of visual-somatosensory integration processes (collected
through CatchUTM ) with history of falls in the past year
(baseline) and incident falls over a 12-month study period (collected bimonthly through telephone interviews)
using Cox proportional hazard models; and (2) to determine whether visual-somatosensory integration effects
from simple foot reaction times collected in the laboratory
are translatable to visual-somatosensory integration effects
from simple finger reaction times on an iPhone. We aim
to demonstrate acceptable-to-excellent predictive accuracy
(0.70–0.90 area under the receiver-operating characteristic
(ROC) curve) of CatchUTM for identifying at-risk individuals
for falls. If finger initiated visual-somatosensory integration
effects fail to predict falls, additional validation studies will
be implemented using Bluetooth foot-pedal response pads.

Figure 2. Introducing CatchUTM . . . Before You Fall : CatchUTM is a quick
and accessible mobile multisensory falls-screening tool that is based on
over 15 years of multisensory research. Figure 2 depicts the look and feel
of the CatchUTM app on an iPhone. Patients will be asked to complete this
simple reaction time test by keeping their eyes fixated on the cross, and
pressing the gray response area (i.e., ‘‘Click Here’’) as soon as they see,
feel, or see and feel any stimulation. Visual stimulation is presented here
as asterisks displayed on the iPhone screen. Somatosensory stimulation
is a vibration from Apple’s Taptic Engine. The visual and somatosensory
stimulation can occur in isolation or concurrently as in the case of the
visual-somatosensory stimulation condition.

accessible. However, several necessary studies are currently
underway to validate that the CatchUTM accurately predicts
falls just like our laboratory apparatus given that the look and
feel of the assessment on an iPhone is inherently different
compared to the established laboratory experimental setup
and apparatus. Some of these alterations, necessary to move
from a clunky and expensive lab apparatus to mobile and
accessible iPhone, include differences in the visual and
somatosensory stimulators, inclusion of an iPhone display,
and a response pad change from foot pedal presses to finger
presses on a touchscreen.
It is well known that reaction times differ based
on specifications of employed visual and somatosensory
stimulators. In fact, such RT differences have been captured
in our laboratory experiments over the years when including
different visual inputs (LEDs lights versus asterisks presented
on computer monitors) and different somatosensory inputs
(electric square wave pulses versus pager vibrators versus
pneumatic pulses). CatchUTM also requires finger responses,
as opposed to foot responses that were utilized in our
J. Percept. Imaging

4. FUTURE DIRECTIONS
Much like the newly implemented cognitive screening test
during annual wellness visits for adults aged 65 and over, we
will propose that older adults receive a CatchUTM assessment
to assess multisensory integration performance and the
likelihood of a fall vulnerability. Once a CatchUTM assessment
is completed, the ordering physician will receive an email
with their patient’s multisensory integration results and a
general impression. Based on our research findings and
results from our validation studies, patients with poor
multisensory integration performance will likely be at higher
risk for falls and other mobility impairments.
The CatchUTM report will be designed to provide
physicians with convenient access to current CDC guidelines,
as well as tailored recommendations that may propose
inclusion of falls counseling, health education, and access
to other home-based clinical health services like physical
therapy and home health safety services to help mitigate
future falls for their patient. This report will be delivered
electronically to the ordering physician and will be available
in the patient portal that is currently being developed. All
patients will receive tailored recommendations based on
their CatchUTM results as well as their specific endorsed
medical co-morbidities. Currently, no specific intervention
will be required, but as our research advances, we hope to be
able to include more specific multisensory recommendations
in the tailored patient report.
We believe that by providing physicians with easy to
interpret results and recommendations at their fingertips,
patients will be made more aware of the potential hazards
associated with falls, and become more cognizant of their
surroundings, which will ultimately provide a greater sense
of safety in their own homes. We are working to ensure
that older adults receive a CatchUTM assessment 1–2 times
per year, since falls are already considered a priority area
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to be examined. However, a CatchUTM assessment can be
ordered any time to facilitate identification of patients who
are at increased risk of falls and promote physician-initiated
falls counseling. Falls counseling effectively reduces falls in
seniors, it just needs to be integrated systematically in clinical
practice and we believe that inclusion of CatchUTM assessments in clinical practice will help streamline this process.
5. CLINICAL IMPLICATIONS
Examining the facilitative benefit of multisensory information processing in older adults could have important
clinical and public health implications. These include
potentially providing insight into the cognitive and physical
attributes of the aging process, affording an understanding of the biological basis of aging, and subsequently
aiding in the identification of opportunities to introduce
sensory, cognitive, and physical remediation programs to
older adults. We believe that optimizing integration of
visual-somatosensory inputs may ultimately provide the
framework for successful interventions that will reduce
falls, improve mobility while alleviating disability, and help
maintain functional independence in older adults. Moreover,
implementation of CatchUTM throughout the United States
will afford acquisition of large datasets that can also
inform development of such future multisensory-based
interventions.
While our primary research efforts focus on healthy
aging, we have plans to expand to other advanced aging
disease populations at increased risk for falls including, but
not limited to, Alzheimer’s disease, diabetes, and HIV. Given
the proposed overlap in neural circuitry associated with
sensory, motor, and cognitive functioning, we believe that
there may also be an opportunity to raise falls-awareness in
patients with other sensory (e.g., Autism, Sensory Processing
Disorder) and motor (e.g., Parkinson’s disease) disorders.
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