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Abstract

Background:  Effective integration of concurrent sensory information is crucial for successful locomotion. This study aimed to determine the 
association of multisensory integration with mobility outcomes in aging.
Methods:  A total of 289 healthy older adults (mean age 76.67 ± 6.37 years; 53% female participants) participated in a visual–somatosensory 
simple reaction time task. Magnitude of multisensory effects was assessed using probability models, and then categorized into four multisensory 
integration classifications (superior, good, poor, or deficient). Associations of multisensory integration with falls and balance (unipedal stance) 
were tested at cross-section and longitudinally using Cox proportional hazards models.
Results:  At baseline, the prevalence of falls in the previous year was 24%, and 52% reported an incident fall over a mean follow-up period of 
24 ± 17 months. Mean unipedal stance time was 15 ± 11 seconds. Magnitude of multisensory integration was a strong predictor of balance 
performance at cross-section (β = 0.11; p < .05). Of the cohort, 31% had superior, 26% had good, 28% had poor, and 15% had deficient 
multisensory effects. Older adults with superior multisensory integration abilities were significantly less likely to report a fall in the past year 
(17%), compared to the rest of the cohort (28%; χ2 = 4.01; p = .04). Magnitude of multisensory integration was an incremental predictor of 
incident falls (adjusted hazard ratio = 0.24; p = .01), over and above balance and other known fall risk factors.
Conclusions:  Our study highlights the clinical relevance of multisensory integration in aging; worse visual–somatosensory integration is 
associated with worse balance and increased risk of incident falls.

Keywords: Multisensory integration, Brain aging, Sensory, Balance, Falls.

Human brains are designed to simultaneously process multiple sen-
sory inputs, so as to engender the most appropriate response to 
environmental cues. Concurrent sensory stimulation provides re-
dundant information that gives rise to faster detection responses (1). 
Efficient interactions between somatosensory, visual, and auditory 
inputs are crucial for functional independence and successful com-
pletion of activities of daily living. Yet, the nature of multisensory 
integration effects and their contribution to clinical outcomes is not 
fully understood.

Multisensory integration effects are commonly assessed using 
psychophysical reaction time (RT) data to measure a phenomenon 
referred to as a redundant signal effect (2). The redundant signal 
effect is a response time benefit where RTs to multisensory stimuli 

are typically faster than RTs to constituent unisensory stimuli. These 
behavioral multisensory integration effects are well documented in 
young adults, but not as well in older adults (3–6). In a study con-
trasting integration processes in old and young adults across audi-
tory–visual, auditory–somatosensory, and visual–somatosensory 
combinations, we revealed that older adults exhibited the greatest 
RT facilitation when presented with visual–somatosensory (VS) 
stimulation. We hypothesized that RT facilitation would vary given 
known age-related alterations in sensory processing (7) and discov-
ered that level of RT facilitation was linked to balance (8), falls (8), 
and participation in physical activities (9).

The method of using RT facilitation as a proxy for integrative 
effects has been challenged by Couth and colleagues (10) who posit 
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that basing integration effects solely on RT differences is likely insuffi-
cient. Instead, the authors recommend examination of cumulative dis-
tribution functions (CDFs) of multisensory and unisensory RTs that 
account for individual differences in multisensory processing. Given 
our previously established association of VS RT facilitation effects 
with balance, and the fact that balance requires efficient interaction of 
musculoskeletal and sensory systems (11) known to be compromised 
in aging (12,13), this study aimed to develop a robust phenotype of VS 
integration and establish its relationship with balance. Poor balance 
is a major predictor of falls, which is the leading cause of injury and 
death in older Americans (12). Despite the identification of links be-
tween multisensory and balance processes (8,14–17), the clinical rele-
vance has not been established. Hence, our second objective was to 
determine whether VS integration could predict incident falls (18,19).

Methods

Participants
A total of 378 participants enrolled in the Central Control of Mobility 
in Aging study in New York completed a multisensory simple RT 
experiment between June 2011 and January 2018. Central Control 
of Mobility in Aging eligibility criteria required that participants be 
65  years of age and older, reside in lower Westchester county, and 
speak English. Exclusion criteria included inability to independently 
ambulate, dementia, significant bilateral vision and/or hearing loss, 
active neurological or psychiatric disorders that would interfere with 
evaluations, recent or anticipated medical procedures that would affect 
mobility, and/or receiving hemodialysis treatment (see also 20,21). The 
presence of dementia was excluded using reliable cut scores from the 
AD8 Dementia Screening Interview (cutoff score greater than or equal 
to 2; 22,23); and the Memory Impairment Screen MIS (cutoff score 
less than 5; 24); and confirmed at consensus clinical case conferences.

Additional exclusion criteria included the presence of severe uni-
lateral impairments in vision (eg, glaucoma, macular degeneration, 
detached retina, and monocular blindness; n = 23) or unilateral deaf-
ness (n = 4). All Central Control of Mobility in Aging participants 
were required to have bilateral visual acuity that was better or equal 
to 20/100 as measured by the Snellen eye chart. Individuals that 
were unable to hear a 2,000 Hz tone at 25 dB in both ears were not 
included. Presence or absence of neuropathy was diagnosed by study 
clinicians (8,9), and participants with severe neuropathy (unable to 
feel somatosensory stimulation) were not included. Additional exclu-
sion criteria included inadequate multisensory performance (n = 47; 
see later) and missing mobility assessments (n = 15).

After exclusions, the eligible sample consisted of 289 older 
adults (mean age 76.67 ± 6.37 years; 53% female participants). All 
participants provided written informed consent to the experimental 
procedures, which were approved by the institutional review board 
(Protocol # 2016-6936) of the Albert Einstein College of Medicine.

Stimuli, Task, and Responses
Participants completed a simple RT paradigm using three sen-
sory conditions that were presented bilaterally: two unisensory 
(visual and somatosensory) and one multisensory (simultaneous 
VS). Participants were instructed to respond to all stimuli by press-
ing a stationary foot pedal as quickly as possible (Figure  1). The 
three stimulus conditions were presented randomly with equal 
frequency and consisted of three blocks of 45 trials (135 trials in 
total). Anticipatory effects were prevented by using an interstimulus 
interval that varied randomly from 1 to 3 seconds. Performance ac-
curacy was defined as the number of accurate stimulus detections 

divided by 45 trials per condition. Each block was separated by a 20 
second break to reduce fatigue and facilitate concentration.

As described previously (9), visual and somatosensory stim-
uli were delivered through a custom-built stimulus generator 
(Zenometrics LLC; Peekskill, NY) that consisted of two control 
boxes, each housing a 15.88 cm diameter blue light-emitting diodes 
and a 30.48 mm × 20.32 mm × 12.70 mm plastic housing contain-
ing a vibrator motor with 0.8 G vibration amplitude. The devices 
were connected to a network control center, which allowed direct 
control for each device through the testing computer’s parallel port. 
The devices were cycled on and off at precise predetermined inter-
vals in any combination. A transistor–transistor logic (5 V, duration 
100  ms) pulse was used to trigger the visual and somatosensory 
stimuli through E-Prime 2.0 software.

Control boxes were mounted to an experimental apparatus, 
which participants rested their hands on comfortably, with index 
fingers placed over the vibratory motors on the back of the box and 
their thumb on the front of the box, under the light-emitting diode 
(Figure 1). A third dummy control box was placed in the center of 
the actual control boxes, at an equidistant length (28 cm) and con-
tained a bull’s eye sticker with a central circle of 0.4 cm diameter 
that served as the fixation point. To ensure that the somatosensory 
stimuli were inaudible, each participant was provided with head-
phones over which continuous white noise was played.

Participants with unreliable data [accuracy less than 70% on any 
one condition (n = 45) and extremely long RTs > 1,000 ms (n = 2)] 
were excluded (8,9). To facilitate comparisons to other multisensory 
studies, the overall RT facilitation effect (ie, RT difference between 
the multisensory VS condition and the fastest unisensory condition) 
is presented in Table 1.

Quantification of Multisensory Integration Using the 
Race Model Inequality
When two sources of sensory information are presented concur-
rently, they offer synergistic information that give rise to faster 

Figure  1.  Experimental Apparatus. Participants were required to make 
speeded responses to bilateral visual, somatosensory, and visual–
somatosensory stimuli by pressing a foot pedal located under their right foot 
(see also 9).
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responses (redundant signals effect) (1). Race models, commonly 
implemented to examine multisensory effects, are robust probability 
(P) models that compare the CDF of combined unisensory visual (V) 
and unisensory somatosensory (S) RTs with an upper limit of one 
[min [P(RTV ≤ t) + P(RTS ≤ t), 1] to the CDF of multisensory VS RTs 
[P(RTVS≤ t)] (2,25,26). For any latency t, the race model inequality 
(RMI) holds when the CDF of the actual multisensory condition 
[P(RTVS ≤ t)] is less than or equal to the predicted CDF [min (P(RTV 
≤ t) + P(RTS ≤ t), 1)]. Note that CDFs take all RTs into account. 
Acceptance of the earlier described RMI suggests that unisensory 
signals are processed in parallel, such that the fastest unisensory 
signal produces the actual response (ie, the “winner” of the race). 
However, when the actual CDF is greater than the predicted CDF, 
the RMI is rejected, and the RT facilitation is the result of multisen-
sory interactions that allow signals from redundant information to 
integrate or combine nonlinearly.

To establish a reliable and measurable phenotype of VS integra-
tion, the RMI was first tested using Gondan’s permutation test over 
the fastest quartile (0%–25%) of responses. A robust violation was 
observed (tmax = 12.83, tcrit = 1.88, p < .001) (27,28). Slow and omit-
ted responses (< 5% for each condition) were set to infinity rather 
than excluded. For each participant, RTs were sorted by condition 
in ascending order and the RT range was calculated across the three 
stimulus conditions and quantized into 20 bins from the fastest RT 
(or zero percentile) to the slowest RT (100th percentile) in 5% incre-
ments (0%, 5%, …, 95%, 100%). The group-averaged difference 
between actual and predicted CDFs is presented in Figure 2a where 
positive values are indicative of a violated RMI in favor of multisen-
sory integration.

In addition, we used a data driven approach to determine which 
portion of the difference wave best characterized the VS integration 
effect of the entire cohort. The results indicated that only the fastest 
10% of all RTs (first three percentile bins) revealed a race model 
violation. Thus, the CDF difference values for these three violated 
percentile bins (0%, 5%, and 10%) were examined on an individual 
basis and used to (a) determine multisensory integration classifica-
tion given known differential VS integration abilities in aging (8,9) 
and (b) calculate the area under the curve that served as our in-
dependent variable of “magnitude of VS integration.” Multisensory 
integration classification was assigned based on the number of vio-
lated percentile bins (values greater than zero for 0, 1, 2, or 3 bins) 
during the 0–10th percentile. Classification definition was assigned 
as follows: if all percentile bins violated the RMI the individual was 
considered a “superior” integrator; if two bins violated the RMI, the 
individual was considered a “good” integrator; if one bin violated 
the RMI, the individual was considered a “poor” integrator; and if 
zero bins violated the RMI, the person was considered a “deficient” 
integrator. Figure 2b depicts race model difference waves by integra-
tion classification and illustrates a clear degradation of violation by 
classification. Note that the magnitude of VS integration as meas-
ured by area under the curve during the fastest 10% of responses 
represents a continuous measure; however, for ease of data interpret-
ation, participants were divided into four groups.

Static Balance and Falls
We selected balance and falls to assess the clinical relevance of multi-
sensory effects in older adults. Static balance was assessed using the 
unipedal stance time test (29,30). Unipedal stance time is a widely 
used test of balance: lower scores are associated with neuropathy 
(29) and predicts falls (30) in the elderly participants. This test was 
administered twice, and participants’ stance time on one leg for a 
maximum of 30 seconds served as the outcome measure.

Fall information was collected  every 2–3 months over the tel-
ephone and during yearly in-house visits. Falls were operationalized 
as unintentionally coming down to the floor or to a lower level not 
due to a major intrinsic or extrinsic event (31). Trained research 
assistants interviewed participants by telephone using a structured 
questionnaire to reduce variability between testers. If the participant 
endorsed a fall, further information regarding the number of falls 
and whether an injury was sustained was collected. High reliabil-
ity in fall ascertainment using this method has been reported in our 
previous work (32). All participants completed at least one fall inter-
view following their baseline assessment.

Clinical Evaluation
Global cognitive status was assessed using the Repeatable Battery 
for Assessment of Neuropsychological Status (33). Global health 
scores (range 0–10) were obtained from dichotomous rating (pres-
ence or absence) of physician diagnosed diabetes, chronic heart fail-
ure, arthritis, hypertension, depression, stroke, Parkinson’s disease, 
chronic obstructive pulmonary disease, angina, and myocardial 
infarction (3,7–9).

Statistical Analysis
Data were inspected descriptively and graphically, and the normality 
of model assumptions was formally tested. Descriptive statistics (M 
± SD) were calculated for continuous variables. The distribution of 
maximum unipedal stance time was skewed; therefore, a natural log 
transformation was applied to achieve normality, and all statistical 
analyses used the transformed value.

Figure  2.  Test of the Race Model. The cumulative distribution function 
difference waves over the trajectory of averaged responses for: (a) the entire 
study cohort and (b) each of the four multisensory integration classifications.
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Linear regression analyses were performed with maximum uni-
pedal stance time as the dependent variable and magnitude of VS 
integration as the independent variable in an unadjusted model. 
Additional covariates were entered in a stepwise manner. In Step 2, 
overall RT (average of all RTs regardless of stimulus condition) was 
added as an index of processing speed. In Step 3, age, gender, and 
ethnicity were added. In Step 4, additional independent variables 
included the presence of moderate visual loss, presence of mild neur-
opathy, and global health score.

A chi-square analysis was conducted to determine differences 
in fall prevalence between superior versus inferior (good, poor, and 
deficient) multisensory integrators. Cox proportional hazard model 
was used to compute hazard ratios with 95% confidence intervals 
(CI) to predict incident falls based on magnitude of VS integration. 
Time to fall was recorded as number of days from baseline study date 
to the interview date when the fall was endorsed. If the participant 
did not report a fall, the follow-up time was defined as the number 
of days from the baseline in-house visit to the last date of contact. 
Cox models were run unadjusted and then adjusted for age, gender, 
ethnicity, global health score, presence of moderate visual impair-
ment equal or worse than 20/70 (n = 79) (34), presence of mild neur-
opathy (n  =  15), overall RT, unipedal stance time, and history of 
falls during the 1-year time interval before assessment. Proportional 
hazards assumptions of all models were tested graphically and ana-
lytically and were adequately met. All data analyses were run using 
IBM’s Statistical Package for the Social Sciences (SPSS), version 21.

Results

Demographics are presented in Table  1 for the entire cohort and 
by classification. Group-averaged RTs to the VS condition were 
faster than group-averaged RTs to the unisensory–somatosensory 
(β = 80.76, 95% CI = 74.56 to 87.03, p < .001) and unisensory–
visual conditions (β = 40.74, 95% CI= 34.23 to 47.26, p < .001).

Our results demonstrated significant RMI violation over the fast-
est quartile of RTs using an established permutation test (28), in 

favor of robust VS integration effects. Using a data-driven approach, 
difference values between actual and predicted CDFs were indi-
vidually calculated for the group-averaged violated bins (0%, 5%, 
and 10%). Values for these percentile bins were used to calculate 
the magnitude of VS integration and determine integration classi-
fication. On the basis of our operational definition integration, our 
sample consisted of 90 superior, 76 good, 79 poor, and 44 deficient 
integrators. On average, compared to superior and good integrators, 
poor and deficient integrators were older and manifested more med-
ical comorbidities at baseline. They also demonstrated longer RTs 
and less RT facilitation. Difference waves (actual minus predicted 
CDFs) for each multisensory classification are presented in Figure 2b 
where the shaded rectangular overlay represents the group-averaged 
portion of the violated RMI (0–10 percentile) identified in Figure 2a.

Maximal unipedal stance time was highest for superior and good 
integrators (16.43 and 16.83 seconds) and lowest for poor and defi-
cient integrators (13.49 and 12.57 seconds). Results from the linear 
regression analyses (Table 2) reveal that VS integration is associated 
with maximum unipedal stance time (β = 0.15, p ≤ .013). Magnitude 
of VS integration remained associated with maximum unipedal 
stance time even after controlling for additional covariates in models 
2 through 4 (β = 0.11, p < .05). Only 17% of the 90 superior integra-
tors reported a prevalent fall, whereas, collectively 28% of the 199 
good, poor, and deficient integrators reported a prevalent fall in the 
previous (χ2 = 4.06; p < .05).

Over a mean study follow-up period of 24  ±  17  months, 151 
participants (52%) reported an incident fall. Of the fallers, the mean 
time to fall was 537 days (range 60–1,994 days). Compared to the 
138 older adults who did not report an incident fall (time to cen-
sor = 935 days [range 88–1,714]), the 151 incident fallers at baseline 
were older (77.89 vs 75.35  years; p  =  .001), had worse unipedal 
stance times (13.54 vs 16.89 seconds; p = .010), and reported more 
prevalent falls (35% vs 12%; χ2 = 20.38; p= .001). Non-fallers dem-
onstrated greater magnitude of VS integration compared to fallers 
(0.02 vs 0.06; p = .008). In fully-adjusted Cox models, VS integra-
tion predicted incident falls (hazard ratio = 0.24; p = .014; see also 

Table 2.  Summary of Linear Regression Model for Predicting Mean Unipedal Stance Time*

Model

Unstandardized 
coefficients Standardized coefficients

t Sig.

95% Confidence interval for B

B Std. error β Lower bound Upper bound

1 VS integration 2.47 .99 0.15 2.50 0.013 0.52 4.41
2 VS integration 2.15 .98 0.13 2.19 0.029 0.22 4.07

Overall RT 0.00 .00 –0.18 –3.09 0.002 –0.01 0.00
3 VS integration 1.96 .96 0.12 2.03 0.043 0.06 3.86

Overall RT 0.00 .00 –0.17 –2.94 0.004 –0.01 0.00
Age –0.07 .02 –0.20 –3.53 0.000 –0.12 –0.03
Gender –0.14 .28 –0.03 –0.52 0.605 –0.69 0.40
Ethnic 0.36 .32 0.06 1.10 0.274 –0.28 0.99

4 VS integration 1.93 .97 0.11 1.99 0.048 0.02 3.84
Overall RT 0.00 .00 –0.16 –2.69 0.008 –0.01 0.00
Age –0.07 .02 –0.20 –3.40 0.001 –0.11 –0.03
Gender –0.16 .28 –0.03 –0.58 0.564 –0.71 0.39
Ethnic 0.36 .33 0.07 1.11 0.266 –0.28 1.00
Visual impairment –0.08 .30 –0.02 –0.25 0.802 –0.67 0.52
Neuropathy –1.02 .62 –0.09 –1.64 0.102 –2.24 0.20
GHS –0.09 .14 –0.04 –0.61 0.540 –0.37 0.19

Notes: GHS = global health score; RT = reaction time; VS = visual–somatosensory.
*Natural log of unipedal stance time (s). Bold values are statistically significant.
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Table  3); individuals with greater VS integration were 76% less 
likely to experience an incident fall than those with lower magnitude 
of VS integration. The interaction term of VS integration * maximal 
unipedal stance time was not predictive of falls (hazard ratio = 0.79; 
p = .46).

Discussion

The main objectives of this study were to (a) identify a robust phenotype 
of VS integration processes in a large cohort of healthy, non-demented 
older adults using probability models and (b) determine whether VS 
integration is associated with important clinical aging outcomes. This 
study strategically used multisensory stimulation comparable to com-
mercially available electronic devices such as cellular phones and a sim-
ple RT task free of higher-order cognitive and perceptual processes in 
an attempt to tap into early, basic multisensory processing.

Our findings reveal robust, but differential VS integration effects. 
On the basis of our operational definition, 31% of this study sample 
was superior VS integrators, whereas 26%, 28%, and 15% were 
considered good, poor, and deficient VS integrators, respectively. Our 
results demonstrate an association between magnitude of VS inte-
gration (quantified by the amount area under the curve in the CDF 
difference wave) and balance. Older adults with superior and good 
integration abilities demonstrated better balance performance than 
those with poor and deficient integration abilities. To the best of our 
knowledge, this is the first study to demonstrate that older adults 
with worse ability to integrate VS information (ie, less magnitude 
of VS integration) report more incident falls—a significant transla-
tional advance in the field of multisensory and aging research.

In a previous study, we examined differential VS integration 
effects and its relationship with balance and prevalent falls using 
RT facilitation as a proxy for multisensory integration in 70 older 
adults. Our results revealed that magnitude of VS integration in this 
smaller sample was associated with balance and prevalent falls in 
the past 1 year. However, the directionality of this association was 
seemingly paradoxical; larger RT facilitation was associated with 
worse balance and increased falls (8). Unlike this study, the experi-
mental apparatus used in our earlier study relied on less realistic 
visual (asterisks presented on a computer monitor) and somato-
sensory (electrical pulse) stimulations. In a similar study examining 
147 older adults exposed to the same multisensory apparatus as this 
study, older adults with larger RT facilitation reported less partici-
pation in physical activities than those with less RT facilitation (9). 
Thus, differential VS integration abilities have been previously iden-
tified by our group, but operationalized based solely on RTs. We 
have since implemented several methodological modifications. One 
major advance was the proposal of a new, more robust, operational 
definition of VS integration based on magnitude of race model vio-
lation given claims that these tests take individual differences of all 

RTs into account (10). Furthermore, in an effort to avoid skewing 
the CDF, data-trimming procedures were strategically avoided (27).

Multisensory integration is an integral aspect of functioning 
and mobility (18,19,35). Research on animals and young adults 
reveals that efficient sensory integration depends on intact feed-
back and feedforward neuronal loops between cortical (primary 
sensory regions, multisensory areas [eg, superior temporal sulcus, 
motor regions], and subcortical regions [thalamus]) (36). The thal-
amus plays an important role in the integration of sensory informa-
tion, through cortico-cortical and cortical–subcortical transmissions 
(37) Cortico-cortical and cortico-thalamic loops required for intact 
multisensory integration and balance performance are notoriously 
compromised with aging. Although multisensory integration and 
balance showed significant associations at baseline, the magnitude 
of VS integration had incremental predictive validity for falls over 
balance and other known fall risk factors; indicating that deficient 
multisensory processing may contribute to falls through other mech-
anisms or pathways.

Encouragingly, researchers have demonstrated the effect of com-
bined multisensory and fall-prevention training in enhancing bal-
ance (postural control), functional ability, and confidence in daily 
activities, in relatively small samples of fall-prone older adults 
using the sensory organization test (38). Hu and Woollacott pro-
vide support that concurrent VS training on a platform sensory test 
can improve postural control in a small cohort of relatively healthy 
older adults (39). The authors posited that the basis of improving 
postural stability is likely linked to a central integrative mechanism 
where visual, somatosensory, and vestibular inputs converge. This 
area could be the superior temporal sulcus given its known associ-
ation with multisensory processing (35); however, further research is 
necessary to confirm this speculation and set the stage for developing 
interventions.

This study is not without its limitations. Given known alterations 
in unisensory processing with increasing age, no healthy young con-
trol group was included. Unipedal stance test though widely used 
clinically does not capture all aspects of balance. Further, other types 
of sensation may also contribute to balance. Future investigations 
should consider using more sophisticated measures of both static 
and dynamic balance, as well as other multisensory combinations. 
We sought to establish the clinical relevance of multisensory integra-
tion, but it may still be too early to implement multisensory testing 
in routine clinical practice though the testing protocol is short and 
does not require expensive equipment.

Conclusion

In summary, we identified differential VS integration abilities using a 
robust proxy of multisensory integration. We reveal the clinical rele-
vance of multisensory integration in aging in the context of balance 
and fall prediction. We described a protective effect of multisensory 
integration; whereby greater ability to successfully integrate visual 
and somatosensory information was associated with lesser likeli-
hood of falling. This study highlights inefficient VS integration as a 
potential novel mechanism for falls in older adults, independent of 
other known fall risk factors.
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Table 3. Visual–Somatosensory (VS) Integration and Incident Fall 
Risk: Cox Model Results

Unadjusted model Fully adjusted model

Factor HR (95% CI) p-Value aHR (95% CI) p-Value

VS integration .22 (0.07–0.68) .009 0.24 (0.08 to 0.75) .014

Note: CI = confidence interval; HR = hazard ratio; VS = visual–somatosen-
sory. Bold values are statistically significant.
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