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Editorial on the Research Topic
The intersection of cognitive, motor, and sensory processing in aging:
links to functional outcomes, volume Il

The cognitive processes of encoding, decoding, and interpreting information about
biologically significant events represent fundamental neural functions that require extensive
integrated neural networks. These processes have played a central role in the course of
evolution, giving rise to a variety of specialized sensory organs, each intricately connected
to multiple specialized brain regions (Stein and Stanford, 2008). While the sophisticated
interactions between neural circuits are of great scientific interest, it is the practical
manifestation of these processes that allows us to monitor and understand the physical
execution of activities of daily living (ADL). Whether it is the rhythmic act of walking, the
successful balancing act needed to avoid falling, the efficient performance of daily activities
needed to bathe or eat, or the complex cognitive-motor interplay involved in activities such
as dancing, our ability to engage in such structured multisensory endeavors underscores the
importance of these neural functions in our daily lives.

Multisensory integration (MSI) is a multimodal process in which the brain combines and
coordinates information from multiple sensory modalities such as vision, hearing, touch, and
proprioception to produce a unified and coherent perceptual experience. This integration
enhances our understanding of the external world, promotes more accurate and reliable
perception, and enables effective responses to the environment (Stein et al., 2014). These
processes, which are evident at both neural and behavioral levels, can lead to enhancement
or attenuation of responses (Wallace et al., 1998; Stein et al., 2009) and significantly influence
our sensations, perceptions, and associated behaviors. Response enhancement, which often
affects the accuracy and speed of stimulus detection, localization, and identification (Hughes
et al., 1994; Ernst and Banks, 2002; Foxe and Schroeder, 2005; Hecht et al., 2008), serves
as a reliable index of MSI, which involves a wide range of computations that combine
information from multiple sensory modalities.

A well-documented phenomenon in aging is the gradual decline of individual sensory
modalities and body functions. These age-related changes affect several areas, including
visual acuity (Faubert, 2002; Schieber, 2006), auditory abilities (Van Eyken et al., 2007;
Murphy et al,, 2018), muscle strength (Hortobédgyi et al., 1995; Lindle et al., 1997), and
postural balance (Laughton et al., 2003; Marusic et al., 2019), among others. However, the
extent to which changes in MSI contribute to age-related deterioration in ADLs remains a
less explored area of investigation in the existing literature (de Dieuleveult et al., 2017).
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Mahoney et al. have generated evidence for robust, but
differential MSI effects in healthy aging and discovered significant
links with clinically meaningful outcomes (Mahoney et al., 2014,
2015, 2019; Mahoney and Verghese, 2018, 2020). Specifically,
they report that older adults with intact levels of visual-
somatosensory integration demonstrate better balance, faster gait
velocity and lower incidence of falls, compared to those with
integrative deficits. Further they reveal that older adults with
MCI and dementia demonstrate significantly reduced magnitude
of multisensory integration compared to older adults without
cognitive impairments.

The current Research Topic of Frontiers in Aging Neuroscience
represents a continuation of Volume I entitled “The intersection of
cognitive, motor, and sensory processing in aging: links to functional
outcomes.” This latest Research Topic includes ten manuscripts
that collectively address various facets of sensory integration along
with cognitive and motor performance in the context of aging.
The primary goal of this Research Topic is to foster new scientific
discoveries detailing the complex inter-relationships between
sensory, motor, and cognitive functions in aging. Contributors to
this Research Topic examine age-related changes in one or more
of these systems—sensory, motor, and cognitive—and discuss the
impact of these interactions on important functional outcomes,
including but not limited to clinical and social aspects. A better
understanding of the effective (or ineffective) convergence of these
systems holds promise for the wellbeing of older people and offers
insights for improving and adapting multimodal interventions
aimed at preventing decline and minimizing disability.

Handling et al. and Thompson et al. both focus on
predictors and interactions related to cognitive and physical
decline in older adults. Handling et al. identify risk factors for
dual decline, with depressive symptoms and APOE-e4 status
increasing the odds of developing cognitive and physical decline.
In contrast, Thompson et al. employed canonical correlation
analysis, unveiling two interconnected clusters of cognitive
and physical function tasks in a cross-sectional cohort of
cognitively intact older adults. These findings underscore a
predominant emphasis on speed-related tasks in both gait and
cognition, along with a secondary focus on complex motor and
cognitive tests.

Basharat et al. and Slosar et al. investigate the impact
(VR).
immersive VR can enhance

of multisensory processing and virtual reality

Basharat et al. reveal that
multisensory processing and improve performance in untrained
cognitive tasks. While Slosar et al. explore the potential
of enriched VR environments in mitigating the effects of
prolonged bed rest, offering a novel approach to improving
rehabilitation outcomes.

In a mini review Meulenberg et al. discuss the potential
of dance therapy as a non-pharmacological intervention for
Parkinson’s disease. Dance interventions induce neuroplastic
changes, improving both motor and cognitive functions in
PD patients. The authors conclude that more research is
needed to determine the optimal dance style and duration for
therapeutic benefit.

Tabei et al. investigate the impact of an online physical
exercise program with music on cognitive function, particularly

working memory in older adults. Their results show significant
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improvements in working memory, suggesting the potential of
online exercise programs to enhance cognitive functions.

In a study protocol, Mahoney et al. outline the potential use
of visual-somatosensory integration as a marker for Alzheimer’s
disease. This protocol details the methodologies used to examine
the interplay of sensory, cognitive, and motor functions, as well
as study their impact on mobility decline in aging. The main
objective is to assess the validity of MSI as a novel non-cognitive,
non-invasive, behavioral marker of preclinical Alzheimer’s disease.

In a cross-sectional study, Hu et al. investigated age-related
changes in cortical control of standing balance and their effects on
falls in older adults. Despite some limitations in the reliability of
the mechanical perturbation, the results suggest increased cortical
recruitment for postural control in older adults and emphasize
the need for further studies to improve the understanding of
these mechanisms.

Fatokun et al. investigated the relationship between dual-task
gait cost (DTC) and white matter hyperintensities (WMH) in
Lewy body disorders. Higher DTC was associated with greater
frontal WMH burden, providing insights into cognitive-motor
interactions in Parkinson’s disease and dementia with Lewy bodies.

Finally, Torre et al. investigated the effects of bimanual
coordination training on inhibitory functions in older adults. The
training, which involved maintenance of an antiphasic pattern and
inhibition of the in-phase pattern, effectively delayed the frequency
of spontaneous transitions and transferred the benefits to untrained
tasks involving inhibitory functions.

Overall, this compilation collectively contributes to our
understanding of the complex relationships among sensory, motor,
and cognitive functions in the context of aging while shedding
light on predictors, interventions, and novel markers that have
the potential to improve the wellbeing of older adults. This
Research Topic serves as a continuation of ongoing research on
the intersection of these functions and highlights the importance
of a much-needed multifaceted approach to addressing age-
related decline across multiple domains. The research presented
here underscores the ongoing commitment to improving the
quality of life of older adults and emphasizes the importance of
multidisciplinary research in the field of aging neuroscience.
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Examining the intersection of
cognitive and physical function
measures: Results from the brain
networks and mobility (B-NET)
study
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Haiying Chen®, Christina E. Hugenschmidt?, Paul J. Laurienti® and
Stephen B. Kritchevsky?

'Department of Surgical Ophthalmology, Wake Forest School of Medicine, Winston-Salem, NC,

United States, 2Section on Gerontology and Geriatric Medicine, Department of Internal Medicine, Sticht
Center for Healthy Aging and Alzheimer's Prevention, Wake Forest School of Medicine, Winston-Salem, NC,
United States, *Division of Public Health Sciences, Wake Forest School of Medicine, Winston-Salem, NC,
United States, *Department of Human Development and Family Studies, Colorado State University, Fort
Collins, CO, United States, *Department of Biostatistics and Data Sciences, Wake Forest School of Medicine,
Winston-Salem, NC, United States, *Department of Radiology, Wake Forest School of Medicine,
Winston-Salem, NC, United States

Background and objectives: Although evidence exists that measures of mobility and
cognition are correlated, it is not known to what extent they overlap, especially across
various domains. This study aimed to investigate the intersection of 18 different
objective cognitive and physical function measures from a sample of unimpaired
adults aged 70years and older.

Research design and methods: Canonical correlation analysis was utilized to explore
the joint cross-sectional relationship between 13 cognitive and 6 physical function
measures in the baseline visit of the Brain Networks and Mobility Function (B-NET)
Study (n=192).

Results: Mean age of participants was 764 years. Two synthetic functions were
identified. Function 1 explained 26.3% of the shared variability between the cognition
and physical function variables, whereas Function 2 explained 19.5%. Function
1 termed “cognitive and physical speed” related the expanded Short Physical
Performance Battery (eSPPB), 400-m walk speed, and Dual Task gait speed measures
of physical function to semantic fluency animals scores, Digit Symbol Coding (DSC),
and Trail Making Test B. Function 2 termed “complex motor tasks and cognitive tasks”
related the Force Plate Postural Sway Foam Task and Dual Task to the following
cognitive variables: MoCA Adjusted Score, Verbal Fluency L words, Craft story
immediate and delayed recall, and Trail Making Test B.

Discussion and implications: We identified groups of cognitive and physical
functional abilities that were linked in cross-sectional analyses, which may suggest
shared underlying neural network pathway(s) related to speed (Function 1) or
complexity (Function 2).

Translationalsignificance: Whether such neural processes decline before measurable
functional losses or may be important targets for future interventions that aim to
prevent disability also remains to be determined.
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cognitive function, mobility, aging, canonical correlation analysis, physical function
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Introduction

Walking is a complex task integrating neuromuscular and cognitive
components (Wilson et al., 2019). Several studies have shown that gait
speed is associated with cognitive function as measured by a variety of
global and domain specific assessments, but the strength and direction
of associations have varied depending on the test and cohort, with some
studies suggesting slow gait predicts cognitive changes and others that
cognitive performance predicts decline in gait speed (Fitzpatrick et al.,
2007; Watson et al., 2010; Mielke et al., 2013; Verghese et al., 2013;
Morris et al., 2016; Peel et al., 2019; Handing et al., 2021; Jayakody et al.,
2021). Many studies include persons with mild cognitive impairment or
clinical neurological disease and so some associations may reflect
concomitant impairments in both areas. Thus, examining these
relationships in a cognitively intact cohort could help to determine
whether the observed associations are intrinsic.

Moreover, the majority of the literature examining cognition and
physical function to date have focused on gait speed but not particular
aspects of physical function that contribute to gait, such as balance,
muscle strength, and power. Given the limited range of physical
assessments in prior work, it is not clear whether the association of gait
and cognition stems from particular components of gait or if these
components may differentially relate to different aspects of cognitive
function especially on different tests (Clouston et al., 2013; Mignardot
et al., 2014; Szturm et al., 2015; Rosano et al., 2016; Bahureksa et al.,
2017; Bohannon, 2019; Chou et al.,, 2019; Wi$niowska-Szurlej et al.,
2019; Meunier et al., 2021). A better understanding of the basis of the
relationship of cognitive and physical function is needed.

In this analysis, we used canonical correlation analysis (CCA) to
describe the patterns of association between 18 different objective
measures of physical and cognitive function collected at the baseline
visit of the Brain Networks and Mobility Function (B-NET) study.
B-NET is a longitudinal study of 192 older adults free of mild cognitive
impairment (MCI), dementia, or a clinical history of neurologic disease
in order to understand the relationship between functional brain
networks involving the sensorimotor cortex and lower extremity
mobility function. CCA estimated linear combinations of the cognitive
and physical measures in order to maximize the amount of explained
shared variance (Sherry and Henson, 2005; Zhuang et al., 2020). Such
linear functions describe the intersection of specific cognitive and
physical measures, which may reflect shared underlying neural networks
that could be considered novel therapeutic targets in future work. While
this analysis was exploratory in nature, we expected to replicate prior
observations of the association between executive function and gait
speed (Fitzpatrick et al., 2007; Watson et al., 2010) as well as better
elucidate which particular cognitive functions may be related to specific
aspects of physical function.

Materials and methods
Study design

This study includes participants in the baseline visit of the B-NET
study, an ongoing longitudinal, observational study of community-
dwelling older adults aged 70 and older recruited from Forsyth County,
NC and surrounding regions (NCT03430427). Participants were
excluded from the study if they were a single or double lower extremity
amputee, had musculoskeletal impairments severe enough to impede
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functional testing (e.g., joint replacements), or dependency on a walker
or another person to ambulate. The participants were also excluded if
they had a history of any of the following: surgery or hospitalization
within the past 6 months, serious or uncontrolled chronic disease (e.g.,
stage 3 or 4 cancer, stage 3 or 4 heart failure, liver failure or cirrhosis of
the liver, uncontrolled angina, respiratory disease requiring the use of
oxygen, renal failure requiring dialysis, diagnosis of schizophrenia,
bipolar, or other psychotic disorders, or alcoholism (>21 drink per
week)), clinical manifestation of a neurologic disease affecting mobility,
prior traumatic brain injury with residual deficits, brain tumors, seizures
within the last year, and major uncorrected hearing or vision problems.
In addition, they were excluded if they reported plans to relocate within
the next 2 years, were participating in a behavioral intervention trial, or
had evidence of impaired cognitive function. Cognitive impairment was
defined based on scores on the Montreal Cognitive Assessment
(MoCA). MoCA scores of 20 or lower on the MoCA were considered
ineligible. The full complement of cognitive tests in those with scores
between 21 and 25 was reviewed by the study neuropsychologist, and
those with a pattern consistent with MCI were excluded. Each
participant signed a written informed consent form and the Institutional
Review Board (IRB) of the Wake Forest School of Medicine approved
the study.

Cognitive function testing

MoCA

The MoCA is a brief cognitive screening tool for global cognition
and is scored out of a possible total score of 30 points, with higher scores
indicating better cognitive performance. It assesses different cognitive
domains including attention and concentration, memory, language,
conceptual thinking, calculations, and orientation (Nasreddine et al.,
2005; Freitas et al., 2013). The overall MoCA score was evaluated in
this study.

Semantic fluency

Semantic fluency is a measure of speeded word retrieval and
executive function. The participant is asked to name various items of a
given semantic category (animals or vegetables), and the number of
unique responses named is scored. Participants are given 60 s to generate
as many distinct responses as they can, with a higher score indicating
better performance. The individual score for animals or vegetables was
evaluated in this study.

Verbal fluency

Verbal Fluency is a measure of speeded word retrieval and executive
function. The participant is asked to name items that begin with a
certain letter of the alphabet (F or L). The number of unique responses
named is scored. Participants are given 60 s to generate as many distinct
responses as they can, with a higher score indicating better performance.
The individual score for F or L was evaluated.

Craft story

The Craft Story 21 Recall (Immediate) assesses the ability to recall a
short story. The study staff reads a short story and immediately after
hearing the story, the participant is asked to retell the story from
memory. Points are given for correct recall of details from the story.
After approximately a 20-min delay, the participant is asked to repeat
the story and scored for correct recall of details from the story, with
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higher scores indicating better performance. The immediate and delayed
scores were each assessed in this study.

Digit symbol coding

The Digit symbol coding (DSC) assesses processing speed. The
participant is asked to translate numbers (1-9) to symbols using a key
provided at the top of the test form. The outcome included here is the
total number of correct responses within 90s, with higher scores
indicating better performance.

Auditory verbal learning test

The Auditory verbal learning test (AVLT) is a 15-word, six trial list
learning task with immediate and delayed recall conditions. Fifteen
words are read aloud and then the participant must recall the words
from the list. Correct words recalled after each trial are awarded 1 point.
After a 20- to 30-min delay, the participant is asked to recall the same
words from the list again (Schmidt, 1996). The Delayed Recall score is
the mean number of words correctly recalled across all six trials, and the
Short Delay Recall (Trial 6) reflects the raw number of words recalled
after an interference trial, with higher scores indicating better
performance. The short and delayed recall scores were considered in
this analysis.

Trail making A and B

The Trail making (TMT) includes Parts A and B. Part A requires
participants to connect a series of circles numbered 1 to 25, and it
assesses visual scanning, sequencing, and psychomotor speed. Part B
adds a set shifting element by requiring the participant to switch
between numbers and letters. The maximum time in seconds is 150 for
Part A and 300 for Part B, with higher number of seconds indicating
worse performance. TMT A and TMT B scores were each analyzed in
this study.

Flanker

A computerized assessment of executive function and response
inhibition administered using the EPRIME software 2.0 (Psychology
Software Tools, Inc.). The Flanker task required participants to indicate
the direction, by button press, of a central target arrow flanked by
congruent or incongruent arrows. Accuracy and response times were
recorded with the differenced in response time between the congruent
and incongruent conditions being the summary score (Sanders et al.,
2018). Higher difference scores are considered poorer performance. For
this analysis, the log of the ratio of median response times was used.

Mobility function testing

Grip strength

Grip strength (kg) was measured using a Jaymar handheld
dynamometer. Three trials were performed and the maximum was taken
across the 3 trials of the dominant hand, with larger values representing
better performance.

Postural sway

Postural sway was assessed using Center-of-Pressure (COP)
trajectory data collected at 100Hz using an Advanced Mechanical
Technology Incorporated (AMTI) AccuSway biomechanics force
platform. Participants were barefoot in an upright closed stance and
asked to stand comfortably on the platform for a series of five, 30-s trials.
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Postural sway was measured using a standard firm force plate as well as
a foam force plate. For both plates, the area (in.”) within the 95%
confidence ellipse path around the center of pressure was used to
represent with  higher  values

performance, representing

Wworse performance.

Expanded short physical performance battery

The expanded Short Physical Performance Battery (eSPPB) was
adapted from the test described by Guralnik et al. (1994) in order to
address ceiling effects that could limit the value of the traditional SPPB
in a well-functioning cohort such as BNET. The eSPPB increases the
challenge to participants’ physical function assessments for balance and
gait. Participants are asked to hold a side-by-side posture for 10s, and
the semi-tandem, tandem, and one-leg position for 30s each. If
participants are unable to hold the semi-tandem stand for 30, then they
are requested to hold a short tandem stand for 10s instead of 30s. In
addition to the usual 4-m gait speed (m/s), a narrow walking pace is also
assessed over 4m wherein participants are required to keep their steps
in between 2 parallel lines marked 20 cm apart. The number of times a
participant can stand up from a seated position, or chair pace, is also
measured during a 5s period. Scores for each subcomponent are then
calculated based on the proportion of the best possible score (a
continuous measure), not according to ranges of performance (a
categorical measure). The resulting overall eSPPB score ranges from 0-4,
rather than the traditional 12-point right-skewed categorical score
distribution of the SPPB. The higher values represent better performance.

400-m walk test

Participants completed the fast-paced 400-m walk protocol
developed by the Health Aging and Body Composition study, which has
been shown to predict future mobility disability and mortality (Newman
etal, 2006). The 400-m gait speed in m/s was analyzed in this study.

Dual task

During the Dual Task, participants completed 4 trials of walking
over the 4-m GaitRITE Mat while saying the alphabet but skipping every
other letter (e.g., BD F HJ, etc.). The gait velocity was measured in cm/s
and converted to m/s for the purpose of analysis.

Statistical methods

Means (SD) and proportions were calculated for descriptive
statistics and Spearman correlations were calculated between all
cognitive and physical function variables. The distributions of variables
were examined, and log transformation was performed for postural
sway, 400-m walk pace, Trails A and B. For the main analysis, a canonical
correlation analysis (Mielke et al., 2013) (CCA) was used to relate the 12
cognition measures to the 6 physical function measures (see Table 1 for
a listing of cognition and physical function variables) after adjusting for
sex and years of education (i.e., the CCA was run on the residuals for
each variable after removing the sex and education effect). Sex was
included as an adjustment factor due to significant associations of sex
with strength, especially grip strength, and education was adjusted for
since it can affect cognitive performance. This CCA analysis creates
linear functions of the two groups of variables that maximize the
correlation between the synthetic variables (e.g., one for cognition and
one for physical function) formed by those linear functions, with the
number of pairs of synthetic variables being equal to the lower number
of variables within a group (6 physical function measures in our case).
Each synthetic variable is mathematically constructed so that it is
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TABLE 1 Descriptive statistics from participants at baseline in the BNET
study.

Overall (N=192)

Mean (SD); range

Age 76.43 (4.72); 70 to 90
Sex

‘Women 108 (56.2)

Men 84 (43.8)
Race/Ethnicity

Caucasian or White/Non-Hispanic 171 (89.1)

African American or Black/Non-Hispanic 18 (9.4)

Caucasian or White/Hispanic 2(1.0)

Asian/Non-Hispanic 1(0.5)
BMI 28.39 (5.63); 15.7 to 59.8
Years of education 15.68 (2.45); 12 to 25

Cognitive measures

MoCA adjusted score 25.64 (2.20); 21 to 30

Semantic fluency: Animals (no. in 60s) 18.78 (4.82); 7 to 34

Semantic fluency: Vegetables (no. in 13.26 (3.87); 0 to 26

60s)

Verbal Fluency: F words (no. in 60s) 12.33 (3.94); 3t0 26

Verbal Fluency: L words (no. in 60's) 13.23 (4.02); 4 to 28

Craft immediate recall (no.) 21.03 (5.99); 7 to 35

Craft delayed recall (no.) 18.67 (5.74); 7 to 34

DSC (no. in 90s)

55.18 (12.20); 21 to 87

AVLT short delay recall, Trial 6 (no.)

8.37(3.20); 0 to 15

AVLT delayed recall (no.)

7.94 (3.46); 0 to 15

TMT A (sec)

36.75 (11.15); 18 to 89

TMT B (sec) (N=191)

98.70 (43.96); 36 to 300

Flanker (log of ratio of medians)

(N=189)

0.11 (0.08); —0.03 to 0.39

Physical function measures

Maximum grip strength (kg) (N=189)

28.80 (9.78); 8 to 52

Force plate postural sway 95% area

(in.?) - Firm (N=188)

0.37 (0.34); 0.07 to 2.40

Force plate postural sway 95% area

(in.?) - Foam (N=188)

1.18 (0.82); 0.34 to 8.68

eSPPB score (N=190)

2.00 (0.52); 0.48 to 3.26

400-m walk pace (m/s)

1.27 (0.43); 0.31 to 4.17

Dual Task pace (m/s) (N=186)

1.07 (0.21);0.55 to 1.67

MoCA, Montreal Cognitive Assessment; DSC, Digit Symbol Coding; AVLT, Auditory Verbal
Learning Test; TMT, Trail Making Test.

uncorrelated with the other synthetic variables, and the canonical
correlation R_ is the Pearson correlation between these linear functions.
The square of this value represents the proportion of variance shared
between the cognition and physical function variables, after accounting
for all previous pairs of synthetic variables. This technique accounts for
the correlation structures among the cognitive and physical variables to
help elucidate shared aspects of physical and cognitive measures. An
advantage of this technique is that it provides this information in a single
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analysis, reducing concerns over multiple testing that one might have if
comparing sets of cognitive and physical measures in a pairwise fashion.

As suggested by Sherry and Henson (2005) we used both the
magnitude of the standardized canonical function coefficients and the
structure coefficients (r;) to inform interpretation of the synthetic
variables. Structure coefficients measure the bivariate correlation
between an observed individual variable and the synthetic variable that
incorporates that measure. The square of the structure coefficients (%)
measures the proportion of variance shared by the observed variable and
the created synthetic variable. The communality coefficient (h?)
measures the proportion of variance that each observed measure shares
with the solution across the selected functions, is equal to the sum of the
structure coeflicients, and is informative as to the importance of the
individual variable across the selected functions. The Wilks lambda
criterion was used to test the full model and perform hierarchal tests of
groups of functions. We followed the recommendations of Sherry and
Henson in our presentation of CCA results.

Results

Descriptive statistics for demographic characteristics, cognitive
measures, and physical function measures are presented in Table 1. To
explore the multivariate shared relationship between cognition and
physical function, the CCA was conducted using data from 174
participants with complete data for the 12 cognition variables and the 6
physical function variables. Twenty participants did not have complete
data and therefore were excluded from the main analyses. Six functions
were obtained with squared canonical correlations of 0.263, 0.195, 0.133,
0.098, 0.053, 0.012 for each, respectively. We found that the full model
incorporating all six functions was statistically significant with Wilks’s
A=0.434, F (78, 838.7) =1.76, and p=0.0001. Moreover, the full model
explained 57% (1-Ax 100) of the shared variance between the variable
sets. In contrast, hierarchal tests for functions 2-6 had p=0.021,
functions 3-6 had p=0.25, and all remaining hierarchal groups had
p>0.62. Function 1 explained 26.3% of the shared variability between
the cognition and physical function variables, whereas Function 2
explained 19.5% of the remaining variance in the variable sets after
accounting for the variability explained by the first function. All
remaining functions each explained ~13% or less of the remaining
variance. We focused our results presentation on the first two functions.

Standardized canonical function coefficients, structure coefficients
(r,), squared structure coefficients (r;>) and communalities (h?) are
presented in Table 2 for Functions 1 and 2. Function 1 was labeled as a
“cognitive and physical speed” variable because the primary cognitive
and physical measures in this canonical correlation reflected speed of
performance. Inspection of the coeflicients for Function 1 revealed that
the important physical function variables were primarily eSPPB score,
log transformed 400-m walk speed, and the Dual Task pace. These
variables had the largest squared structure coeflicients (all >43.2). Note
that the sex- and education-adjusted, Pearson correlation coefficients
between the eSPPB and the log transformed 400-m walk speed (r=0.58),
and Dual Task (r=0.62) were fairly large (Supplementary Table S1).

Focusing on the cognitive variable set in Function 1, we found that
semantic fluency (animals), DSC total score, and log transformed TMT
B cognitive measures were the primary measures that contributed to the
linear synthetic variable. Because the DSC and animals scores were
inversely related to TMT B, the structure coefficient for TMT B
was negative.
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TABLE 2 Canonical correlation analysis results adjusted for sex (n=174).

Function 1 Function 2 h? (%)

Standardized coefficient rZ (%) Standardized coefficient rs rZ (%)

Physical function measures

Grip strength (kg) —0.151 0.127 1.61 —-0.276 —0.147 2.16 3.77

Log transformed force —0.072 —0.233 5.41 0.926 0.227 5.17 10.58
plate postural sway 95%

area (in.?) - Firm

Log transformed force 0.306 —0.239 5.72 =1.051 =0.454 20.63 26.36
plate postural sway 95%

Area (in.?) - Foam

eSPPB 0.896 0.948 89.82 -0.376 0.074 0.54 90.36

Log transformed 400-m 0.126 0.657 43.17 —0.221 —0.098 0.96 44.13

walk pace (m/s)

Dual task pace (m/s) 0.207 0.694 48.14 0.722 0.384 14.78 62.92
Canonical correlation (R,) 0.51 0.44
Squared canonical 26.31 19.52

correlation [R*(%)]

Cognitive measures

MoCA Adjusted Score —0.048 0.091 0.82 0.205 0.381 14.55 15.37

Semantic fluency 0.531 0.497 24.72 —0.318 —0.071 0.50 25.22

animals (no. in 60's)

Semantic fluency —0.080 0.203 4.12 -0.199 —0.080 0.64 4.76

vegetables (no. in 60s)

Verbal fluency (L words) 0.045 0.105 1.11 0.720 0.536 28.73 29.84
(no. in 60s)

Verbal fluency (F words) —0.281 —0.149 2.23 —0.318 0.164 2.69 493
(no. in 60's)

Craft immediate recall —0.546 —0.209 4.37 0.426 0.547 29.92 34.30
(no.)

Craft delayed recall (no.) 0.347 —0.102 1.05 0.072 0.458 21.01 22.05
DSC (no. in 90s) 0.493 0.625 39.09 0.142 0.318 10.09 49.19
AVLT short delay recall, 0.121 —0.044 0.19 —0.587 0.162 2.63 2.82
Trial 6 (no.)

AVLT delayed recall —0.322 —0.151 2.29 0.627 0.322 10.34 12.64
(no.)

Log transformed TMT A 0.423 —0.187 3.50 —0.190 —0.296 8.78 12.28
(sec)

Log transformed TMT B =0.527 =0.571 32.63 —=0.160 —=0.456 20.80 53.43
(sec)

Flanker (log of ratio of —0.217 —0.265 7.02 —0.025 —0.107 1.14 8.16

medians (sec))

Underlined effects have r”> ~15%; Hierarchical Tests of canonical correlations (1-6: p=0.0001; 2-6: p=0.0211; 3-6: p=0.2545; 4-6: p=0.6252; 5-6: p=0.9125; 6: p=0.9832). The standardized
function coefficients (Std. Coef.) define the linear combinations used to construct each synthetic variable. The structure coefficients (r,) measure the bivariate correlation between an observed
individual variable and the synthetic variable that incorporates that measure. The square of the structure coefficients x 100 (r,”) measures the proportion of variance shared by the observed variable
and the created synthetic variable. The communality coefficient x 100 (h?) measures the proportion of variance that each observed measure shares with the solution across the selected functions, is
equal to the sum of the structure coefficients, and is informative as to the importance of the individual variable across the selected functions. The canonical correlation (R,) is the Pearson correlation
between the linear functions for the physical and cognitive measures. The square of this value represents the proportion of variance shared between the cognition and physical function variables,
after accounting for all previous pairs of synthetic variables.

The 2nd function explained 19.5% of the remaining shared variance ~ cognition variable with primary contributions of the MoCA adjusted
after accounting for the first function. The coefficients in Table 2 for this  score, Verbal Fluency L words, Craft story immediate and delayed recall
function suggested that this function primarily relates a synthetic = measures, and log transformed TMT B to the log transformed
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foam-based force plate postural sway time and the Dual Task. We labeled
this function as “complex motor tasks and complex cognitive tasks”
many of which provided an additional challenge to executive function
and cognitive attention. Because software performing valid missing data
imputation and analysis methods appropriate for CCA are very limited,
we performed a sensitivity analysis to increase our sample size. This was
done by dropping the grip strength and flanker variables to gain data
from 4 participants, bringing the analytical sample with complete data
to 93% of the baseline sample (n=176). There were no substantial
changes to the results.

Discussion

There is a growing body of literature suggesting a relationship
between gait speed and cognition, and moreover that dysfunction in both
domains may predict onset of dementia (Inzitari et al., 2007; Clouston
et al., 2013; Chou et al.,, 2019; Jayakody et al., 2019, 2021). However,
which types of cognitive measures are associated with gait speed has
varied across studies (Morris et al., 2016) and there are more limited
analyses relating other measures of physical performance to specific tests
of cognitive performance. This study is the first to apply CCA to 18 tests
of cognitive and physical performance to determine whether there are
any important underlying synthetic functions relating these assessments
in cognitively healthy older adults. The first function explained a large
proportion (26.3%) of the joint variability between these sets of variables
and included tests of cognitive and physical speed. The second function
explained 19.5% of the remaining variance and included complex motor
tasks and challenges to cognitive function including executive function
and cognitive attention. The relative grouping of these measures may
suggest the involvement of shared underlying neurophysiologic pathways
required to accomplish those tasks.

Slowed gait speed has been previously shown to predict decline in
processing speed as measured by the Symbol Search and DSC (Inzitari
et al,, 2007; Chou et al., 2019; Jayakody et al., 2019). Similarly, in our
study, multiple timed assessments that included gait speed were
associated with several timed assessments of cognition related to
processing speed in Function 1. The eSPPB included both usual 4-m gait
speed and narrow walking pace, and the eSPPB score was highly
correlated with the 400-m walking pace. The Dual Task also measured
walking pace on the GaitRITE mat while completing a cognitive verbal
task. All three of the correlated cognitive tasks were also timed
assessments that partially capture processing speed: semantic fluency
(naming animals), DSC, and TMT B. Participants in BNET were
cognitively intact at baseline, so the underlying association observed
between these measures of gait speed and cognitive speed may
be intrinsic rather than due to impairment in cognition and could
suggest a common shared neurophysiologic pathway related to speed.
Moreover, injury to such a pathway could result in dual impairments in
gait speed and cognitive processing. Concurrent declines in gait speed
and cognition could place those individuals at significantly greater risk
of incident dementia compared to those who decline in gait speed or
cognitive function alone (Collyer et al, 2022). Study of the
neuropathophysiology underlying these associations will be an
important next step toward identification of potential upstream targets
that could be intervened upon to prevent cognitive disability.

As one ages, gait also increasingly relies on higher order executive
function, which may explain why performing a cognitive verbal dual task
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while walking was not only associated with processing speed (Function
1) but also executive function and cognitive attention (Function 2; Ezzati
et al,, 2015). For example, dual task was related to cognitive tasks like
semantic fluency and verbal fluency that draw on both speed and
executive function. A recent study by Holtzer and colleagues used
principal components analysis to determine cognitive factors, and then
used multiple regression analyses to examine the relationship between
the cognition factors and gait velocity with and without interference by
dual task in a cohort of cognitively normal older adults (Holtzer et al.,
2006). Most notably, they found that speed/executive attention and
memory both predicted gait velocity not only under usual conditions but
also whenever there was interference by introduction of a secondary
verbal task (i.e., dual task). A recent meta-analysis also found strong
evidence that mild cognitive impairment was associated with impaired
gait in particular during dual task conditions (Bahureksa et al., 2017),
which may suggest a stronger association between early cognitive
dysfunction and gait dysfunction under conditions that make competing
demands on attention or that challenge both physical and cognitive
reserve. Older adults with slower gait speed, particularly during dual task,
are also at particularly higher risk of incident falls (Verghese et al., 2002).
Similarly, cognitive impairment may increase one’s risk for falls but which
specific domains are responsible for falls is not known (Shaw, 2002; Allali
etal., 2017). The relationship between cognition, gait speed, and falls is
complex and multifactorial. Future studies should consider if concurrent
decrements in dual task gait speed and cognitive tests that challenge
speed and executive function may help to identify a subgroup of older
adults at substantially greater risk of not only cognitive impairment but
also mobility disability, including falls.

The predominant complex motor task in the second function was
maintaining postural stability on the foam-based force plate. Similar to
the dual task, which provided an additional cognitive challenge while
walking, standing on the foam rather than firm surface provided an
additional stress to cognitive attention which is otherwise known to
decline with age (Craik and Byrd, 1982). This may explain why postural
sway on the foam surface was associated with cognitive assessments of
executive function such as verbal fluency and log transformed TMT
B. Older adults have been shown to have significantly worse postural
control on compliant, unstable surfaces (e.g., foam) relative to younger
adults (Hsiao et al., 2020). Moreover, in one study, the association
between poor executive function and falls was mediated by postural
sway (Taylor et al., 2017), which may correspond to the connection
between postural sway and executive function observed in Function 2 in
our study. More global cognitive (e.g., MOCA) and memory tasks were
also associated, possibly due to the complex nature of these assessments,
but further research is needed to elucidate what neurophysiologic
pathways may relate these measures.

Although the underlying neuropathophysiology connecting the
physical and cognitive measures in Functions 1 or 2 cannot be directly
ascertained by CCA, the groupings of particular measures with gait
speed or complex motor tasks like postural sway on a foam surface may
suggest future directions for further exploration on neuroimaging. A
growing body of literature has examined whether associations between
mobility, especially gait speed, and brain structure are explained by
cognitive measures (Wilson et al., 2019). In some cases, adjusting for
cognition attenuated the relationship between gait velocity and specific
regions of the brain (Wilson et al., 2019) or other structural imaging
measures such as beta amyloid burden (Nadkarni et al., 2017). For
example, the relationship between gait and hippocampal volume was
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attenuated after adjustment for verbal memory (Ezzati et al., 2015).
Similarly, after adjustment for MMSE there was no association of gait
speed with frontal and parietal lobe gray matter volume, but there was
a persistent relationship with sensorimotor cortex, insula, thalamus,
basal ganglia, and caudate nucleus volumes (Dumurgier et al., 2012).
Additional adjustment for TMT-A also had little impact on the
association of gait speed with subcortical volumes of the caudate
nucleus and basal ganglia. In the Health, Aging and Body Composition
study, larger cognitive cerebellar gray matter volume were associated
with faster gait speed but this was not independent of DSC scores, and
larger sensorimotor cerebellar volume was also associated with higher
DSC but not gait (Nadkarni et al., 2014). Meanwhile vestibular volumes
were associated with neither gait nor DSC. The authors concluded that
information processing speed may influence the association between
gait speed and cerebellar gray matter volumes, especially in the
cognitive sub-region. These findings track well with our finding of a
correlation between cognitive measures of processing speed and gait
speed in Function 1.

Similarly, older adults are known to experience decrements in
postural and volitional balance control (Kanekar and Aruin, 2014) that
are more pronounced in those with mild cognitive impairment
(Bahureksa et al., 2017). Reduced gray matter volumes in the brainstem
and cerebellum have been significantly associated with reduced
postural control (Kannan et al., 2022). Compared to cognitively normal
older adults, those with mild cognitive impairment and Alzheimer’s
dementia have also been shown to have more vestibular impairment,
which in turn was associated with lower hippocampal volumes (Cohen
et al,, 2022). One limitation of the current literature is that most of the
imaging methodologies applied in the context of mobility and cognition
have examined structural rather than functional metrics. Exploration
of particular pathways via network science, however, may provide
better insight into how and why specific aspects of gait speed, balance,
and cognition are functionally related, and will be the focus of
future analyses.

Limitations

A notable limitation of this study was the exclusion of participants
who had evidence of substantial cognitive impairment (i.e., MOCA
scores 21-25 who were deemed ineligible by a neuropsychologist or
MOCA scores of 20 or lower). Similarly, potential participants were
excluded if they had substantial mobility restrictions due to prior
amputations or joint replacement, or if they depended on a walker or
another person to ambulate. Since all included participants had
higher cognitive and physical function at baseline, this likely
restricted our ability to detect correlations between very poor
cognitive and physical performance on these tests. However, it is
possible that older adults with substantial physical or cognitive
impairment would not have been able to complete these complex
motor and cognitive tasks. Moreover, our findings highlight that there
is correlation between these cognitive and physical measures even
when assessed in a cohort of highly functional older adults. Thus,
these early markers of dysfunction may be preclinical and hence
upstream of disability, suggesting a possible point of intervention for
future work. The reasons that particular tests grouped into Function
1 versus 2 are likely multifactorial and may not be fully explained by
the more general names we ascribed to these functions. While some
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common themes were noted, such as the importance of speed to the
tests of Function 1, there were also timed cognitive assessments that
did not group into Function 1. Similarly, executive function was not
exclusively important to the tests in Function 2 and why certain
assessments were not highly correlated with one of the functions is
not well understood but should be further investigated. Whether
common neurologic pathways may underlie these groups of functions
will be a focus of future study.

Conclusion

In summary, we applied CCA to identify two connected groups of
cognitive and physical function tasks in a cross-sectional cohort of
cognitively intact, healthy older adults. The predominant function
included speed related tasks in gait and cognition, while the second
function included complex motor and cognitive tests. Future studies
should investigate whether common underlying neurologic pathways
are shared by these functions and may provide a point of intervention
to prevent downstream disability.
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Examining the intersection of cognitive and physical function measures:
Results from the brain networks and mobility (B-NET) study

by Thompson, A. C., Miller, M. E., Handing, E. P, Chen, H., Hugenschmidt, C. E., Laurienti, P. J., and
Kritchevsky, S. B. (2023). Front. Aging Neurosci. 15:1090641. doi: 10.3389/fnagi.2023.1090641

In the published article, there was an error in Table 1 as published. Two participants were
miscategorized as American Indian or Alaskan Native and should have been categorized as
Caucasian or White race with Hispanic ethnicity. In addition, the standard deviation for age
was incorrectly written as 4.74 and should have been 4.72. The corrected Table 1 appears
below and includes updated race/ethnicity variable labels.

The authors apologize for this error and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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All claims expressed in this article are solely those of the authors and do not necessarily
represent those of their affiliated organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the publisher.
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TABLE 1 Descriptive statistics from participants at baseline in the BNET

study.

Overall (N = 192)

Mean (SD); range

Age 76.43 (4.72); 70 to 90
Sex

Women 108 (56.2)
Men 84 (43.8)
Race/Ethnicity

Caucasian or White/Non-Hispanic 171 (89.1)
African American or Black/Non-Hispanic 18 (9.4)
Caucasian or White/Hispanic 2(1.0)
Asian/Non-Hispanic 1(0.5)

BMI

28.39 (5.63); 15.7 t0 59.8

Years of education

15.68 (2.45); 12to 25

Cognitive measures

MoCA adjusted score 25.64 (2.20); 21 to 30
Semantic fluency: Animals (no. in 60 s) 18.78 (4.82); 7 to 34
Semantic fluency: Vegetables (no. in 60 s) 13.26 (3.87); 0 to 26

Verbal fluency: F words (no. in 60 s)

12.33(3.94); 3t0 26

Verbal fluency: L words (no. in 60 s)

13.23 (4.02); 4 to 28

CRAFT immediate recall (no.)

21.03 (5.99); 7 to 35

CRAFT delayed recall (no.)

18.67 (5.74); 7 to 34

DSC (no. in 90's)

55.18 (12.20); 21 to 87

AVLT short delay recall, Trial 6 (no.)

8.37 (3.20); 0 to 15

AVLT delayed recall (no.)

7.94 (3.46); 0 to 15

TMT A (sec)

36.75 (11.15); 18 to 89

TMT B (sec) (N = 191)

98.70 (43.96); 36 to 300

Flanker (log of ratio of medians) (N = 189)

0.11 (0.08); —0.03 to 0.39

Physical function measures

Maximum grip strength (kg) (N = 189)

28.80 (9.78); 8 to 52

Force plate postural sway 95% Area (in2) -
Firm (N = 188)

0.37 (0.34); 0.07 to 2.40

Force plate postural sway 95% Area (in.2) —
Foam (N = 188)

1.18 (0.82); 0.34 to 8.68

eSPPB score (N = 190)

2.00 (0.52); 0.48 to 3.26

400 m walk pace (m/s)

1.27 (0.43); 0.31 to 4.17

Dual Task pace (m/s) (N = 186)

1.07 (0.21); 0.55 to 1.67

MoCA, Montreal cognitive assessment; DSC, Digit symbol coding; AVLT, Auditory verbal

learning test; TMT, Trail making test.
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Background: Risk factors for cognitive decline and physical decline have been
studied independently, however older adults might experience decline in both areas
i.e., dual decline. Risk factors associated with dual decline are largely unknown and
have significant implications on health outcomes. The aim of this study is to explore
risk factors associated with dual decline.

Methods: Using data from the Health, Aging and Body Composition (Health ABC)
study, a longitudinal prospective cohort study, we examined trajectories of decline
based on repeated measures of the Modified Mini-Mental State Exam (3MSE) and the
Short Physical Performance Battery (SPPB) across 6 years (n=1,552). We calculated
four mutually exclusive trajectories of decline and explored predictors of decline:
cognitive decline (n = 306) = lowest quartile of slope on the 3MSE or 1.5 SD below
mean at baseline, physical decline (n = 231) = lowest quartile of slope on the SPPB
or 1.5 SD below mean at baseline, dual decline (n = 110) = lowest quartile in both
measures or 1.5 SD below mean in both measures at baseline. Individuals who did
not meet criteria for one of the decline groups were classified as the reference group.
(n=905).

Results: Multinomial logistic regression tested the association of 17 baseline risk
factors with decline. Odds of dual decline where significantly higher for individuals
at baseline with depressive symptoms (CES-D >16) (Odds Ratio (OR)=2.49, 95%
Confidence Interval (Cl): 1.05-6.29), ApoE-¢4 carrier (OR= 2.09, 95% CI: 1.06-1.95),
or if individuals had lost 5+lbs in past year (OR=1.79, 95% CI: 1.13-2.84). Odds were
significantly lower for individuals with a higher score on the Digit Symbol Substitution
Test per standard deviation (OR per SD: 0.47, 95% Cl 0.36-0.62) and faster 400-meter
gait (OR per SD= 049, 95% Cl: 0.37-0.64).

Conclusion: Among predictors, depressive symptoms at baseline significantly
increased the odds of developing dual decline but was not associated with decline
in the exclusively cognitive or physical decline groups. APOE-¢4 status increased the
odds for cognitive decline and dual decline but not physical decline. More research
on dual decline is needed because this group represents a high risk, vulnerable subset
of older adults.

cognitive decline, physical decline, aging, risk factors, depressive symptoms, dual decline
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1. Introduction

Declines in cognitive and physical function are major concerns for
older adults, and can result in loss of independence, higher health care
utilization, and increased risk for dementia (Verghese et al., 2002;
Hardy et al., 2011). The research community has commonly viewed
these two abilities as independent trajectories, although emerging
research is beginning to show a consensus that cognitive abilities and
physical abilities are correlated, dynamic, and bidirectional (Tabbarah
et al., 2002; Atkinson et al., 2007, 2010; Fitzpatrick et al., 2007; Inzitari
et al., 2007; Rosano et al., 2008; Soumare et al., 2009; Watson et al.,
2010; Mielke et al., 2013; Gothe et al., 2014; Krall et al., 2014; Best et al.,
2016; Finkel et al., 2016; Montero-Odasso et al., 2019; Okley and Ian,
2020). A meta-analysis by Clouston and colleagues (Clouston et al.,
2013) found evidence from 36 longitudinal studies consistently showing
a correlation between physical function and cognitive function,
although the strength of the association varied depending on
assessment type. For example, grip strength was associated with
changes in global cognition, while walking speed was correlated with
changes in fluid cognition. Few studies have modeled changes in
cognitive function and physical function together as a dual process
longitudinally, i.e., dual decline. In prior studies examining combined
decline (Montero-Odasso et al., 2020; Tian et al., 2020; Collyer et al.,
2022) the authors primarily investigated dual decline as a predictor for
dementia, which all three studies found significant associations.
Additionally, each of those studies used scores from gait speed only and
cognition/memory to define dual decline. In the current study, we seek
to define dual decline by using a variety of physical function tests that
represent different domains of function including balance, sit to stand,
and walk speed.

What has not been well characterized are if there are certain
predictors that predispose an individual for dual decline. The first study
to examine predictors of dual decline was published in 2005 and
identified smoking and low hemoglobin as significant predictors
(Atkinson et al., 2005), albeit the sample only included 522 older
women. Since then, little work has been conducted on risk factors of
decline and thus a gap in the literature exists.

The purpose of this study is to (a) define four mutually exclusive
groups (dual decline, cognitive decline only, physical decline only, and
areference group) and (b) explore predictors that may have a particularly
strong association with dual decline. Determining predictors and
modeling dual decline may help in early identification of a high-risk
group of older adults and potentially develop interventions in order to
prevent poor health outcomes in the future.

2. Materials and methods

Our study includes information from over 1,500 older adults from
the Health, Aging and Body Composition (Health ABC) study, a
longitudinal prospective cohort study of well-functioning, community
dwelling older adults with a comprehensive examination of physical
function, cognitive function, health data, and biomarkers. Health ABC
recruited 3,075 men and women aged 70-79years from a random
sample of White and Black Medicare eligible residents in the Pittsburgh,
PA, and Memphis, TN, metropolitan areas between April 1997 and June
1998 (51.5% female, 41.7% African American). Participants were eligible
if they reported no difficulty walking % mile, climbing 10 steps, or
performing basic activities of daily living.

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1122421

2.1. Subject selection

For this project, we examined previously collected data across 6 years
(1997/1998-2002/2003). We considered baseline to be inclusive of data
through the 36-month visit (to include certain biomarkers not collected
at month 0). All participants were free of mobility and cognitive
impairments at baseline per self-report. Trajectories of decline were
evaluated from three timepoints across 6years. Participants who
completed the Modified Mini-Mental State Exam (3MSE) and Short
Physical Performance Battery (SPPB) at baseline with at least one
successive measure after baseline were included in the analysis to calculate
the slope. The SPPB was collected at the 0-, 48-, and 72-month follow-up
visits and the 3MSE was collected at 0-, 36-, and 60-month follow-up visits.

Participants were excluded if they had a previous stroke (n=88),
Parkinson’s Disease (n=21), or died before the 72-month visit (1 =384).
Participants with only one measure of 3MSE or SPPB were excluded
from analyses (n=329). Complete case analysis was used and
participants with missing baseline variables were excluded (n=701). The
final sample size was 1,552.

2.2. Risk factors at baseline

Selection of risk factors in this study were based upon previous
research in this area (Atkinson et al., 2005) and we hypothesized that
poor metabolic health (i.e., diabetes, hypertension, current smoker,
alcohol drinker, high body mass index, and low hemoglobin) would be a
particularly potent set of risk factors for those with dual decline.

2.3. Demographic variables

Demographic information and health questions were collected from
self-report and included: age, sex, years of education completed, marital
status, race (black, white), weight history, and self-reported health (poor,
fair, good, very good, excellent). Participants were asked about smoking
(are you a current smoker), and alcohol intake (do you currently drink
alcohol, and how much per day). Participants were asked if they had
fallen in the past 12 months (dichotomized to <1 time or 2 + times) and/
or hospitalizations in the past 12 months (Yes or No). Disease status for
diabetes and hypertension was ascertained from the question at baseline,
“Has a doctor ever told you that you have...” Depressive symptoms were
assessed using the Center for Epidemiologic Studies Depression Scale
(CES-D 20; Radloff, 1977). A score of 16 is the screening cut-off for risk
of clinical depression.

2.4. Functional variables

Objective measures of functioning were also collected at an
in-person clinic visit. Body mass index was calculated as weight/height
(m)? (Fitzpatrick et al., 2007). Lung function was measured as the
percent predicted forced expiratory volume in 1s (pFEV1). A value of
less than 80 was used to indicate poor lung function. Hand grip strength
was calculated as the average of two trials in the right hand using an
adjustable grip strength dynamometer. Grip strength was adjusted for
gender and body weight. Participants also completed a 400-m walk at
baseline. Executive function was measured using the Digit Symbol
Substitution Test (DSST; Wechsler, 1997).
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2.5. Biomarker variables

Blood samples were collected via a venipuncture during an
in-person baseline assessment. The biomarkers chosen for this
project included: total cholesterol (mg/dL), hemoglobin (g/dL),
serum albumin (g/dL), and serum vitamin D (25-hydroxyvitamin
D; ng/mL) deficient (<20 ng/ml), and at least one Apolipoprotein
€4 allele (APOE-€4). These biomarkers were selected based upon
previous studies (Atkinson et al., 2005, 2007) and are known to
influence physical function and cognitive function. All biomarkers
were collected at month 0 with the exception of hemoglobin (values
were from the 36-month visit because it was not collected at month
0, and serum vitamin D is from the 24-month visit).

2.6. Outcome variables

Physical function was measured using the SPPB (Guralnik
et al.,, 1994). The SPPB is composed of three physical function
domains: a balance test, an 8-m walk, and a timed chair sit to stand.
Scores from each domain were summed to create a composite score
which ranges from 0 to 12 with higher scores indicating better
performance. Cognitive function was measured using the 3MSE
(Teng and Chui, 1987). The 3MSE includes tests of orientation,
registration, attention, calculation, recall, and visual-spatial skills.
Scores can range from 0 to 100 points, with higher scores indicating
better performance.

Four trajectory groups were defined by a decline in the slope across
6years (0-72 months) using repeated measures from participant-specific
slopes of 3MSE and SPPB scores. Those with a predicted slope in the
lowest quartile or 1.5 SD below the mean at baseline, exclusively in
cognition or physical function were classified as “cognitive decline” only
or “physical decline” only. Those who met the same criteria for both
cognitive and physical decline were classified as “dual decline”
Individuals who did not meet criteria for one of the decline groups were
classified as the reference group.

2.7. Analytic approach

The four trajectory groups were defined based upon
participant-specific slopes of 3MSE and SPPB scores from 0 to
72 months. Cognitive decline =lowest quartile of 3MSE slope or 1.5
SD below the mean at month 0, physical decline =lowest quartile
of SPPB or 1.5 SD below the mean at month 0, and dual
decline =lowest slope quartiles of 3MSE and SPPB or 1.5 SD below
the mean in both domains at month 0. Participants who did not
meet criteria for one of the decline groups were categorized as the
reference group. Descriptive statistics were used to describe group
characteristics with baseline predictors (Chi-square for
proportions, and ANOVA for continuous variables). Next, a risk
profile was constructed to identify which variables from baseline
were associated with membership of each prospective decline
category. Multinomial logistic regression was performed to model
decline category with significant baseline variables as predictors.
Hemoglobin g/dL, serum albumin g/dL, grip strength kg, DSST,
and 400m walk m/s were converted to z-scores for ease of
interpretation. Odds Ratios and 95% confidence intervals (95% CI)

are presented. All analyses were conducted using SAS 9.4.
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3. Results

Characteristics of the four trajectory groups are presented in Table 1.
The cognitive decline group (n=306) had an average 3MSE score of 88.8
at baseline and decreased on average 1.1 points per year. The physical
decline group (n=231) had an average SPPB score of 10.2 at baseline
decreased by 0.55 points per year. The dual decline group (n=110) had
an average 3MSE score of 89 and SPPB score of 10.0 at baseline and
decreased by 2.40 points on the 3MSE and 0.76 points on the SPPB per
year. The dual decline group was significantly older, included more
women and those who were less educated, black, and those less likely to
be married, and more likely to self-report having lost 5 or more pounds
in the past year. They also had more depressive symptoms, poorer self-
rated health, and were less likely to be a current alcohol drinker
compared to the reference group. The dual decline group also had
significantly lower grip strength, lower hemoglobin (g/dL), albumin (g/
dL), were more likely to be deficient in serum vitamin D
(25-hydroxyvitamin D; <20ng/mlng/mL), and to have at least one
APOE-¢4 allele.

When significant variables from baseline were entered into a
multinomial logistic regression model, significant risk factors of
cognitive decline were higher age (OR=1.05, 95% CI: 1.00-1.11), low
education (<high school; OR =1.46, 95% CI: 1.07-1.98), poor self-rated
health (OR=1.78, 95% CI: 1.16-2.71) and APOE-e4 (OR = 1.44, 95% CI:
1.06-1.95). Higher serum albumin (OR per standard deviation
(SD)=0.81, 95% CI: 0.95-0.98), higher DSST score (OR per SD: 0.57,
95% CI: 0.48-0.68), and faster 400 m walk (OR per SD 0.81, 95% CI:
0.68-0.96) were significantly associated with lower odds of cognitive
decline (Figure 1). Physical decline predictors are depicted in Figure 2.
Higher age (OR=1.07, 95% CI: 1.01-1.13) increased the odds, while
serum albumin (OR per SD=0.85, 95% CI 0.72-0.99) and 400 m (OR
per SD=0.67, 95% CI: 0.56-0.81) decreased the odds.

Risk factors for dual decline included: age (OR=1.13, 95% CI: 1.04-
1.22), lost 5+1bs. in past year (OR=1.79, 95% CI: 1.13-2.84), depressive
symptoms (OR=2.49, 95% CI: 1.05-5.91), and APOE-g4 (OR=2.09,
95% CI: 1.33-3.28). Higher scores on the DSST and faster 400 m walking
speed were significantly related to lower odds of dual decline (OR per
SD=0.47, 95% CI: 0.36-0.62; OR per SD=0.49, 95% CI 0.37-0.64),
respectively (Figure 3). OR and 95% Cls for all groups are presented in
Table 2.

4. Discussion

Across the four decline categories, different patterns of risk factors
emerged. Having less than a high school education and poor self-rated
health were significantly related to higher odds of cognitive decline but
were not related to physical decline or dual decline. Losing weight and
depressive symptoms were significant risk factors for dual decline, but
not related to the other categories. APOE-g4 and DSST were significant
predictors of cognitive decline and dual decline, and 400 m walk was
significant across all three groups.

Evidence from large epidemiological studies have consistently
shown that educational attainment influences rates of cognitive decline
and risk of dementia (Stern et al., 1994). The association between self-
rated health and cognitive decline is more novel, although it can
be postulated that self-report engages a mental representation of
personal history that consists of semantic and episodic knowledge
(Jylha, 2009). This may provide rationale that self-rated health has a

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1122421
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Handing et al. 10.3389/fnagi.2023.1122421

TABLE 1 Descriptive characteristics at baseline across four groups of decline, data from the Health, Aging and Body Composition (Health ABC) Study
(n=1,552).

Reference group Cognitive decline  Physical decline Dual decline

(n =905) (n =306) (n =231) (n =110) Value of p

Baseline characteristics:

Health
Age, mean (SD) 73.1(2.7) 73.6 (3.0) 73.7 (2.9) 74.4 (3.0) <0.001
Women, 71 (%) 428 (47.3) 148 (48.3) 141 (61.0) 67 (60.9) <0.001

Education, 1 (%)

<High school 399 (44.1) 202 (66.0) 116 (50.2) 77 (70.0) <0.001
Race, 1 (%)

White 677 (74.8) 160 (52.3) 164 (71.0) 55 (50.0) <0.001
Black 228 (25.2) 146 (47.7) 67 (29.0) 55 (50.0)

BMI, mean (SD) 26.9 (4.1) 27.2 (4.3) 27.7 (5.1) 27.4 (5.6) 0.047
Not Married, 1 (%) 387 (42.7) 133 (43.5) 123 (53.3) 61 (55.5) 0.004
Weight history

Gained 5+1bs. in past year 273 (31.0) 103 (34.6) 78 (34.2) 31 (29.0) 0.523
Lost 5+1bs. in past year 260 (28.7) 103 (33.7) 85 (36.8) 47 (42.7) 0.004
Self-rated health, poor, n (%) 66 (7.3) 59 (19.3) 25 (10.8) 23(20.9) <0.001
Lifestyle n, %

Current smoker 61 (6.7) 25(8.2) 17 (7.4) 11 (10.0) 0.587
Smoked 100 + cigarettes 501 (55.4) 152 (49.7) 120 (52.0) 57 (51.8) 0.649
Current alcohol drinker 516 (57.0) 135 (44.1) 124 (53.7) 40 (36.4) <0.001
Depressive symptoms, % 24 (2.7) 8(2.6) 6 (2.6) 11 (10.0) <0.001
Grip Strength (kg), mean (SE) 31.6 (0.3) 32.4(0.6) 28.3(0.7) 28.8 (0.9) <0.001
Walk > 150 min a week 297 (33.0) 85(28.2) 74 (32.0) 36 (32.7) 0.138
PFEV1<80% 196 (21.7) 73 (23.9) 53 (22.9) 22 (20.0) 0.796
Fallen in past year 202 (22.4) 54 (17.7) 50 (21.8) 23 (21.1) 0.386
Two or more times 42 (4.7) 12 (3.9) 17 (7.4) 7 (6.4) 0.250
Been hospitalized in past year 102 (11.3) 31 (10.1) 26 (11.3) 13 (11.8) 0.944
Two or more times 16 (1.8) 4(1.3) 3(1.3) 1(0.9) 0.851

Biomarkers, mean (SD)

Total cholesterol (mg/dL) 204.1 (38.3) 201.5 (36.7) 200.2 (36.0) 205.1 (35.3) 0.410
Hemoglobin (g/dL) 13.8(1.2) 13.6 (1.4) 13.6 (1.3) 133 (1.3) <0.001
Serum albumin (g/dL) 4.0 (0.3) 3.9(0.3) 4.0 (0.3) 3.9(0.3) <0.001
Serum Vitamin D 27.9 (10.1) 25.2 (10.3) 26.2 (11.7) 26.2 (10.0) <0.001

(25-hydroxyvitamin D) (ng/mL)

Deficient (<20ng/ml), n (%) 212(23.4) 100 (32.7) 77 (33.3) 34 (30.0) 0.001

ApoE-4+ 219 (24.2) 101 (33.0) 46 (19.9) 45 (40.9) <0.001

Chronic disease, 1 (%)

Hypertension 404 (44.6) 136 (44.4) 120 (52.0) 58 (52.7) 0.102

Diabetes 96 (10.6) 36 (11.8) 31(13.4) 18 (16.4) 0.258

Other, mean (SD)

3MSE 93.0 (4.8) 88.8 (9.4) 93.0 (4.8) 89.0(7.9) <0.001
SPPB 10.5 (1.1) 10.3 (1.2) 10.2 (1.8) 10.0 (1.6) 0.001
DSST 42.1 (11.7) 32,9 (13.2) 39.3 (13.0) 30.4 (12.7) <0.001
400 m gait speed, m/s (SD) 1.3(0.2) 1.2 (0.2) 1.2 (0.2) 1.1 (0.2) <0.001

BMI =body mass index, PFEV1 = predicted forced expiratory volume in 1s, Depressive symptoms =score of > 16 on the Center for Epidemiologic Studies Depression Scale (CES-D-20), ApoE-
4+ = Apolipoprotein e4 +, 3MSE = Modified Mini Mental Status Exam, SPPB = Short Physical Performance Battery, DSST = Digit Symbol Substitution Test.
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Cognitive Decline N=306
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400m walk (per SD)*
Albumin (per SD)*
Depressive Symp. (CES-D >16)
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0.00 1.00 2.00 3.00
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FIGURE 1
Correlates of cognitive decline. Odds Ratio [95% CI] compared to the
reference group.

Physical Decline N=231
Vit D deficient
Lost 5+Ibs in past year
Not Married
Female
Poor self-rated health
Currently Drink Alcohol
Baseline Age*
Education (<High School)
Body Mass Index
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Grip Strength (per SD)
Albumin (per SD)*
DSST (per SD)
Depressive Symp. (CES-D >16)
ApoE-e4
Black
400m walk (per SD)*

0.00 2.00 3.00

1.00
Odds Ratio
FIGURE 2
Correlates of physical decline. Odds Ratio [95% CI] compared to the
reference group.

cognitive underpinning which we were able to detect as a significant
predictor of subsequent cognitive decline.

Our results also showed that APOE-¢4 was a significant risk factor
for cognitive decline and dual decline. APOE-€4 has been widely shown
to be a significant risk factor for Alzheimer’s disease and dementia
(Corder et al., 1993). Less is known about APOE-g4 and the association
with physical decline, however in a recent study, Stringa et al. (2020)
examined the modulation of APOE-e4 on cognition including an
interaction with self-reported physical activity in three longitudinal
cohort studies: Longitudinal Aging Study Amsterdam, InCHIANTT, and
Rotterdam Study. APOE-¢4 carriers had higher odds of cognitive decline
in these cohorts, although there was no significant interaction between
self-reported physical activity, APOE-e4, and cognitive decline. This
supports our finding that APOE-g4 increases the risk of cognitive
decline, however we also found a significant association between
APOE-€4 and dual decline. It may be that the association between
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Dual Decline N=110

Depressive Symp. (CES-D >16)*
ApoE-g4*

Lost 5+Ibs in past year*
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Grip Strength (per SD)
Albumin (per SD)
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400m walk (per SD)*
DSST (per SD)*

0.00 2.00 3.00

1.00
Odds Ratio
FIGURE 3
Correlates of dual decline. Odds Ratio [95% CI] compared to the
reference group.

APOE-¢4 and dual decline was simply driven by the cognitive portion
of dual decline. Physical function was measured objectively in the
Health ABC study using the 400 m walk and we found that faster 400 m
walk time was related to lower odds of cognitive, physical, and
dual decline.

Depressive symptoms and weight loss were uniquely related to
dual decline. Depressive symptoms increased the odds by nearly
2.5-fold that a person would develop dual decline. Major depressive
disorder is a common mental health problem for older adults and
has been correlated with increased risk of falls (Kvelde et al., 2013),
slower gait (Brandler et al., 2012), and increased executive
dysfunction (Koenig et al., 2014). A systematic review examining
this “triad” of physical function decline, cognitive decline, and
depression was supported by 12 out of 15 studies suggesting a
linkage among these factors (Patience et al., 2019). The basis for
this connection is not fully understood, but this may be an
important area of research in the future. To note, the number of
participants with depressive symptoms was 3% (49/115) which may
limit the generalizability of our study. In the cognitive decline and
physical decline groups, depressive symptoms was not significant
although the OR’s appear to look protective. This could be due to
fact that those with depressive symptoms tended to be grouped into
dual decline as opposed to only a single decline. Depression
represents a potent modifiable risk factor and more research is
needed to understand the consequences associated with cognitive
and physical decline.

The first study examining predictors of dual decline and using a four
group trajectory model (Atkinson et al, 2005) found smoking
(OR=5.66, 95% CI 1.49-21.54) and low hemoglobin (OR 0.68, 95% CI
0.47-0.98) to be unique predictors of dual decline in older women from
the Women’s Health and Aging Study. Our results did not confirm those
results, but our sample was more diverse including both men and
women, and different methods were used to construct our definition of
dual decline.

Strengths of this study include a longitudinal, well-described sample
of over 1,500 older adults. The key strengths of Health ABC are the
in-depth health, physical function, and clinical examinations administered
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TABLE 2 Odds ratios [95% CI] with all significant predictors from regression analyses with comparison to the reference group.

Cognitive Physical decline Dual decline
decline (n=306) (n=231) (n=110)
OR 95% CI OR 95% CI OR 95% CI
Health
Age 1.05 1.00 1.11 1.07 1.01 1.13 1.13 1.04 1.22
Female 1.32 0.85 2.05 1.14 0.71 1.85 1.22 0.62 2.40
Education (< High 1.46 1.07 1.98 1.04 0.76 1.44 1.39 0.85 227
School)
Race (Black) 1.33 0.93 1.90 0.72 0.48 1.08 1.11 0.64 1.94
Body Mass Index 0.98 0.94 1.01 1.02 0.98 1.06 0.97 0.92 1.01
Not married 0.82 0.60 1.11 1.15 0.84 1.59 0.94 0.58 1.51
Lost 5 +1bs. in past year 1.24 0.91 1.68 1.29 0.93 1.79 1.79 1.13 2.84
Self-rated health, fair or 1.78 1.16 271 1.12 0.67 1.89 1.31 0.72 2.40
poor
Current alcohol drinker 0.95 0.71 1.27 1.07 0.78 1.47 0.80 0.50 1.26
Depressive symptoms, 0.70 0.29 1.67 0.75 0.30 1.92 2.49 1.05 591
(CES-D>16)
Grip Strength (per SD) 1.15 0.94 141 0.87 0.68 1.10 0.91 0.64 1.28
Biomarkers
Hemoglobin (per SD) 0.97 0.83 1.14 0.92 0.78 1.09 0.92 0.72 1.17
Serum Albumin (per SD) 0.81 0.70 0.93 0.85 0.72 0.99 0.87 0.70 1.09
Serum Vitamin D, 0.97 0.70 1.36 1.38 0.96 1.97 0.72 0.43 1.21
Deficient (<20 ng/ml)
ApoE-e4+ 1.44 1.06 1.95 0.72 0.50 1.05 2.09 133 3.28
Other
DSST (per SD) 0.57 0.48 0.68 0.84 0.70 1.01 0.47 0.36 0.62
400 m gait speed (per SD) 0.81 0.68 0.96 0.67 0.56 0.81 0.49 0.37 0.64
Sensitivity analysis
*CES-D>10 1.00 0.62 1.62 0.94 0.56 1.57 1.58 0.85 2.95

SD =Standard Deviation, Depressive symptoms = score of > 16 on the Center for Epidemiologic Studies Depression Scale (CES-D-20), APOE-4+ = Apolipoprotein e4+, DSST = Digit Symbol

Substitution Test. Bold text means significant value.

annually or bi-annually in a healthy, well-functioning sample of older
adults. Our study used the SPPB, as opposed to gait speed alone, which
provides more information about function and included measures of gait
speed, chair stand, and balance. This is the first study to use this approach
as well as 17 different predictors. We chose to use a prospective
longitudinal approach because participants at baseline reported no
difficulty with physical function or cognitive impairment, and in this
presumably healthy sample we could evaluate subsequent decline.

Our study has limitations, particularly since it used secondary
data. The baseline age range of 70-79 and a presumably healthy
cohort (i.e., self-reported no difficulties in cognition or physical
function at baseline) was criterion for the Health ABC Study.
We acknowledge that using self-reported cognitive status as a
criterion for inclusion or exclusion in Health ABC is a limitation,
but concerns are mitigated by the fact that these participants were
able to complete procedures and participate in the study for a
minimum of 4years. Another weakness is that our results only
included those with complete data, therefore individuals with
missing data were not captured. The group size, specifically for
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dual decline, was slightly underpowered to detect meaningful
differences. Since the study was exploratory in nature, we believe
that our results contribute to an important emerging topic and
warrants replication in a larger sample. The use of a global measure
of cognition, the 3MSE, is a weakness because it is a single general
test of cognition and not as comprehensive as a full
neuropsychological battery. Also, predictors such as weight loss,
depression, and alcohol drinking were from one visit at baseline,
and we are unable to determine if these conditions were acute vs.
chronic/habitual. In the future, it would be interesting to compare
short term vs. long term predictors of decline.

More research is needed to further explore the mechanisms and the
connection between cognitive health and physical health. Many have
posited the role of the central nervous system and the hippocampus as
being an important contributor to decline (Sorond et al.,, 2015). Of note,
imaging measures were not available on our sample of participants.
However, given the role of psychosocial factors (i.e., depression, walking
speed) these factors are more easily measurable and can provide valuable
information about a person’s cognitive and physical function.
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5. Conclusion

Our study provides a longitudinal assessment of cognitive, physical,
and dual decline among older adults providing new evidence for risk
factors of decline. Future research should examine the role of
psychosocial factors as they relate to cognitive and physical function and
specifically target modifiable factors which may help reduce the burden
of cognitive and physical decline among older adults.
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Identification of novel, non-invasive, non-cognitive based markers of Alzheimer's
disease (AD) and related dementias are a global priority. Growing evidence
suggests that Alzheimer’s pathology manifests in sensory association areas well
before appearing in neural regions involved in higher-order cognitive functions,
such as memory. Previous investigations have not comprehensively examined
the interplay of sensory, cognitive, and motor dysfunction with relation to
AD progression. The ability to successfully integrate multisensory information
across multiple sensory modalities is a vital aspect of everyday functioning
and mobility. Our research suggests that multisensory integration, specifically
visual-somatosensory integration (VSI), could be used as a novel marker for
preclinical AD given previously reported associations with important motor
(balance, gait, and falls) and cognitive (attention) outcomes in aging. While
the adverse effect of dementia and cognitive impairment on the relationship
between multisensory functioning and motor outcomes has been highlighted,
the underlying functional and neuroanatomical networks are still unknown. In
what follows we detail the protocol for our study, named The VSI Study, which
is strategically designed to determine whether preclinical AD is associated with
neural disruptions in subcortical and cortical areas that concurrently modulate
multisensory, cognitive, and motor functions resulting in mobility decline. In
this longitudinal observational study, a total of 208 community-dwelling older
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adults with and without preclinical AD will be recruited and monitored yearly.
Our experimental design affords assessment of multisensory integration as a new
behavioral marker for preclinical AD; identification of functional neural networks
involved in the intersection of sensory, motor, and cognitive functioning; and
determination of the impact of early AD on future mobility declines, including
incident falls. Results of The VSI Study will guide future development of innovative
multisensory-based interventions aimed at preventing disability and optimizing
independence in pathological aging.

multisensory integration, sensory processing, mobility, cognition, Alzheimer's disease

Introduction

Alzheimer’s disease (AD) affects over 6 million Americans and
is the most-common cause of dementia (Alzheimer’s Association,
2022). AD follows a prolonged, progressive disease course that
begins with pathophysiological changes affecting individuals’
brains years before any clinical manifestations are observed
(Jack et al,, 2013). The notion that Alzheimer’s modifies sensory
processing is in its very early stages (Albers et al,, 2015). Yet, this
supposition is supported by evidence demonstrating that amyloid-
beta (AP) protein accumulates in sensory-association areas of the
brain well before higher-order cognitive areas like the prefrontal
cortex (PFC; Thal et al,, 2002). While it is well known that mobility
impairments are common in mild cognitive impairment and AD
(Beauchet et al,, 2008; Verghese et al., 2008a), the National Institute
on Aging (NIA) has recognized that functional changes in sensory
and motor systems also modulate the progression of AD. Thus, the
NIA is supportive of new initiatives aimed at discovering novel,
non-cognitive and non-invasive biomarkers for early detection of
Alzheimer’s disease, and this is directly in line with the research
priorities of our division.

There is a well-established association of higher-order cognitive
processes including attention and executive functioning with
balance (Woollacott and Shumway-Cook, 2002; Zettel-Watson
et al,, 2015), gait (Verghese et al., 2007b, 2008a; Holtzer et al,
2012; Groeger et al, 2022) and falls (Hausdorff and Yogev,
2006; Holtzer et al, 2007) in healthy, as well as cognitively
impaired older adults. In fact, the PFC has been found to play
a critical role in successful gait and cognition (Beauchet et al,
2016). Work from our division has linked gait to discrete brain
structures such as cerebellar, precuneus, supplementary motor,
insular, and PFC (Blumen et al,, 2019). Additionally, we have found:
(1) associations between walking performance and functional
connectivity in sensory-motor and fronto-parietal resting-state
networks (Yuan et al, 2015); (2) links between gray matter
volume in areas involved in multisensory integration (including
superior temporal sulcus and superior temporal gyrus) with
aspects of gait and gait control (Tripathi et al, 2022); and (3)
significant associations between gait and visual somatosensory
integration (VSI) processes (Mahoney and Verghese, 2018,
2020). However, the interplay of multisensory, cognitive, and
motor processes and the underlying functional neural networks

Frontiers in Aging Neuroscience

involved remain largely undefined in healthy and pathological
aging.

Sensory inputs emanating from a device like a cell phone
(that simultaneously lights up, vibrates, and plays a ringtone)
combine in the brain to yield faster responses than responses to
individual unisensory components, thereby decreasing the time
it takes to answer the phone. The magnitude of multisensory
integration can be quantified using established probabilistic
modeling procedures of behavioral performance, such as reaction
time (RT) and accuracy (Mahoney and Verghese, 2019). Magnitude
of multisensory integration is operationalized as the area-under-the-
curve of the difference between actual and predicted cumulative
probability distribution functions during a pre-identified portion of
the difference waveform. For example, Figure 1 depicts cumulative
probability difference values (y-axis) between actual and predicted
distribution functions from our latest study for percentile binned
RT responses ranging from 0.0 to 1.0 in 5% increments (Mahoney
and Verghese, 2020).

The combined study cohort (n = 345; dashed trace)
reveals successful multisensory integration processes (i.e., positive
cumulative probability difference values) during the fastest tenth
(0.0-0.1) of RTs. Here, the area under the curve during the 0.0-0.1
percentiles (gray shaded box) is operationalized as the magnitude
of multisensory integration (a continuous measure). Higher
values indicate superior ability to integrate visual-somatosensory
information (i.e., benefit from multisensory inputs), whereas lower
and negative values indicate inability to integrate or to benefit
from multisensory inputs. Stratifying the overall group based
on cognitive status assigned during consensus case conference
procedures [normal cognition (n = 293) - solid light gray trace;
mild cognitive impairment (MCI; n = 40) — solid dark gray trace;
and dementia (n = 12) - solid black trace] revealed that magnitude
of multisensory integration is significantly reduced for individuals
with MCI or dementia. Further, cognitive status significantly
mediated the relationship between magnitude of multisensory
integration and measures of mobility, such that older adults
with cognitive impairments demonstrated impaired multisensory
integration and significantly slower gait, as well as poorer balance
compared to older adults without cognitive impairments (Mahoney
and Verghese, 2020). Our findings further revealed that VSI is also
correlated with attention-based performance measures (Mahoney
et al, 2012; Mahoney and Verghese, 2020) that may target PFC
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Visual-somatosensory integration (VSI) cumulative probability difference waves overall and by cognitive status (normal, mild cognitive impairment,
or dementia). Adapted from Mahoney and Verghese (2022). Reprinted by permission of Oxford University Press on behalf of The Gerontological

Society of America.

regions known to be compromised in AD. Consequently, we argue
that multisensory integration has potential utility in early AD
detection, though further work is needed to uncover the exact
structural and functional neural correlates of VSI.

Significance

Balance requires efficient interactions between musculoskeletal
and sensory systems (Shumway-Cook and Woollacott, 2012),
which are compromised in aging (Lord et al.,, 2007). Poor balance
is a major predictor of falls, a leading cause of injury and death
in older Americans. Our research reveals that better magnitude
of VS integration, is associated with better balance and gait,
as well as decreased risk of falls (Mahoney et al,, 2019). Our
previous investigations, however, did not determine the association
of impaired VSI with early dementia stages, nor its contribution to
mobility decline.

Impairments in cognition could adversely affect the association
between magnitude of multisensory integration and mobility
measures because: (1) multisensory processing appears to be
regulated by PFC (Jones and Powell, 1970; Cao et al, 2019);
(2) selective attention modulates multisensory integration in
aging (Hugenschmidt et al, 2009; Mozolic et al, 2012); and
(3) disruptions in executive attention and cognition in aging
compromise multisensory integration and mobility processes
(Yogev-Seligmann et al., 2008; Holtzer et al., 2012; Mahoney
and Verghese, 2020). Although our preliminary findings are
encouraging and of high public health significance, we believe
that we are only scratching the surface for a much-needed larger
multisensory investigation. The proposed study, from here on
referred to as The VSI Study, is significant as it will identify the
functional neural correlates of VSI, while also determining whether
Alzheimer pathology concurrently impacts sensory integration and
motor processes. The goal of The VSI Study is to determine the
combined influence of multisensory, cognitive and motor changes
in early Alzheimer’s disease in an effort to shape the development
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of future innovative multisensory-based interventions, prognostic
tools, and new research-driven therapies aimed at preventing
disability and optimizing independence in pathological aging.

Specific aims

The VSI Study seeks to achieve three main specific aims
denoted as stars in Figure 2. In this conceptual model, cognitive,
motor, and (multi) sensory functioning are depicted as individual
gears that must work together to transmit a behavioral response.
However, the impact of preclinical AD on each of the individual
gears, as well as on the overall system (requiring successful
interactions across all functions) requires systematic examination.
Thus, our three main study aims are as follows:

Identify baseline structural and functional neural
correlates of VSl in preclinical AD

Results from The VSI
neuroimaging procedures will provide a deeper understanding

Study employing multimodal

of the structural and functional neural correlates of VSI in older
adults with normal and preclinical AD. Here, preclinical AD
will be defined as manifesting impaired cognitive performance
[performance worse than 1.5 standard deviations from the mean
on standardized neuropsychological tests] and presence of elevated
ARl in plasma at baseline using established cut scores (Bateman
et al,, 2019). We hypothesize that the magnitude of VSI will be
correlated with gray matter volume, cortical thickness, and blood-
oxygen-level-dependent (BOLD) signal activation in subcortical
and cortical regions of interest including dorsal lateral prefrontal
cortex (DLPFC), rostral middle frontal, and superior frontal gyrus
at study baseline (Year 1). We predict that older adults with
preclinical AD will manifest reduced magnitude of VSI (worse),
decreased cortical volumetrics, decreased functional connectivity,
and lower BOLD responses when compared to older adults with
normal cognition.
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Determine whether VSI task-related BOLD
activation in prefrontal cortex predicts future
mobility decline and falls

Individuals with Alzheimer’s disease are at greater risks for
falls and mobility disability, but specific causes of AD and the
temporal onset of functional changes across systems are currently
not known. We have shown a mediating effect of dementia and mild
cognitive impairment on the relationship between VSI and motor
outcomes ( s ; > ).
These results suggested that individuals with cognitive impairments
manifested poor VSI and poor balance/slow gait. Using an fMRI
task where participants are asked to respond as quickly as possible
to unisensory visual, unisensory somatosensory and combined
visual-somatosensory stimuli in a 3-Tesla (3T) magnet, our second
specific aim will determine whether visual-somatosensory task-
related BOLD activation in the prefrontal cortex at baseline predicts
future mobility (gait) declines and risk of incident falls. We
hypothesize that preclinical AD causes disruptions in subcortical
and cortical (multisensory, motor, and cognitive) regions that
modulate multisensory, motor, and cognitive functions necessary
for efficient mobility.

Assess the validity of VSI as a novel Alzheimer's
behavioral marker

The validity of VSI as a novel marker for AD will be established
by correlating the magnitude of VSI with presence of AB using
plasma-based measures at baseline. In Year 2, positron emission
tomography (PET) measures affording localization of Ap deposits
(Piramal Imaging) to estimate AP neuritic plaque density will also
be examined in relation to magnitude of VSI. AP protein deposition
has been documented in both sensory and cognitive areas (
). Therefore,

> > > > > >
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The VSI Study — a conceptual model of the main objectives of the VSI Study and how each afford examination of the intersection of cognitive,
motor, and multisensory functioning in healthy and pathological aging
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Determine whether
functional
multisensory
responses in
prefrontal cortex
predict future
mobility decline and
falls in preclinical AD|

we hypothesize that increased AP accumulation in sensory and
cognitive areas, areas related to increased AD pathology, will be
associated with decreased magnitude of VSI.

In keeping with the NIA-AA research framework ( ,

), our innovative and timely project will distinguish AD
symptomology (presence of mild cognitive impairment) from AD
pathology (AP accumulation), while also applying the AT (N)
classification system [Af (A), tau (T), and neurodegeneration
(N)] to attain more direct assessment of neuropathologic changes.
More specifically, and in keeping with the goals of establishing
whether magnitude of VSI is a novel and early biomarker of AD,
associations of VSI with plasma-based total and phosphorylated
Tau, neurofilament (NfL), ApoE, and multimodal neuroimaging
measures of Neurodegeneration will also be examined for study
completeness.

Innovation

Multisensory integration is not well-understood in aging and its
relation to cognitive and motor functioning is recognized as a major
knowledge gap in the field ( , ; ,

; , ; , )-
The NIA recognizes that functional changes in sensory and motor
(i.e., non-cognitive) systems have an impact on the development
and progression of AD and requests identification of novel, non-
cognitive non-invasive predictors to aid in early AD detection.
Our multisensory integration research meets this request, while
also addressing the knowledge gap and providing significant public
health implications. We are recognized as the first group to have
established the clinical utility of magnitude of VSI in aging by
linking it to poor motor outcomes including loss of balance, falls,
and gait decline.
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Additional innovation highlights of the VSI Study include:
(1) access to established research infrastructure and existing
collaborations; (2) cost and time-efficient design affording access
to a priori identified participants with and without preclinical
AD; (3) longitudinal design affording comprehensive examination
of systemic changes (and their interactions) over time on the
progression of AD and its subsequent link to mobility declines;
(4) novel project with comprehensive multimodal neuroimaging
approach providing clear clinical application of results; and (5)
identification of a novel, non-cognitive behavioral marker that
simultaneously taps multiple integrative systems that have not been
systematically examined in previous AD investigations.

The current study also provides innovation beyond its specific
aims as it affords: (1) a deeper investigation of the onset
of functional systemic changes over time; (2) comprehensive
investigation of the neurobiological consequences of AD and its
links to medical co-morbidities in relation to VSI processes given
previously reported diminished multisensory integration in older
adults with diabetes (Mahoney et al, 2021); (3) enhancement
of multisensory digital health tools like CatchU" used to screen
and prevent falls for older adults in clinical settings (Mahoney
et al,, 2022); and (4) development of future multisensory-based
interventions that will further enhance quality of life for seniors.

Methods

Study design

We propose a longitudinal study of older adults with (n = 104)
and without (n = 104) preclinical AD; participants meeting criteria
for dementia or AD will be excluded. In accordance with the NIA-
AA research framework (Jack et al,, 2018) and as stated earlier,
our innovative project will allow us to disentangle differences in
outcomes related to Alzheimer’s symptomatology [mere presence
of mild cognitive impairment syndrome at established clinical
case conference (Holtzer et al, 2008)] from those related to
Alzheimer’s pathology (A accumulation). Based on our previous
studies (Mahoney and Verghese, 2020), we expect our preclinical
AD group will include older adults with varying levels of cognitive
impairment, ranging from amnestic and mixed MCI to preclinical
AD. Sub-groupings of MCI and mild stage AD will afford post hoc
analyses aimed at examining the impact of cognitive impairment
syndromes on multisensory integration processes.

Interested participants will undergo extensive
neuropsychological, sensory, physical functioning (mobility),
neuroimaging, and blood testing, though we recognize that
participants may decline participation in some procedures. The
VSI Study includes three study sessions in Year 1 with subsequent
follow-up calls every 2 months (to monitor falls) and yearly
in-house visits in study Years 2 and 3. Initial enrollment of all
208 participants will be staggered across study Years 1-3, with
follow-up visits conducted during study Years 2-5. Baseline
sessions, designed using established divisional research studies as a
model, aim to minimize fatigue and maximize effort by spreading
test procedures out over three study sessions, each lasting about
3-4 h in duration (see Figure 3 for overview of study procedures
by session). Based on our experience with previous and currently
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NIH-funded divisional studies that have similar protocols, we
estimate a 90% completion rate for this protocol.

Recruitment and study criteria

Participant recruitment for this project will be strategic. We will
utilize existing infrastructure, recruitment methods, and available
registration lists over 600 eligible and interested participants
from previously funded divisional studies (R01AG036921,
R0O1AG044007, and 1R01AG050448; and K01AG049813) for
enrollment in the VSI Study. Adults aged 65 and older living
in the NY metropolitan area may also be contacted using a
commercially available third-party list. We have used these and
other lists to recruit over 1,000 participants for various aging
studies over the past 12 years. Identification of older adults with
preclinical Alzheimer’s disease will be supplemented by clinical
recommendations from neurologists and neuropsychologists (Drs.
Verghese, Weiss, and Zwerling), as well as clinical patient lists from
Montefiore’s Center of Excellence for Alzheimer’s disease (CEAD),
including both the Center for the Aging Brain (CAB) and the
Memory Disorders Center. Since the VSI Study builds on existing
research infrastructure, we will ensure similar distributions of age,
gender, and ethnicity for older adults with and without preclinical
Alzheimer’s disease by monitoring demographic and clinical
parameters and adjusting as needed as we accrue our sample.

In terms of our recruitment procedures, we will first mail
letters to participants explaining the VSI Study. Then, the research
team will follow-up by telephone and inquire whether the
letter was received. If the participant received the letter, the
research assistant will conduct standardized telephone recruitment
interview procedures. If a letter was not received, the participant’s
name and mailing address will be verified by the research team
and a new letter will be mailed out, which will be followed by
a telephone interview call. Interested participants meeting study
eligibility criteria (see Table 1 for detailed inclusion and exclusion
criteria) will be scheduled to come to the Albert Einstein College of
Medicine, Division of Cognitive and Motor Aging, Sensorimotor
Integration in Aging Lab for all in-house study sessions. After
baseline study procedures are completed, the VSI Study case
consensus team will convene and provide clinical diagnoses based
on neuropsychological performance, neurological exam, medical
history, and AP plasma results. Study group assignment will be
determined during Year 1 case-conferences, and monitored every
study year.

Study measures

A comprehensive list of established assessment measures is
delineated in Table 2 by domain and session. The variables of
interest and their applications will be explained in detail below
as they relate to each specific aim. Note that additional measures
(i.e., pilot measures) unrelated to the study’s specific aims may
be included in the protocol but are not listed here. Variables and
test measures labeled in green will be used as covariates in certain
statistical models, depending on the specific research aim. As noted
earlier, our central hypothesis is that preclinical AD is associated
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Year 1, Session 2
- Scheduled Blood Draw

FIGURE 3

- Continue Cognitive Assessments
- Conduct Comprehensive Medical & Motor Assessments

VS| Study flow by Year with high-level overview of targeted domains by baseline (Year 1) and follow-up sessions.

with neural disruptions in subcortical and cortical areas that
concurrently modulate sensory, motor, and cognitive functions,
resulting in mobility decline. Therefore, our study strategically
includes a wide array of test measures in each domain.

Our independent variable is magnitude of VSI derived from
our established VSI test (Mahoney and Verghese, 2019), and our
dependent variables include neuroimaging measures of functional
integrity (BOLD signal and resting state functional connectivity),
motor outcomes (balance, gait, and falls), and Alzheimer
pathology (Afl presence and accumulation). Comprehensive
screening measures, neuropsychological and neurological/medical
history assessments will be used to ensure study appropriateness,
characterize our cohort, as well as aid in determination of cognitive
status and study group enrollment. Additional psychosocial, social,
emotional, and personality measures are included for study
completeness as they will foster future research initiatives.

Primary research outcomes and
statistical plan by aim

As stated earlier, our group has linked the magnitude of VSI
to important cognitive and motor outcomes (Mahoney et al,
2014; Mahoney and Verghese, 2018, 2020; Mahoney et al., 2019).
Furthermore, we highlighted the adverse effect of dementia and
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mild cognitive impairments on these outcomes (Mahoney and
Verghese, 2020). However, the functional neural substrates of
VSI have not been identified in healthy or cognitively impaired
adults. The justification for identifying associated functional
neural networks of multisensory integration will allow us to
design novel multisensory-based interventions to complement
existing interventions that demonstrate some fall reduction. The
VSI Study will employ a theoretical and empirical approach to
determine whether VSI is indeed a novel non-cognitive, non-
invasive predictor of early Alzheimers disease and specifically,
address the following research aims:

Identify baseline structural and functional neural
correlates of VSl in preclinical AD

Participants will complete a simple reaction time (RT)
test employing three bilaterally presented conditions (visual,
somatosensory, and multisensory visual-somatosensory) and a
control (i.e., “catch”) condition where no stimulation is presented,
and no response is expected. The four stimulus conditions will be
randomly presented with equal frequency (15 trials per condition
per block, 3 blocks, yielding a total of 180 trials). The addition
of “catch” trials and variable inter-stimulus-interval (ranging from
1-3 s) impedes anticipatory effects (see Mahoney and Verghese,
2018; Mahoney and Verghese, 2019, 2020; Mahoney et al., 2019;
for details). Participants will be instructed to respond to all stimuli
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TABLE 1 VSI Study eligibility criteria.

A General inclusion criteria ‘

1 Adults aged 65 and older, residing in New York Metropolitan area who plan to be in area for next three or more years.

2 Able to speak English at a level sufficient to undergo our cognitive assessment battery.

3 Ambulatory. Participants are classified as “non-ambulatory” if they are unable to leave the confines of their home and attend a clinic visit. Participants
who require walking aids to walk outside but are able to complete our mobility protocols without an assistive device or the assistance of another person
will not be excluded.

B General exclusion criteria (one or more criteria) ‘

1 Presence of dementia [Telephone based Memory Impairment Screen score (T-MIS) of < 5, Alzheimer’s disease 8 (AD8) > 2, or dementia diagnosed by
study clinician at initial visit].

2 Serious chronic or acute illness such as cancer (late stage, metastatic, or on active treatment), chronic pulmonary disease on ventilator or continuous
oxygen therapy or active liver disease. Individuals with recent cardiovascular or cerebrovascular event (MI, PTCA, CABG, or stroke) will not be
excluded if they meet above inclusion criteria.

3 Mobility limitations solely due to musculoskeletal limitation or pain (e.g., severe osteoarthritis) that prevent participants from completing mobility
tests. Mere presence of disease will not be used to exclude participants if they can complete the mobility tasks.

4 Any medical condition or chronic medication use (e.g., neuroleptics) in the judgment of the screening clinician that will compromise safety or affect
cognitive functioning or terminal illness with life expectancy less than 12 months.

5 Progressive, degenerative neurologic disease (e.g., Parkinson’s disease or ALS) diagnosed by study clinician and as per medical history.

6 Presence of clinical disorders that overtly alter attention like delirium.

7 Hospitalized in the past 6 months for severe illness or surgery that specifically affects mobility (e.g., hip or knee replacement) and that prevent
participants from completing mobility tests or plans for surgery affecting mobility in the next 6 months.

8 Severe auditory, visual, or somatosensory impairments: Vision is screened using a Snellen chart - significant loss of vision is defined as corrected vision
less than 20/400 on the Snellen chart with both eyes. Hearing is initially evaluated as part of the screening telephone interview. Participants will be
excluded only if they are unable to follow questions asked in a loud voice during in-house sessions. Somatosensory functioning will be measured using
quantitative sensory threshold protocols and presence of neuropathy will be assessed using the Michigan Neuropathy Screening Instrument.

9 Active psychoses or psychiatric symptoms (such as agitation) noted during the clinic visit that will prevent completion of study protocols. Past history
of these symptoms or presence of psychiatric illness not used as exclusion criteria.

10 Living in nursing home.

11 Participation in intervention trial. Participants can participate in other observational studies.

as quickly as possible. Performance accuracy will be defined
as the number of accurate stimulus detections divided by 45
trials per condition. Using our established methodology, robust
probability (P) models that compare the cumulative distribution
function (CDF) of combined unisensory visual (V) and unisensory
somatosensory (S) reaction times with an upper limit of 1 min
[P (RTy < t) + P (RTs < t), 1] to the CDF of multisensory
visual-somatosensory (VS) reaction times [P (RTys < t)] will be
implemented. For any latency ¢, the inequality holds when the
CDF of the actual multisensory VS condition [P (RTys < )] is
less than or equal to the predicted CDF {min [P (RTy < t) + P
(RTs < t), 1]}. When the actual CDF is greater than the predicted
CDF (i.e., positive value), the model is violated, and the RT
facilitation is the result of multisensory interactions that allow
signals from redundant information to integrate or combine non-
linearly. Predicted CDF will be subtracted from the actual CDF to
form a difference curve. The area-under-the-curve of the group-level
violated portion of the difference curve will serve as the continuous
measure of magnitude of VSI.

All neuroimaging procedures will be conducted at the Gruss
Magnetic Resonance Research (MRRC) Center at Albert Einstein
College of Medicine under the direction of Dr. Lipton. The MRRC
offers state-of-the-art multimodal neuroimaging on Philips whole-
body Ingenia Elition 3.0 Tesla Magnetic Resonance Imaging (MRI)
scanner equipped with 32-channel head coil. Multimodal MRIs
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will be captured at baseline (i.e., study Year 1) and processed by
our neuroimaging team consisting of Drs. Blumen, Fleysher, and
Hoptman. Our non-invasive multimodal MRI imaging techniques
are reliable and have been used extensively in both healthy aging
and dementia studies in our division/department. For the VSI
Study, specific MRI outcome measures are listed by modality
in Table 3. Structural MRI (sMRIL; ~5 min) will be acquired
using high-resolution T1-weighted whole head structural imaging
using axial 3D-MP-RAGE acquisition over a 240 mm field of
view (FOV) with 1.0 mm isotropic resolution. TE = 4.6 ms,
TR = 9.9 ms, a = 8°, and SENSE factor = 2.6 (left-right) x 2
(head-foot). Functional MRI (~10 min total) will be acquired
using whole brain T2* weighted images with echo planar weighted
images with echo planar imaging over a 224 mm FOV on a
112 x 112 acquisition matrix, 3 mm slice thickness (no gap);
TE = 30 ms, TR = 2,000 ms, flip angle = 90°, SENSE factor = 2
and 42 trans-axial slices per volume. The fMRI procedures will
measure BOLD activation (outcome measure) during the VSI task.
This event-related design emulates our established psychophysical
protocol where 60 trials of visual alone, somatosensory alone,
multisensory visual-somatosensory (VS; Mahoney and Verghese,
2019) will be presented in the scanner, but will also include the
above-mentioned “catch” trials (60 trials). The visual (V) stimulus
will be bilateral asterisks presented for 100 ms on a VisuaStim
digital visor (Resonance Technology, Inc., Northridge, CA, USA).
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TABLE 2 Assessment measures by domain and session.

Domain

Session

10.3389/fnagi.2023.1125114

Assessment measures ‘

Screening

Telephone Interview

Demographic (including age, gender, ethnicity and education level)/Health screen/Telephone memory
impairment screen (Lipton et al,, 2003); AD8 dementia screening interview (Galvin et al,, 2005); life space
assessment scale (Baker et al,, 2003)

Sensory

Years 1-3

Visual sensory screen (Snellen test); Shoebox auditory testing; Vibratron (Shy et al., 2003); Michigan
neuropathy screening instrument (Feldman et al., 1994; Lunetta et al., 1998); Simple reaction time test;
Odor identification test (NIH Toolbox)

Multisensory

Years 1-3

Visual-somatosensory integration test (Mahoney et al,, 2019); CatchU® (Mahoney and Verghese, 2022)

Neuropsychological

Years 1-3

MoCA (Nasreddine et al., 2005); WRAT-3 (Ashendorf et al,, 2009); WAIS-IV (Wechsler, 2008; Processing
speed index score); Trails A&B (Lezak et al., 2004); Golden stroop (Golden, 1978); Wisconsin card sorting
test (WCST-64; Heaton, 1981; Greve, 2001); Conner’s continuous performance test -3 (CPT-3; Conners,
2014); Flanker test (Fan et al., 2002); Boston naming test (Kaplan et al., 1983); Free-cued selective
reminding test (FCSRT; Grober et al., 1988); Control oral word association test (Benton, 1968); MINT
(Gollan et al,, 2012); Benson complex figure (Possin et al,, 2011); Craft story (Craft et al., 1996); Judgment of
line orientation test (SF-12 item); Established clinical case conference

Neurological/ Medical
History/ Physiological/Other

Years 1-3

Neurological exam; CDR; Medical history interview (medical comorbidities, including CVD);
Medication/Polypharmacy list; Height/Weight/Blood pressure/Pulse; AD family history questionnaire; TBI
history intake; History of COVID; SF-12 (Ware et al,, 1996); Brief fatigue inventory (Shahid et al,, 2011);
Smoking/Alcohol consumption intake; Pittsburgh sleep quality index (Buysse et al,, 1989); STOP-BANG
(Chung et al,, 2008); MOS pain (de Mos et al,, 2007)

Gait/Mobility

Years 1-3

Quantitative gait assessment (Verghese et al., 2002b, 2007a, 2009); Normal pace walking/Walking while
talking protocol (Holtzer et al,, 2011) and Primary gait screen (Protokinetics); General mobility
questionnaire

Balance/Physical
Performance/Leisure

Years 1-3

Unipedal stance test (Hurvitz et al,, 2000, 2001); Berg balance test (Berg et al, 1992); Biodex sensory
organization test; ABC scale (Powell and Myers, 1995); Short physical performance test (SPPB; Guralnik
etal, 1994); Stair climbing; Grip strength (Guralnik et al, 1994); Functional reach (Duncan et al, 1990);
Purdue pegboard (Tiffin and Asher, 1948); Maze (Sanders et al., 2008); Leisure scale (Verghese et al., 2003)

Falls

Years 1-3

Baseline and bimonthly fall interviews (Verghese et al., 2004; Verghese et al., 2008b, 2009); Falls self-efficacy
scale (Tinetti et al., 1990)

Activities of Daily Living

4 ADLs; Instrumental ADLs (Lawton and Brody, 1970); Bathing scale

Psychosocial/Personality

Years 1-3

Geriatric depression scale (Brink et al,, 1982); Beck anxiety inventory (Beck et al,, 1988); Big-5 inventory
(Barrick and Mount, 1991)

Social Support/Loneliness

Years 1-3

Social network index; MOS social support survey (Sherbourne and Stewart, 1991); UCLA loneliness index-3
(Russell, 1996).

Multimodal Neuroimaging

Year 1

Structural MRI (s-MRI) including total intracranial volume; Functional MRI (fMRI: task-based VSI test and
resting state fMRI (Yuan et al,, 2015; Pillemer et al,, 2017), FLAIR (3D); DTI/NODDI; Pseudo-continuous
arterial spin labeling (pc-ASL); Susceptibility weighted imaging (SWI) - (see Table 3 for more details)

Blood and Plasma

Year 1

Basic chemistry; Lipid panel; Glucose/A1C; IL-6; CRP; AB/ApoE/pTau/Neurofilament (Bateman et al,,
2019)

Amyloid Imaging

Year 2%

Fluorine-18 florbetaben (Neuraceq) PET scan in individuals with preclinical AD [*case confirmed—

Af + plasma test and confirmed poor neuropsychological performance]

Established study procedures labeled in green for use as covariate in statistical models.

The somatosensory (S) stimulus will be bilateral pneumatic
pulses presented for 100 ms through the Somatosensory Stimulus
Generator system (4-D Neuroimaging) which is compatible in
the MRI scanner. These stimuli will be presented alone and
concurrently in the case of the concurrent VS stimulus. The critical
contrast here will examine differences in BOLD activation between
the multisensory VS condition vs. the sum of the two unisensory
conditions (V + S). Resting-state (rs)-fMRI (10 min) will also be
captured while participant lay still and relax (i.e., a passive no-
task condition) with their eyes open. Fluid Attenuated Inversion
Recovery (FLAIR; ~5 min total) will account for white matter
hyperintensities (WHI) indicative of small vessel disease. FLAIR
will be acquired using whole head imaging sagittal 3D-TSE-IR
acquisition over a 250 mm FOV with 1 mm isotropic resolution.
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TE = 338 ms, TR = 4,800 ms, TI = 1,650 ms TSE Factor = 182,
compressed SENSE acceleration factor 3.5. FLAIR results will
account for presence/absence of small vessel disease and will be
considered as a covariate. Additional multimodal neuroimaging
procedures to be included for study completeness, beyond the
scope of the specific aims include: Susceptibility Weighting Imaging
(SWI); Pseudo-Continuous Arterial spin labeling (pc-ASL); and
Neurite orientation and dispersion density imaging (NODDI) - see
Table 3 for details.

In terms of our statistical approach for Aim 1, the magnitude
of VSI (independent variable) will be analyzed and quantified
using established probabilistic modeling procedures (Mahoney
and Verghese, 2019). The dependent measures of structural
and functional neural integrity include: (1) cortical thickness:
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TABLE 3 List of Magnetic Resonance Imaging (MRI) procedures.

Modality Outcome measure(s)

Structural Structural MRI Cortical thickness and gray matter
volume
3D FLAIR Presence of white matter
hyperintensities and lacunes
Susceptibility Weighting Presence of microbleeds
Imaging (SWI)
Pseudo-continuous Quantitatively measures tissue
arterial spin labeling perfusion, or cerebral blood flow
(pc-ASL) (CBF)
Neurite orientation and A diffusion imaging technique to
dispersion density detect cortical and corticospinal
imaging (NODDI) tract neurodegeneration (N)
Functional Functional MRI (fMRI) |BOLD response (beta) during VSI

task

Resting state fMRI Fisher z-transformed Resting state

functional connectivity

(2) volumetric measures for regions of interest extracted from
structural MRI; (3) Beta-weights for the multisensory contrasts
for each region of interest extracted from task-based fMRI; and
(4) Fisher z-transformed resting-state functional connectivities
between pairs of regions extracted from resting-state fMRI.

Covariates identified in our prior studies (Holtzer et al,, 2007;
Verghese et al., 2007b, 2008a; Mahoney and Verghese, 2018, 2019,
2020), including but not limited to age, gender, ethnicity, medical
comorbidities (including cardiovascular disease), total intracranial
volume, and attentional capacity will be selected to account for their
influence on VSI and association with outcomes. Participants will
be categorized into two groups based on preclinical AD diagnosis
at baseline. All statistical approaches will be supervised by our study
statistician, Dr. Wang.

SAS 9.4 (Cary, NC) will be used for the analyses. We will
conduct multivariate mixed effects models for imaging outcomes
for the following a priori selected regions of interest including:
dorsal lateral PFC, rostral middle frontal, and superior frontal
gyrus regions, superior temporal sulcus, motor cortex, thalamus,
basal ganglia, hippocampal, and cerebellum (one per outcome, with
group factors as necessary). These regions are selected based on
preliminary findings in 100 older adults (unpublished data) which
reveal significant (p < 0.05) associations between magnitude of VSI
and measures of structural integrity (defined here as either volume
or cortical thickness) in the following regions: parahippocampal
(memory); caudal middle-frontal dorsal lateral prefrontal cortex
(DLPFC: cognitive functions - especially executive & attention);
superior temporal sulcus (STS; multisensory); precentral (motor),
postcentral (somatosensory), and lateral occipital (visual).
Preliminary fMRI findings in 56 healthy older adults (ages 65-92;
unpublished data) further supports inclusion of these regions
given significant associations between VSI magnitude and blood-
oxygen-level-dependent (BOLD) responses in known multisensory
(middle temporal), motor (basal ganglia), and cognitive areas
(PFC including DLPFC). The outcomes in these models include
measures of neural integrity, structural (volume and thickness),
and/or functional (BOLD) activation isolated by region, and the
predictor of interest is the magnitude of VSI. Additional models
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will further include cognitive status (normal or preclinical AD) and
its interaction with magnitude of VSI. The effect of cognitive status
(normal or preclinical AD) on magnitude of VSI will be evaluated
using similar mixed effects models. The hypothesis-driven analyses
will be limited to BOLD activation in the aforementioned regions
of interest. Models will be run unadjusted and then adjusted
for confounders.

Determine whether VSI task-related BOLD
activation in prefrontal cortex predicts future
mobility decline and falls in preclinical AD

Here, we propose that reduced VSI activation in specific
regions of PFC (fMRI BOLD responses), will be associated with
worse balance (unipedal stance), slower gait (worse Pace scores),
and increased risk of incident falls. Additionally, we propose
that preclinical AD will reduce VSI activation in PFC regions of
interest, which will in turn adversely affect mobility measures.
Our longitudinal design will allow us to identify the impact
of functional changes in (multi)sensory, motor, and cognitive
processes (and their interactions) on the progression of AD that
result in mobility decline.

The VSI task and multimodal neuroimaging procedures for
this aim have been described above in Aim 1. For Aim 2, the VSI
task will be run in the magnet to obtain fMRI task-related BOLD
responses with concurrent psychophysical data. The following
aim-related mobility procedures [established tests that have been
validated and utilized in our center for over two decades (Verghese
et al., 2002a, 2007b, 2008a, 2009, 2012; Holtzer et al., 2007, 2012,
2014; Verghese and Xue, 2010, 2011; Ayers and Verghese, 2014;
Mahoney et al., 2014, 2017, Holtzer et al., 2014; Mahoney and
Verghese, 2018, 2020)] will be included in Aim 2:

Balance (~2 min) will be assessed using unipedal stance time,
which requires individuals to balance their body weight with foot
on the ground for a maximum of 30 s (Hurvitz et al., 2000, 2001).
Unipedal stance time is a widely used clinical test that is listed under
NIH’s toolbox. Poor scores on this test have been associated with
presence of neuropathy (Hurvitz et al,, 2001), and predict falls in
older adults (Hurvitz et al., 2000). This test will be administered
twice during each study visit and maximum unipedal stance time
(sec) will serve as the outcome measure.

Quantitative Gait (~5 min) will be assessed on a 28-foot

instrumented walkway (PKMAS system; Zenometrics LLC) with
embedded pressure sensors that provides spatial and temporal gait
parameters including: gait velocity, stride length, percentage of
double support, stride time, stance time, cadence, stride length
variability, and swing time variability. Participants will be assessed
twice while walking on the mat at their everyday pace. Gait
velocity, as well as the Pace Factor score comprised of gait velocity,
stride length and percentage of double support, will serve as
dependent measures.

History of falls (~5 min) in the past 1 year, number of incident

falls over a 3 year longitudinal study-period, and fall information
such as type, injury and location will be tracked at yearly in-
house interviews and during bimonthly telephone interviews using
established criteria and standardized questionnaires (Tinetti et al,,
1994). Falls are defined as sudden, unintentional, unprovoked
changes in body posture, not due to a major intrinsic event (stroke)
or overwhelming hazard. Dichotomous ratings of fall-history over
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the past 1 year (0, 1), presence of incident fall over study period (0,
1) and time to fall/censor will serve as outcome measures.

The association of functional VSI activation in specific PFC
regions of interest with mobility measures of balance and
quantitative gait will be examined cross-sectionally at baseline
(Year 1), using linear regression models. Linear mixed effects
models (LMEM) will be used to examine the association of
baseline functional VSI activation in the PFC on the changes
in the longitudinal balance and quantitative gait performance.
The predictors will be examined as continuous variables to
facilitate clinical translation of results. Adjustments for multiple
comparisons will be made. Additional LMEMs will be employed
to examine interplay and time course of multisensory, cognitive,
and motor functioning. Cox proportional hazard model will be
used to evaluate the association of magnitude of VSI with the
risk of incident falls (Mahoney et al, 2019) and hazard ratios
(HR) with 95% confidence intervals (CI) will be reported. Time
to fall will be recorded as number of days from baseline study
date to the interview date when the fall was recorded. If the
participant does not report a fall, the follow-up time will be
defined as the number of days from the baseline in-house visit to
the last date of contact. Repeated incident falls will be examined
using Andersen-Gil extension of Cox model (Anderson and Gill,
1982) and Poisson models. Robust sandwich covariance estimates
account for correlations among multiple events within the same
participant. Cox models will be adjusted for potential confounders.
Proportional hazards assumptions of all models will be tested
graphically and analytically. We will also apply mediation analysis
using product of coefficients methods to evaluate whether cognitive
status (normal vs. preclinical AD; independent variable) causes
variation in PFC-related VSI activation (mediator), which in turn
causes variation in specific mobility measures (dependent variables)
using separate mediation models (balance and pace). Mediation
analyses will be run using IBM’s Statistical Package for the Social
Sciences (SPSS-28) and Hayes' PROCESS package (Hayes, 2018).
Confidence intervals that do not include 0 for the mediator will be
defined as mediation.

Assess the validity of VSI as a novel Alzheimer’s
behavioral marker

Alzheimer’s disease is associated with build-up of specific
proteins (i.e., biological markers) in the brain, namely Amyloid-
Beta (AB) in the form of plaques (Thal et al,, 2002) and tau (T)
in the form of neurofibrillary tangles. Common brain imaging
techniques such as MRI or Computerized Tomography (CT)
do not afford assessment of amyloid plaques and neurofibrillary
tangles. However, molecular imaging procedures like Positron
Emission Tomography (PET) imaging directly visualize these
characteristic features of Alzheimer’s disease. AP accumulates in
sensory association areas well before higher-order cognitive areas
like the PFC (Thal et al, 2002). In Aim 3, we predict that
AD pathology (i.e., accumulation of AB) will be associated with
decreased magnitude of VSI in preclinical Alzheimer’s disease
participants. Here, presence of AB will be measured in blood
at baseline using plasma-based assays and established cut-scores
(Bateman et al., 2019). Individuals that are AB+ on plasma-based
tests at baseline, will receive amyloid PET imaging in study year 2.
The combined use of conventional MRI with these techniques will
also contribute to the early identification of Alzheimer’s disease.
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The experimental design for this aim has been described
above. Beyond the VSI task the following specific Ap procedures
will be implemented to determine its association with magnitude
of VSI, and ultimately its use as a novel and early biomarker
for preclinical AD.

Plasma-Based Blood Testing will be conducted during baseline
visits for each participant. AP (40 and 42) and Apolipoprotein

E (ApoE) will be assessed by C,;N Diagnostics lab using novel
multiplexed assays (Jack et al., 2018). PrecivityAD™ accuracy for
determining amyloid positive versus negative status was 86%. Blood
samples will be collected and placed in Einstein’s biorepository.
Frozen samples will be subsequently shipped to C,N Diagnostics
to be processed. Results from plasma-based testing conducted on
bloods drawn at baseline, in conjunction with neuropsychological
performance, will be critical for study group assignment, as well as
disentangling AD symptomology from AD pathology.

Amyloid PET Imaging will only be conducted in study Year 2
for participants enrolled in the preclinical AD group (n = 104).
All PET scans will be conducted at Montefiore Medical Center
by Dr. Valdivia and her team. Positron emission tomography
(PET) is expensive and involves the use of an imaging device

(scanner) and a radiotracer that is injected into the patient’s
bloodstream. The radiotracer used to estimate AP neuritic plaque
density for this specific aim is called Neuraceq (florbetaben F-18)
and is manufactured by Piramal Imaging. PET imaging after the
radiotracer is injected, will afford quantification of the distribution
of AP in the brain, where affected brain regions containing Ap
will be tabulated.

The association of magnitude of VSI with presence of AP
protein levels in both plasma-based AP levels (continuous measure)
and amyloid PET scans (dichotomous = rating by brain region)
will be examined using logistic and linear regression models,
respectively, while adjusting for potential confounders.

Discussion

In summary, we propose to recruit 208 community-dwelling
older adults with and without preclinical AD for a three-year
longitudinal study. Our central hypothesis is that preclinical
Alzheimer’s disease is associated with neural disruptions in
subcortical and cortical areas that concurrently modulate sensory,
cognitive, and motor functions, resulting in mobility decline.
Our project seeks to address a NIH-identified high-priority
research topic, where the interplay of multisensory integration
with cognitive and mobility outcomes will be extensively studied
in individuals with and without preclinical Alzheimer’s disease.
A deeper understanding of the underlying neural correlates of
VSI and their association with cognitive and motor outcomes will
support the advance of novel, non-invasive, and non-cognitive AD
markers, as well as foster the development of novel multisensory
interventions designed to target specific neural derailments,
while significantly augmenting existing interventions to prevent
disability and optimize independence.

As with any study, there are potential pitfalls and limitations
that should be discussed, along with strategies to mitigate
any potential shortcomings. Missing data is a concern of any
longitudinal study; to reduce the likelihood of missing data, we
will reschedule study visits that are missed and update participant
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contact information annually. Though not a main objective,
diffusion tensor imaging data will be collected and analyzed using
FSL software to provide a measure of functional anisotropy. Further
examination of multimodal neuroimaging relationships will be
computed using probabilistic tractography between regions of
interest (ROIs). Neuroimaging data access can enable investigations
of additional cortical pathways not identified in our proposed
neural circuit; our approach here, however, is to focus on theory-
based predictions. We recognize that biomarkers, including the AT
(N) classification system [AB (A), tau (T), and neurodegeneration
(N)] recently developed the NIA-AA task-force, affords a more
direct assessment of neuropathologic changes (Jack et al,, 2019).
In an effort to determine whether magnitude of VSI is a novel
and early biomarker of mild stage Alzheimer’s disease, the current
study will also assess plasma-based total and phosphorylated Tau,
neurofilament (NfL) and (ApoE).

In line with current preventative approaches, results from
The VSI Study will provide insight into the neurobiology of
early AD and aid the development of novel prognostic tools and
therapeutic interventions. The primary focus of this project will
guide strategic design of new multisensory-based interventions
for non-cognitive outcomes like falls. Although not a specific
aim of the current study, development of future multisensory-
based interventions in high-risk patients requires identification
of the structural and functional neural networks involved in
multisensory integration processes, as well as understanding of
the impact of early AD on these networks and systems. Such
knowledge will be essential to designing future remediation
trials that target key PFC and other regions involved in
multisensory integration to induce neural plasticity that will
be associated with improvements in sensory, cognitive, and
mobility outcomes for older adults with and without pre-existing
cognitive impairments.
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