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Abstract

Purpose: To assess the association of a wrist-worn, device-based metric of 24-hour movement
with cognitive function and subjective cognitive complaints among older adults, ages 60 years and
older.

Methods: Cross-sectional analysis of the 2011-2012 and 2013-2014 National Health and
Nutrition Examination Survey (NHANES) cycles. A wrist-worn ActiGraph GT3X+ accelerometer
captured total 24-hour movement activity; analyzed as Monitor-Independent Movement Summary
units (MIMS-units); and quantified into placement based on an age- and sex- standardized
percentile. Cognitive tests in the domains of memory, language/verbal fluency, and executive
performance were administered. Test-specific cognitive z-scores were generated. Subjective
cognitive complaints included perceived difficulty remembering and confusion/memory loss.

Results: The analytical sample included 2,708 U.S. older adults (69.5+0.2 years, 55% female,
20.9% non-White). Multivariable linear regressions revealed those in quartiles 3 (50t-74th
percentile) and 4 (=75t percentile) for their age and sex had higher cognitive function z-scores
across all domains compared to those in quartile 1. Logistic regressions demonstrated those in
quartiles 3 and 4 also had lower odds of reporting difficulty remembering (AOR=0.52, 95%

Cl: 0.31-0.89; AOR=0.57, 95% CI: 0.37-0.88) and confusion/memory loss (AOR=0.49, 95% ClI:
0.27-0.91; AOR=0.49, 95% CI: 0.27-0.98), respectively, compared to those in quartile 1.

Conclusions: In a representative sample of U.S. older adults, higher cognitive functioning
occurs among those that perform total 24-hour movement activity at or above the 50t percentile
for their age and sex. Future studies should consider movement behaviors across a 24-hour period
on cognitive health outcomes in older adults. More research exploring prospective associations of
MIMS-units and time-use behaviors across midlife and older adulthood that may affect cognitive
functioning across diverse populations is needed.
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INTRODUCTION

Time-use behaviors, e.g., sedentary behavior and physical activity (1-3), are modifiable risk
factors associated with numerous health outcomes and all-cause mortality (4-9). Inadequate
physical activity has been estimated to have a 1.6% worldwide population attributable risk
for dementia (10) and harmonized data suggests inactivity may contribute to 21% (over

1.1 million) of Alzheimer’s disease (AD) cases in the U.S. (12.7% worldwide) (11). With
nearly 15 million cases of mild cognitive impairment and AD in the U.S. projected by

2060 (12) and limited pharmacological treatments to delay AD progression, there is a need
for understanding behaviors that may optimize cognitive resilience to prevent or delay AD
onset.

Leveraging accelerometer data that capture movement across the entirety of the day, can
increase our understanding of what comprises a healthy 24-hour period for cognitive
health. Higher daily step counts have been found to be associated with higher total brain
volume (13), higher fractional anisotropy from cerebral white matter (14), and lower rate
of subjective cognitive decline (15). Higher device-based daily physical activity was also
associated with higher gray matter volume in older adults enrolled in UK Biobank (16).
However, there are age and sex differences in activity levels of older adults (17, 18) and
potential biases using absolute intensity cut points across demographic subgroups (19-21).
As an alternative approach, the use of standardized percentiles of activity can provide
relative information about how a person’s movement behaviors across the day are associated
with cognitive health compared to others of the same sex and age.

Between 2011-2014, the National Health and Nutrition Examination Survey (NHANES)
deployed a 24-hour continuous monitoring protocol using wrist-worn accelerometers to
capture activity in U.S. children and adults (22, 23). Data are provided in Monitor-
Independent Movement Summary units (MIMS-units) — a quantification of fotal continuous
movement, with larger MIMS-units indicating higher amounts of movement performed
throughout a 24-hour period. Given the need to further understand how 24-hour movement
relates to brain health, we leveraged previously developed age- and sex- specific population-
referenced percentile curves (18) to examine how this novel, wrist-worn movement metric
relates to cognitive function and subjective cognitive complaints among a nationally
representative sample of U.S. older adults, ages 60 years and older. We hypothesize that
higher MIMS-units percentile will be associated with better cognitive function and lower
odds of subjective cognitive complaints.
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METHODS

Data source

NHANES is a representative sample of the non-institutionalized U.S. population with

a complex, multistage probability design (23). Participants completed in-person home
interviews and health measurements were performed in a mobile examination center (MEC).
In the 2011-2012 and 2013-2014 cycles, participants were invited to wear a physical activity
monitor (PAM) for 7 consecutive days following their visit to the MEC (Day 1). Participants
were asked to return the device, via mail, on the 9" day. NHANES was approved by the
National Center for Health Statistics (NCHS) Institutional Review Board and all participants
provided written informed consent. University Institutional Review Board approval for this
analysis was exempt as NHANES data are deidentified and publicly available.

Movement Activity

24-hour movement was measured with the ActiGraph GT3X+ (ActiGraph) device.
Following the MEC visit, participants were asked to wear the PAM on their non-dominant
wrist for 24 hours for 7 consecutive days, including during water-based activities such as
bathing and swimming. The publicly available NHANES PAM data are provided in daily
MIMS triaxial units. Briefly, MIMS-units are derived from an algorithm based on the raw
(80 Hz) acceleration data and are an aggregated triaxial sum of the processed signals from
each axis (X, Y, Z) (24). Full details on the derived MIMS-units and the PAM protocol

have been previously described (18, 22, 24) with the comparison to other raw accelerometer-
derived metrics detailed by John et al. (24).

The PAM header file, which includes device wear information, and the day summary file,
which includes one record per day for each participant, were used for these analyses. Using
the steps by Belcher et al. (18), we removed the two partial days (15t and 9t day of wear;
exam date and requested return date). Among participants =60 years, those without device
data, dominant wrist or unknown placement were excluded from these analyses. A day
was considered usable if it had 1440 minutes of valid wear time, <5% non-wear time, and
<17 hours of recorded sleep. Those with 0 useable days were excluded. One day of data
collection has been previously found to be sufficient for stable, population-level analyses
(25); hence, we included participants with at least one useable day (n=2,897) (see SDC

1, Appendix, Figure S1, Flow diagram for analytical sample of study). However, of note,
98.6% of the sample had =3 useable days. Daily MIMS-units were averaged across all
usable days. We then matched participants averaged daily MIMS-units to the percentile for
their age and sex (18).

Domain-Specific Cognitive Function

For participants =60 years, a series of cognitive assessments were conducted in the domains
of memory (Consortium to Establish a Registry for Alzheimer’s disease Word Learning
[CERAD W-L] delayed recall test) (26); language/verbal fluency (Animal Fluency test) (27);
and executive performance (Digit Symbol Substitution test [DSST]) (28). Of those with
useable accelerometer data, participants ineligible for cognitive assessment or those where
no tests were done were excluded. Therefore, our analytic sample included 2,708 older
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adults (see Figure S1, SDC 1, Appendix, Flow diagram for analytical sample of study). Each
cognitive test was reported as a raw score, with higher scores indicating higher cognitive
functioning (e.g., better cognitive test performance), and was additionally standardized to
the analytic sample mean and standard deviation to estimate a domain z-score (mean=0,
standard deviation=1).

Subjective Cognitive Complaints

Covariates

Two items pertaining to subjective cognitive complaints were measured using two self-report
questions: 1) “Are you limited in any way because of difficulty remembering or because
you experience(s) periods of confusion?’ and 2) “During the past 12 months, have you
experienced confusion or memory 10ss that is happening more often or is getting worse?’.
Item responses included “Yes’, ‘No’, ‘Don’t Know’, ‘Refused’, or ‘Missing’. Refused (n=0)
or ‘Don’t know’ (n=3) response choices were set to ‘Missing’.

Self-reported covariates included age, sex, race/ethnicity, educational attainment, income
(family income to poverty ratio <1.50: the ratio at which some federal programs offer
subsidies to families), smoking status (current smoker, ever smoker, never smoker), and
physical function difficulties (self-reported some difficulty or greater with any of the
following tasks: walking from one room to another on the same level, getting in or out of
bed, eating, or dressing). Measured covariates included depressive symptom severity (Patient
Health Questionnaire [PHQ-9] (29): no symptoms [0 score], minimal symptoms [1-4 score],
mild symptoms [5-9 score], moderate to severe symptoms [>10 score]), body mass index
(BMI) (underweight [<18.5 kg/m?], normal weight [18.5-<25 kg/m?], overweight [25-<30
kg/m?2], obese [=30 kg/m?]), hypertension (ever been told by a doctor that you have high
blood pressure, measured systolic blood pressure =140 mmHg, or measured diastolic blood
pressure 290 mmHg), and diabetes (ever been told by a doctor that you have diabetes,
glucose level 2126 mg/dL, or HbAlc 26.5%).

Statistical Analysis

Using the continuous movement percentile, we categorized participants into quartiles (Q1:
<25t percentile, Q2: 25M-49™ percentile, Q3: 50t"-74™ percentile, Q4: >75™ percentile).
We used descriptive statistics, including weighted percentages with standard errors, to
describe characteristics of the sample. Using multivariable linear regression models, we
investigated the association between movement quartiles (exposure) and domain-specific
cognitive function z-scores (outcome) with Q1 (<25™ percentile) as referent. For trend
analysis, we divided the continuous movement percentile by 10 so that each unit increase
was associated with 10 percentile points. We used multivariable logistic regression models
to examine the relative odds of subjective cognitive complaints across movement quartiles
(referent: Q1). For all regression analyses, we built a series of models adjusting for age,
sex, race/ethnicity (Model 1), education, income (Model 2), and depressive symptoms
(Model 3), and an additional model controlling for intermediate vascular risk factors: BMI
category, hypertension, diabetes, smoking status, and physical function (Model 4). Per the
NCHS recommendations, variance estimates were derived using Taylor Series Linearization
and missing values were treated as not missing completely at random. All analyses were
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conducted in SAS version 9.4 (SAS /nstituté) using the “Survey” procedure to account for
the complex survey design and 4-year sampling weights. We also modeled these associations
as nonparametric regressions using the package mgcv (30) in RStudio 4.0.4. No adjustments
were made for multiple comparisons as this is an observational study with well-defined
hypotheses and several of the outcomes are correlated (31).

Sensitivity Analyses

RESULTS

We conducted sensitivity analyses to examine the potential for selection bias. We examined
cognitive z-scores derived from the analytical sample compared to the entire NHANES
sample =60 years, to examine if those without activity data may have been less healthy

or less physically active. We also examined potential differences in sample characteristics
among those included in the analytical sample and those not included in these analyses.

Participants (n=2,708) wore the PAM on average 5.9+0.1 days and had a median daily
MIMS-unit value of 11,274.0+£68.9. A total of 2,518 participants (93% of the analytical
sample) had all three cognitive tests (see Figure S2, SDC 1, Appendix, Pattern of cognitive
test completion of the analytical sample). Characteristics of the sample are presented

in Table 1, overall and by movement quartiles. Compared to participants in Quartile 1,
participants in Quartile 4 had a lower prevalence of mild and moderate to severe depressive
symptom severity, hypertension, diabetes, obesity, and being a current smoker.

Domain-Specific Cognitive Function

Associations (B estimates and 95% confidence intervals [CI]) of the movement quartile
with domain-specific cognitive assessments are presented in Figure 1 (Model 3 adjusting
for age, sex, race/ethnicity, education, income, and depressive symptom severity) and Table
S1 (see Appendix, SDC 1, Table 1, linear regression estimates examining MIMS percentile
and domain-specific cognitive function z-score). Raw test scores are presented in Table S2
(see Appendix, SDC 1, Table 2, linear regression estimates examining MIMS percentile and
domain-specific cognitive function raw test score). Compared to the lowest quartile (Q1:
<25 percentile), being in a higher movement quartile was associated with higher memory
performance (Figure 1A), language/verbal fluency (Figure 1B), and executive performance
(Figure 1C). Being in Q4 compared to Q1 was associated with recalling 0.52 (95 % ClI:
0.28, 0.75) more words on the memory test (max score 10), 1.13 (95% ClI: 0.47, 1.79)
more words on the language/verbal fluency test, and 4.39 (95% CI: 2.38, 6.41) more words
on the executive performance test. Similarly, each 10-percentile higher was incrementally
associated with higher z-scores (memory: 0.03 [95% CI: 0.02, 0.04], language/verbal
fluency: 0.03 [95% CI: 0.01, 0.04], executive performance: 0.04 [0.02, 0.05]). There was

a slight attenuation of results when additionally controlling for intermediate vascular risk
factors (Model 4), with Q2 memory and executive performance and Q3 language/verbal
fluency no longer statistically supported.
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Subjective Cognitive Complaints

For subjective cognitive complaints, 13.4% (SE 0.8) of participants reported difficulties in
thinking or remembering and 9.6% (SE 0.7) reported experiencing confusion/memory loss.
Associations (B estimates and 95% CI) of the quartile with subjective cognitive complaints
are presented in Figure 2 and Table S3 (see Appendix, SDC 1, Table 3, Logistic regression
estimates examining MIMS percentile and subjetive cognitive complaints). Being in a
higher movement quartile (compared to Q1) was associated with lower odds of reporting
difficulties in thinking or remembering (Figure 2A) and experiencing confusion/memory
loss (Figure 2B) across all models. Being in Q4 compared to Q1 was associated with a 0.57
(95% CI: 0.37, 0.88) lower odds of reporting difficulties in thinking or remembering and

a 0.49 (95% CI: 0.27, 0.91) lower odds of reporting experiencing confusion/memory loss.
Similarly, each 10-percentile higher was associated with lower odds of reporting difficulties
in thinking or remembering and experiencing confusion/memory loss. There was a slight
attenuation of results when additionally controlling for intermediate vascular risk factors
(Model 4) for reporting difficulties in thinking or remembering. Reporting experiencing
confusion/memory loss was no longer statistically supported in the model adjusted for
intermediate vascular risk factors.

Sensitivity Analyses

Inferences were not meaningfully changed when incorporating cognitive scores from the
entire NHANES sample =60 years, thus we used the analytical sample. However, the
analytical sample had higher daily MIMS-units, was more likely to be White, have =high
school education, experience obesity, and were less likely to have income <150% of poverty,
self-report physical function difficulty, and have subjective cognitive complaints than those
that were not included in these analyses (Table S4, see Appendix, SDC 1, Differences in
participant characteristics of the analytical sample and NHANES participants =60 years
not included in the analyses). The nonparametric regressions models were significant at
< 0.001 and show a similar trend — those in the lowest percentiles for their age and sex
performed worse than the mean on all three cognitive measures (Figure 3), thus we present
the nonparametric regressions as an additional visual representation of these data but focus
our interpretation on the linear estimates.

DISCUSSION

This study explores the association of age- and sex- related percentile of a wrist-worn 24-
hour total movement activity with cognitive function in a nationally representative sample
of U.S. older adults. Alike to BMI percentile curves for children, the standardized wrist
worn MIMS-percentiles (18) were used in this study to provide unit of comparison relative
to others of the same age and sex. We found a direct association of higher cognitive
functioning in all domains (memory, language/verbal fluency, executive function/processing
speed) in participants classified in movement quartiles three and four (50-74t" and >75t)
compared to participants in the lowest 251 percentile of movement activity after adjustment
for age, sex, race/ethnicity, education, income, and depressive symptom severity. Results
for Q3 language/verbal fluency were attenuated after controlling for vascular risk factors
(Model 4). While there was not a dose-response association, as participants in the third
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and fourth quartiles had similar estimates, these results do indicate that the associations
for higher cognitive functioning appear to be among participants achieving at or above the
50" movement percentile for their age and sex. Further, participants in the 501 percentile
or higher were about half as likely to self-report difficulties in thinking/remembering or
experiencing confusion/memory loss compared to participants in the 25t percentile or
lower.

Although this study used a novel wrist-worn 24-hour movement metric, the results and
inferences align with published research on the cognitive benefits of physical activity
measured via self-report and through accelerometry. Using the NHANES self-reported
physical activity data, researchers found higher executive performance (DSST) scores in
more active older adults compared to the least active adults (32). In another NHANES study,
every 30 minutes a day spent in MVPA was associated with higher executive performance,
language fluency, and global cognition z-scores for older adults sleeping less than 7 hours
per night (33). While self-reported activity and MIMS-units are not directly comparable,
these findings suggest the higher cognitive functioning can occur in achievable movement
doses and do not occur only amongst the most ‘highly active’ groups. This implies that there
may be an optimal threshold for daily movement activity for cognitive functioning for older
adults. By using a wrist-worn device, this study has several advantages over the previous use
of self-reported activity, such as lower potential for recall bias, lower participant burden, and
the ability to more accurately quantify 24-hour movement.

Subjective cognitive complaints are associated with AD abnormalities even without changes
to cognitive test performance (34) and have been widely used in surveillance studies for
cognitive impairment (35). We found that compared to being in the lowest movement
quartile, higher quartiles were associated with lower odds of reporting difficulties in thinking
or remembering and experiencing confusion/memory loss. In a longitudinal study conducted
in China, researchers found higher daily steps were associated with reduced subjective
decline (15). Although not directly comparable, these similar findings suggest more daily
movement is correlated with lower subjective cognitive decline.

There was a slight attenuation of the measures of association after adjusting for intermediate
vascular risk factors with associations examining language/verbal fluency becoming
statistically null. This is similar to findings conducted in a cohort of older adults with
self-reported leisure time physical activity and 14-year follow-up (36). Vascular risk

factors, including hypertension and diabetes, are both potentially a consequence of low
24-hour movement, as well as risk factors for poor cognitive performance. Therefore, it

is hypothesized that these vascular risk factors may lie on the causal pathway between
24-hour movement and cognition. Although a formal mediation analysis was beyond the
scope of this study, the attenuation in our measures of association after adjustment for
vascular risk factors suggest that the association between 24-hour movement and cognition
may be partially mediated by vascular risk factors. Future analyses within a causal mediation
framework should be conducted to quantify the indirect, direct, and total effects of 24-hour
movement and vascular risk factors on cognition.
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Supporting total daily movement across the 24-hour paradigm is imperative, particularly
with the emerging evidence of the protective health benefits of light intensity physical
activity (37, 38). Using cognitive tests, studies have found higher volume of total activity

is associated with better executive functioning and verbal memory (39) with benefits for
cognitive functioning found at light intensity physical activity (38). This is important given
that older adults’ activity is often irregular and performed at lower intensity levels than
younger adults (40, 41) and the estimated prevention of over 230 million AD cases in the
U.S. with a 25% reduction in the prevalence of physical inactivity (i.e., not meeting physical
activity guidelines) (11).

It is hypothesized that higher levels of physical activity may be associated with structural
brain measures, including brain volumes, which are associated with cognitive performance.
Higher total accelerometry physical activity has been associated with higher fractional
anisotropy from cerebral white matter (14) and higher gray matter volume (16) using brain
imaging. Physical activity may increase brain volumes, particularly in the hippocampal
region, by inducing central and peripheral growth factors and growth factor cascades in
the brain (42), such as brain-derived neurotrophic factor (BDNF) and insulin-like growth
factor-1 (IGF-1), which can enhance plasticity and neurogenesis. In addition, physical
activity may increase blood flow and blood vessel growth in the brain (42) which can
improve cognition (43). Other potential mechanisms of this phenomenon include physical
activity related reduction of inflammation, which impairs growth factor signaling both
systemically and in the brain (42).

Strengths and Limitations

There are several strengths of our study, primarily the use of device-based measures for
movement activity and validated assessments of cognitive function across three domains
(26-28). Additionally, the use of a large, nationally representative sample of U.S. older
adults and inclusion of sample weights and complex sampling procedures allows for
nationally representative estimates. Further, the associations remained consistent across
subgroups of BMI, hypertension, and diabetes indicating generalizability of these results
across chronic disease conditions. This is one of the first studies to include subjective
cognitive complaints with 24-hour total movement and standardized percentiles, which is
a strength as it may be an earlier marker for prodromal AD and reflect early changes in
cognitive function that may not be captured with objective cognitive assessments.

Study limitations include the cross-sectional study design, which does not allow for causal
inferences and is potentially subject to reverse causality (44). Changes in brain volume

have been found to be associated with total physical activity (45), thus those with higher
cognition may be able to perform more movement-based behaviors. Thus, while we chose to
use activity as a predictor, cognition could also be used (44). Future research exploring
prospective associations across midlife and older adulthood in diverse samples is still
needed. Additionally, we are not able to discern the domain or type of activity (i.e., leisure
time vs occupational activity), which has been shown to be important for AD (46). However,
this is the first study to examine the relation of this novel wrist-worn metric for total
movement activity and cognitive function. Although MIMS-units were developed with a
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non-proprietary, open-source algorithm, to date, there are no validated cut points for these
units to be equated to activity intensity thresholds. Thus, we are unable to examine how
these movement profiles compare to time spent in specific intensities (i.e., light intensity and
MVPA) and, consequently, meeting physical activity recommendations. Despite this, results
support the Physical Activity Guidelines for Americans message that some activity is better
than none (4). In addition, although participants were instructed to wear the device on their
non-dominant wrist, wrist-worn accelerometers capture all wrist accelerations and thus can
capture non-functional movement, such as eating and writing, which may not be related

to brain health. Due to lack of cut points and age and sex-related MIMS-units difference,
we use the derived 24-hour MIMS-percentiles based on these data as our predictor to
quantity this movement metric. However, by doing so, we are unable to remove the
potential confounding effects of poor sleep (47-49) (e.g., greater nighttime movement) and
potentially higher daily MIMS-unit that may result. However, the standardize percentile can
provide a reference for clinicians and researchers to use for brain and body health. Finally,
although we adjust for several factors that may influence cognitive functioning, the potential
for residual confounding, such as genetic risk for AD (e.g., APOE &4 allele or familial
history) or performance-based measures of physical functioning, cannot be eliminated.

CONCLUSIONS

In summary, we found higher percentiles of movement is important for cognitive health in
older adults. The greatest associations for higher cognitive functioning and less subjective
cognitive complaints occur among those with movement activity =50t percentile. These
findings further support the importance of movement behaviors to support brain health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Linear regression models examining MIMS percentile quartile (referent = <25™ percentile)

and domain-specific cognitive function z-scores (N = 2,708). Panel A, Memory measured
via Consortium to Establish a Registry for Alzheimer’s disease (CERAD) Word Learning
(CERAD W-L) delayed recall test. Panel B, Language/verbal fluency measured via Animal
Fluency test Panel C, Executive performance measured via Digit Symbol Substitution test
(DSST). Models are adjusted for age, sex, race/ethnicity, education, income, and depressive
symptom severity.
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Figure 2:
Logistic regression models examining MIMS quartile (referent = <25™ percentile) and odds

of reporting subjetive cognitive complaints (N = 2,708). Panel A measured by, “Are you
limited in any way because of difficulty remembering or because you experience(s) periods
of confusion?’ Panel B measured by, “During the past 12 months, have you experienced
confusion or memory l0ss that is happening more often or is getting worse?’. Models are
adjusted for age, sex, race/ethnicity, education, income, and depressive symptom severity.
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Figure 3:
Nonparametic regression models with 95% confidence intervals examining the association

of MIMS percentile and change from the domain-specific z-score (N = 2,708). Panel

A, Memory measured via Consortium to Establish a Registry for Alzheimer’s disease
(CERAD) Word Learning (CERAD W-L) delayed recall test. Panel B, Language/verbal
fluency measured via Animal Fluency test Panel C, Executive performance measured via

Med Sci Sports Exerc. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dooley et al.

Page 16

Digit Symbol Substitution test (DSST). Models are adjusted for age, sex, race/ethnicity,
education, income, and depressive symptom severity.
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