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Abstract

We tested the hypothesis that dividing attention would strengthen the ability to detect mild
cognitive impairment (MCI) and specific cognitive abilities from Timed Up and Go (TUG)
performance in the community setting. While wearing a belt-worn sensor, 757 dementia-
free older adults completed TUG during two conditions, with and without a concurrent verbal
serial subtraction task. We segmented TUG into its four subtasks (i.e., walking, turning, and
two postural transitions), and extracted 18 measures that were summarized into nine vali-
dated sensor metrics. Participants also underwent a detailed cognitive assessment during
the same visit. We then employed a series of regression models to determine the combina-
tions of subtask sensor metrics most strongly associated with MCI and specific cognitive
abilities for each condition. We also compared subtask performances with and without divid-
ing attention to determine whether the costs of divided attention were associated with cogni-
tion. While slower TUG walking and turning were associated with higher odds of MCI under
normal conditions, these and other subtask associations became more strongly linked to
MCI when TUG was performed under divided attention. Walking and turns were also most
strongly associated with executive function and attention, particularly under divided atten-
tion. These differential associations with cognition were mirrored by performance costs.
However, since several TUG subtasks were more strongly associated with MCI and cogni-
tive abilities when performed under divided attention, future work is needed to determine
how instrumented dual-task TUG testing can more accurately estimate risk for late-life cog-
nitive impairment in older adults.
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Introduction

The Timed Up and Go (TUG) test is widely used to assess mobility and risk of falls in older
adults by geriatricians and aging researchers alike [1]. Although it was originally introduced as
a test of mobility, several studies report that a longer overall TUG duration is associated with
poorer cognition and faster cognitive decline in older adults [2, 3]. These findings are perhaps
not surprising since voluntary actions require cognitive resources to plan, initiate, execute,
and regulate the movements necessary for successful task completion [4, 5]. Nonetheless, it is
not clear which components of the TUG drive its association with cognitive function and
whether specific cognitive abilities are differentially related to individual TUG components.

In prior work, we quantified each of four distinct TUG subtasks (i.e., a transition from sit to
stand, walking, turning, and transition from stand to sit) using a belt-worn sensor during test-
ing in the community setting. We found that although TUG duration did not differ between
those with and without mild cognitive impairment (MCI), altered postural control during the
sit-to-stand transition, gait, and turns were associated with MCI status and lower cognition
more generally [6]. Our other studies have shown that combinations of these TUG subtask
metrics may improve the prediction of incident MCI and other adverse health outcomes [7].
However, given prior evidence that TUG components respond differently to divided attention
challenges [8], dual-task performance of the TUG may uniquely affect individual subtasks,
reveal how they rely on different cognitive abilities, and increase sensitivity to underlying cog-
nitive impairment, including MCIL

In the current study, we sought to test the hypothesis that the associations between TUG
subtask performances and MCI are made stronger when performed simultaneously with an
unrelated task. We also hypothesized that individual subtask performances would be differen-
tially linked to executive function and attentional abilities and affected by divided attention
accordingly. To test these hypotheses, we utilized clinical, cognitive, and instrumented mobil-
ity data collected from more than 750 well-characterized dementia-free, ambulatory older
adults participating in the Rush Memory and Aging Project (MAP) and Minority Aging
Research Study (MARS).

Methods
Participants

Participants were drawn from two harmonized cohort studies of aging and dementia that
share a common core of data collection procedures, resources, and staff at the Rush Alzhei-
mer’s Disease Center in Chicago, IL. The Rush Memory and Aging Project (MAP), which
began in 1997, is a study of older adults primarily recruited from continuous care retirement
communities and subsidized housing facilities in and around the Chicago metropolitan area
[9]. The Minority Aging Research Study (MARS) began in 2004 and recruits older African
Americans also living within the Chicagoland area [10]. Older adults without known
dementia are eligible for these studies and agree to annual clinical testing in their individual
homes. Participants in MAP also agree to brain donation at autopsy at the time of death; brain
donation is optional for MARS participants. Both studies were approved by the Rush Institu-
tional Review Board and written informed consent was obtained from all participants prior to
testing.

Study design

Although annual instrumented mobility testing began in 2011, dual-task Timed Up and Go
(DT TUG) testing was added in 2016. The current study is a cross-sectional analysis of
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participants who had completed both this protocol and a cognitive assessment during the
same annual testing cycle and had no presence or history of dementia at that session. At the
time of analyses, 818 participants had processed DT TUG data. Of this sample, 61 were
excluded for having a history of dementia (see clinical diagnosis criteria below), leaving 757
participants for study analyses (MAP, n = 531; MARS, n = 226).

Cognitive assessment

Annual cognitive testing was administered by a research assistant. Raw scores on 19 neuropsy-
chological tests were converted to z-scores using the baseline evaluation of all participants
across the parent studies. These scores were then averaged to obtain a global cognitive score, as
used in prior publications [11]. To better isolate the contributions of attention and executive
functioning to the global cognition summary score, we also constructed two measures from 6
of the 19 cognitive tests, as informed by prior literature (S1 Table) [12, 13]. These two metrics
were compared to an episodic memory composite, which comprised 7 of the remaining tests
and served as a reference domain anticipated not to have strong associations with mobility
metrics.

Clinical diagnosis of MCI and dementia

Clinical diagnoses were made in a three-step process, as previously described [14]. After

the cognitive tests were scored, data were then reviewed by a neuropsychologist to rate
cognitive impairment in each of five domains: episodic memory, semantic memory,

working memory, perceptual speed, and visuospatial ability. The presence of dementia

was then determined by an experienced clinician using the guidelines of the National Institute
of Neurological and Communicative Disorders and Stroke and Alzheimer’s Disease and
Related Disorders Association [15]. Individuals who demonstrated evidence of cognitive
impairment but not determined to have dementia were classified as having MCI, as previously
described [16]. Individuals without a diagnosis of MCI or dementia were classified as having
no cognitive impairment. These diagnostic determinations were used for research purposes
only.

Mobility testing and recording

In-home mobility testing included two TUG trials over 8 feet (i.e., 2.4 m) for each of two con-
ditions: with and without a concurrent requirement to perform a serial 3’s subtraction task.
For the usual (normal) TUG, participants were instructed to stand up from a chair (i.e., sit-to-
stand transition), walk 8 feet at their preferred pace (i.e., first 8-ft walk), return to the chair
(i.e., mid-trial turn, second 8-ft walk), and sit (i.e., stand-to-sit transition). For DT TUG, par-
ticipants were instructed to repeat the TUG while simultaneously subtracting threes from 100
aloud.

The testing session was recorded by a belt-worn Dynaport MoveTest (McRoberts B.V., the
Netherlands) that was positioned over the lower back. This device contained a triaxial micro-
electro-mechanical systems (MEMS) accelerometer and gyroscopic sensor to record accelera-
tion and rotation, respectively, of the lower trunk at 100 Hz along each of three orthogonal
directions. This state-of-the-art technology allowed us to quantify both spatiotemporal gait
and trunk kinematics during the TUG procedure in the community setting. These time-
stamped data were stored on onboard flash memory, then transferred to a secure RADC server
for subsequent analyses.
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TUG subtask sensor metrics

Each continuous TUG trial recording was used to calculate the overall duration as well as 18
quantitative metrics, according to custom-developed algorithms [17, 18]. These metrics were
transformed when appropriate to reduce skewness, averaged across trials for each condition,
and z-scored relative to pooled parent study performance on the normal TUG. We then used
principal component analyses (PCA) to reduce these data into interpretable subtask perfor-
mances, similar to our prior work [19]. Since the underlying factor structures were similar
across normal and dual-task TUG, we created the same nine mobility scores for each condi-
tion, according to S2 Table.

Statistical analyses

To examine the associations of the individual TUG metrics with the odds of MCI, we first ran
a series of logistic regression analyses considering overall TUG duration and each of the nine
mobility scores (representing the four subtasks) as predictors of MCI for the normal and dual-
task conditions separately. We then entered these measures into condition-specific forward
selection stepwise procedures (p < .05 to enter, p>.1 to leave) to determine which metrics
were most strongly associated with MCI at the time of mobility testing. To determine whether
TUG performances were related to individual differences in cognitive abilities, we then exam-
ined linear associations with global cognition and three cognitive domains: attention, execu-
tive function, and episodic memory, and employed forward-selection linear regression
models, as above. Confounding participant characteristics (i.e., age, sex, self-identified race,
and years of education) were included and retained in all final models. Finally, to investigate
the effects of divided attention on TUG performance (i.e., dual-task “costs”), we employed
matched-pair t-tests across conditions for each of the nine mobility scores. Programming was
done in SAS v.9.4 for Linux (SAS Institute Inc., Cary, NC) and R software [20]. P-values sur-
viving Bonferroni correction (p < .0055) were considered significant.

Results

Table 1 summarizes the participant, cognitive and overall TUG performance characteristics
for the 757 adults included in these analyses. Under normal and undistracted testing, a
longer TUG duration was associated with higher odds of MCI (OR per SD = 1.23 [1.04, 1.46],
p =.01), lower global cognitive abilities (§ = -0.19, p < .001), and poorer performance across
the three cognitive domains (-0.25<f<-0.09, p’s < .01). However, when TUG was performed
with the serial subtraction task, overall duration was longer (Cohen’s d = .88, p < .001)

and more strongly associated with MCI (OR = 1.38 [1.22, 1.56], p < .001), global cognition
(B=-0.31, p < .001), and individual cognitive domains (-0.26<<-0.22, p’s < .001).

Associations of TUG subtasks with MCI

When we examined the relation of the nine mobility scores to MCI during the usual TUG,
only slower walking pace and smaller turn magnitude were associated with higher odds of
being diagnosed with MCI (Fig 1). We then considered overall task duration and all mobility
scores together in a forward selection model to determine the best TUG indicators of MCI.
Walking pace alone was selected by this procedure and accounted for a 2% increase in AUC
beyond participant characteristics (OR = 0.71 [0.58,0.86], p < .001).

For the DT TUG, 6 of 9 mobility scores were associated with higher odds of MCI (Fig 1).
Walking pace was again identified as the sole predictor of MCI in forward selection procedures
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Table 1. Participant, cognitive, and overall TUG performance characteristics.

All NCI MCI NCI vs. MCI
(n=757) (n=520) (n=237) p-value
Age (years) 8117 80+7 84+7 <.001
Female (%) 77.1 78.3 74.7 30
Black (%) 329 33.6 31.5 .61
Education (years) 15.7+3.3 15.743.3 15.9+6.3 .57
Cognitive Performance
Mini-Mental State Exam 28.1£1.8 28.5+1.4 27.1£2.2 <.001
Global Composite (z-score) 0.24+0.27 0.43+0.46 -0.17£0.55 <.001
TUG Performance
TUG Duration (s) 157 14+6 1748 <.001
Gait speed (m/s) 0.77+0.3 0.81+£0.3 0.67+0.3 <.001
DT TUG Duration (s) 21+11 19+8 26+13 <.001
Gait speed (m/s) 0.52+0.2 0.57£0.2 0.44+0.2 <.001
DT Serial Subtraction
Total # Responses 72+2.4 7.33+22 6.9+2.6 .038
# Correct 6.2+2.6 6.4+24 56+2.7 <.001
# Incorrect 1.0+£14 09+13 13+14 < .001

https://doi.org/10.1371/journal.pone.0269398.t001

but was more strongly associated with MCI (OR = 0.53 [0.42, 0.66], p < .001) and accounted
for a 4% increase in AUC beyond participant characteristics.

Associations of TUG subtasks with global cognition

We then examined TUG subtask performance with a continuous composite metric of global
cognition. For the normal TUG, 6 of 9 mobility scores were associated with the global cogni-
tive composite (Fig 2). Walking pace and step time variability were selected as the best TUG

Sit to Stand Walk Turn Stand to Sit
Postural  Duration Pace Cadence Variability Regularity Yaw Descent  Smooth
T8 Complexity Mag Control
16 *
14
1.2

Odds Ratio for MCI

0;. : %% ............................ v %
M

04

Fig 1. Quantitative TUG vs. MCI. Odds ratios and 95% confidence intervals for MCI based on individual mobility
performance scores during normal (light green) and dual-task (dark green) Timed Up and Go (TUG). All models were
adjusted for age, sex, race (Black versus White), and education. Statistically significant associations (p < .005) do not
touch the shaded box. * indicates associations that significantly differ across conditions.

https://doi.org/10.1371/journal.pone.0269398.9001
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Fig 2. Quantitative TUG vs. global cognition. TUG subtasks vs. the global cognition composite, adjusted for age, sex,
race, and education. Nine mobility scores quantifying the four TUG subtasks were calculated for normal (light green)
and dual-task (dark green) TUG. A standardized beta (B) beyond the [-0.10, 0.10] shaded box corresponds to p < .005,
while a § beyond [-0.133, 0.133] corresponds to p < .0001. * indicates associations that significantly differ across
conditions.

https://doi.org/10.1371/journal.pone.0269398.9002

indicators of global cognitive abilities and accounted for 5.4% and <0.5% of the variance,
respectively.

For the DT TUG, 8 of 9 mobility scores were associated with global cognition. Walking
pace alone was retained after forward selection but accounted for 11.7% of the variance (as
compared to 5.4% without divided attention). Fig 2 illustrates subtask associations with the
global composite and their differences across conditions.

Associations of TUG subtasks with specific cognitive abilities

Next, we examined the associations of normal TUG with composites scores for executive
functioning, attention, and episodic memory (Fig 3a). All 9 TUG subtask mobility scores
were associated with executive functioning. Walking, turn, and stand-to-sit descent control
metrics were associated with attention. Only walking pace and regularity were associated with
episodic memory. In forward selection models, walking pace was the only TUG metric consis-
tently associated with all three cognitive abilities. Pace and other metrics explained 6.7% of the
variance in attention, 6% of executive functioning, and 3.6% of the episodic memory
composite.

As expected, TUG associations with individual cognitive abilities were stronger with
divided attention (Fig 3b) and associations with episodic memory emerged for 7 out of 9
mobility scores. Pace together with other dual-task TUG metrics explained 8% of the variance
in attention, and 10.5% variance of executive function. Only 1.5% of the variation in episodic
memory was explained by individual subtasks; 10% was accounted for by overall task duration.
Associations with the traditional domains of our cognitive testing battery [21] may be found in
S3 Table.

Effects of divided attention on TUG performance

Finally, we examined the individual dual-task costs to isolate the effect of divided attention,
i.e., TUG interference by the distractor task, and account for individual differences in motor
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Fig 3. Quantitative TUG vs. individual cognitive domains. Associations between TUG subtasks and individual
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abilities. Dividing attention during the TUG was associated with a small decrease in postural
complexity (Cohen’s d = -0.161, p < .001) and increase in duration (d = 0.25, p < .001) during
the sit-to-stand transition, large decreases in pace (d = -1.13, p < .001), cadence (d = -1.09, p <
.001), regularity (d = -0.85, p < .001), and increased step time variability (d = 0.64, p < .001)
during walking. The magnitude of the turn in the middle of the trial was also substantially
decreased (d = -0.82, p < .001) along with a small decrease in descent postural control (d =
-0.22, p < .001) during the final stand-to-sit transition. That is, while participants tended to
transition from sitting to standing more cautiously, they walked more slowly, walked and
turned more irregularly, and sat more abruptly at the end of the dual-task protocol. Fig 4 illus-
trates the size of these effects across each of the nine mobility scores, such that the greatest
effects of divided attention were observed during the walking and turning procedures and mir-
rored associations with global cognition. Individual quantitative metrics are also contrasted in
S4 Table.
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Fig 4. Dual-task cost effect sizes during the four TUG subtasks. Small effects of divided attention testing (Cohen’s
d<0.5; light blue) were observed in the control and duration of the sit-to-stand transition. Medium (>0.5) to large
effects (>0.8; dark blue) were observed in the walking and turn procedures. A small effect was observed during the
stand-to-sit transition only for postural descent control.

https://doi.org/10.1371/journal.pone.0269398.g004

Discussion

We employed an unobtrusive wearable sensor to quantify TUG performance with and without
divided attention in a large diverse group of dementia-free older adults within the community.
We first confirmed prior work that some TUG subtasks were associated with MCI and global
cognition, then observed that all TUG subtasks became more strongly linked to cognition
when performed under divided attention. We further observed that the degree to which an
individual subtask was associated with cognitive abilities, especially attention and executive
function, mirrored the degree to which it was altered by divided attention [22]. These context-
dependent performances and associations throughout the TUG warrant further investigation
of how other dual-tasking paradigms might be combined with quantitative mobility assess-
ments to unmask motor and cognitive impairments in normal-appearing older adults.

To date, the majority of studies on the cognitive correlates and consequences of divided atten-
tion on motor performance has focused on gait [23, 24]. Slower, less accurate gait performance
has been linked to underlying cognition at the time of assessment [25, 26], particularly attention
and executive functioning, two domains crucial for walking and any goal-directed behaviors [5].
These associations with cognitive function are then made stronger with divided attention [27].
Since greater cognitive resources are required to ensure that two different simultaneous tasks
are performed correctly, gait performance may beworsened, especially when these resources
are limited. As a result, physical safety is typically prioritized over other tasks, such that even
self-aware adults tend to walk more slowly or stop altogether [28-30] in order to keep balance
and avoid harm. These same actions often foretell adverse outcomes in older age [31, 32].
Nonetheless, poorer multi-tasking abilities remain evidence of greater cognitive dysfunction.

TUG motor performances outside of gait remain largely underexplored. While task dura-
tion may be no more informative than gait speed in predicting geriatric outcomes [33], decon-
structing the TUG could improve the information to be gained. Prior studies have linked
compromised postural control and fluency during sit-to-stand transitions and turns with MCI
and poor executive functioning [6, 34, 35]. Outside of these studies, however, we know of no
publications examining instrumented TUG and cognition, especially during divided attention.

The current study suggests that the TUG may be highly informative of cognitive function-
ing, although clinical insight likely depends upon both subtask and context (e.g., with or
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without divided attention). First, we report differential associations with TUG performance
and cognition across the standing, walking, turning, and sitting procedures, such that walking
and turning were most strongly coupled with cognitive outcomes and walking pace (i.e., gait
speed) alone best informed cognitive status and abilities. We then provide evidence that divid-
ing attention during the TUG can leverage its inherent associations with attention and execu-
tive functioning to increase difficulty across several task performances. That is, while
attentional control is necessary to focus, select, and inhibit stimuli to prioritize neural
resources toward a given task, and executive functioning is necessary to maintain task set,
facilitate task shifts, monitor motor-sensory input, and safely interact with environment [22],
these abilities become particularly important when both are needed to perform two concomi-
tant tasks. And, although walking was indeed the most informative subtask towards cognition,
dividing attention increased both the task difficulty and dependence on higher-level resources
throughout the TUG procedure. These findings suggest that dual tasking may be used to
uncover even subtle links between cognition and mobility.

When investigating interference by the unrelated serial subtraction task [36], we observed
dual-task costs that paralleled subtask associations with cognition and differing levels of auto-
maticity across the TUG. To the extent that divided attention costs were present but not
strongly associated with cognition (i.e., postural transitions), we postulate that some move-
ments are confounded by acts of caution, motor impairments, or are inherently more variable
within individuals (e.g., gait variability across a short distance) [28-30]. That is, while costs in
gait or turns offer insight towards cognitive outcomes, transitions may be better suited to pre-
dict adverse health outcomes like future frailty, falls, or disability in older adults [18].

The primary strengths of this study include our implementation of the instrumented dual-
task TUG in a large, well-characterized racially diverse group of older adults in the community
setting. We further contribute to existing literature by summarizing complex temporospatial
gait and trunk kinematics into interpretable mobility scores via PCA, assessing cognitive-
motor association effect sizes across different features of the task, and comparing these associa-
tions across conditions. To the best of our knowledge, we are also the first to observe dual-task
costs that mirror associations with attentional and executive function abilities at the sub-move-
ment level.

There are three main limitations. First, since we did not collect serial subtraction perfor-
mance without TUG beyond a short practice, we were unable to assess cognitive “cost” or the
relative task difficulty across normal and dual-task conditions. Second, without simultaneous
recordings of verbal responses across the TUG, we were unable to ensure continuous serial
subtraction task engagement or gauge task prioritization across participants. That is, since our
divided attention task may not have affected all four motor subtasks to the same extent, the
serial subtraction task perhaps best enhanced the cognitive correlates of ongoing motor execu-
tion, rather than earlier or later phases of the TUG. Additional testing paradigms are needed
to better identify and delineate the cognitive and motor resources employed during other
aspects of motor control, like movement planning, initiation, and termination. Finally, since
this analysis does not consider longitudinal observations, it is not possible to infer the causal
direction of the motor-cognitive associations which were observed. Further work will be
needed to determine to what extent the instrumented DT TUG may improve the prediction of
future cognitive impairment or other non-cognitive adverse health outcomes.

Conclusions

In conclusion, our study demonstrates that instrumented dual-task testing increases the infor-
mation to be gained from the TUG. While we found walking and turning to be most strongly
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associated with cognitive abilities and impairment, all subtasks became more strongly linked
to cognition when TUG was performed under divided attention. Motor performances were
also altered by dual-tasking to the extent a subtask was associated with attention and executive
function. These findings suggest dividing attention can be used to uncover both the shared
and unshared resources across motor and cognitive tasks. Future work should consider similar
paradigms to deconstruct complex movements, further probe the correlates of motor planning
and execution, and better simulate everyday mobility and its associations with cognitive status
and risk.

Supporting information

S1 Table. Attention and executive function composites. Neuropsychological assessments
used to compute composite scores of cognitive abilities across attentional and executive con-
trol domains. As in our prior publications, composite scores were constructed by averaging
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$2 Table. Mobility score components. Measures extracted from each TUG performance were
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flipped according to factor direction (e.g., AP jerk), denoted by a -1 multiplier.

(DOCX)
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