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Abstract

Background: Frailty is associated with lower mean activity; however, hourly activity is highly variable among older individuals. We aimed to
relate frailty to hourly activity variance beyond frailty’s association with mean activity.

Method: Using the 2010-2011 National Social Life, Health and Aging Project wrist accelerometry data (7 = 647), we employed a mixed-
effects location scale model to simultaneously determine whether an adapted phenotypic frailty scale (0-4) was associated with the log, -mean
hourly counts per minute (cpm) and between-and within-subject hourly activity variability, adjusting for demographics, health characteristics,
season, day-of-week, and time-of-day. We tested the significance of a Frailty x Time-of-day interaction and whether adjusting for sleep time
altered relationships.

Results: Each additional frailty point was associated with a 7.6% (10°%%, § = -0.0343; 95% CI: -0.05, -0.02) lower mean hourly cpm in
the morning, mid-day, and late afternoon but not evening. Each frailty point was also associated with a 24.5% (e"*"’, § = 0.219; 95% CI:
0.09, 0.34) greater between-subject hourly activity variance across the day; a 7% (e*%7, f = 0.07; 95% CI: 0.01, 0.13), 6% (e*%, B = 0.06;
95% CI: 0,0.12), and 10% (**', = 0.091; 95% CI: 0.03, 0.15) greater within-subject hourly activity variance in the morning, mid-day, and
late afternoon, respectively; and a 6% (e, 3 = -0.06; 95% CI: -0.12, -0.003) lower within-subject hourly activity variance in the evening.
Adjusting for sleep time did not alter results.

Conclusions: Frail adults have more variable hourly activity levels than robust adults, a potential novel marker of vulnerability. These findings
suggest a need for more precise activity assessment in older adults.
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The rapid development and broad adoption of wearable sensors
have created an opportunity to improve our understanding of frailty
(1-4). Wearable activity monitors (accelerometers) are capable of
generating high-resolution logs of activity in the free-living environ-
ment over extended windows of time, information that may compli-
ment traditional brief (15-30 minutes) clinical assessments (5,6). The
literature is now ripe with studies associating accelerometry sum-
mary measures of activity volume or intensity (eg, mean counts per
minute [cpm], time spent in sedentary, light, or moderate-vigorous
activity) to frailty, related biomarkers, and disability in older adults
(1,2,7-10). Early, promising prospective studies have also used these
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intensity and volume accelerometry measures to predict risk for
longer term, frailty-related outcomes including mortality (11) and
hospitalization (12,13).

Increasing research in frailty and accelerometry has suggested
frailty does not just affect how much (14,15) one moves but how
and when (16) one moves. Fragmentation of physical activity, mod-
eled as an “active-to-sedentary transition probability” and defined
as the reciprocal of the average active bout duration, is associ-
ated with gait speed, fatigability, and combined measures of phys-
ical function (chair stands, gait, balance), and is more predictive
of mortality than traditional measures of physical activity volume
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(16). Accelerometry-based gait characteristics (amplitude, period-
icity, and stride-to-stride variability) extracted from subsecond level
accelerometry data from older adults are associated with measures
of mobility, fatigability, and fitness (17,18). Activity timing may
help distinguish frailty. The hourly activity of frail adults is most
reduced in the morning relative to pre- and nonfrail adults while
the activity level of all groups converge later in the day (3); in con-
trast, increasing age is associated with hourly activity reduction in
the afternoon (19).

While frail adults exhibit lower average activity than robust
adults, hourly activity is highly variable across individuals (19).
But, we know little about the association of hourly activity variance
with frailty. We hypothesized that activity variance itself may reflect
underlying alterations in exhaustion or energetic reserve and that
frailty would be associated with greater between- and within-subject
hourly activity variance beyond a reduction in mean hourly activity.
To relate frailty to hourly activity variance, we employed a mixed-
effects location scale (MELS) model (20), a novel statistical model
that allows the simultaneous identification of predictors of change
in outcome mean, between-subject outcome variance, and within-
subject outcome variance.

This study is the first reported application of a MELS regression
to accelerometry activity data in older adults to our knowledge. This
methodology has been applied to other longitudinal data, including
ecological momentary analysis data (21-25), for which the vari-
ance of measures or responses within groups or within individuals
is as crucial as the change in mean. The high resolution nature of
accelerometry data lends itself well to a study of activity variance. It
would be possible to study activity variance at multiple levels of the
data, such as minute-to-minute, day-to-day, or week-to-week activity
variance. We chose to study daytime activity variance at the hourly
level to reflect daily activity patterns. The MELS model allows the
study of average hourly activity, the heterogeneity of hourly levels
between individuals, and the consistency of hourly levels within in-
dividuals across hours and days of wear in parallel, each conditional
on the other. This methodologic approach has potential application
in many datasets of repeated clinical measures from continuous glu-
cose monitoring to daily symptom monitoring.

Method
Study Design

Data for this analysis were from the National Social Life, Health and
Aging Project (NSHAP) dataset. NSHAP is a nationally represen-
tative, longitudinal survey study that collects extensive information
on physical, mental, cognitive, and social health in U.S. older adults
(26). The first wave of NSHAP was in 2005-2006 which included a
nationally representative probability sample of community-dwelling
adults born between 1920 and 1947 (aged 57-85) and over-sampled
for African-Americans, Hispanics, and men. Three-thousand and
five respondents participated, corresponding to a weighted re-
sponse rate of 75.5%. Five years later (2010-2011), respondents
were re-interviewed as were their cohabiting spouse or partner,
for a total sample size of 3,377. Interviews were conducted in the
homes of each respondent by professional interviewers from NORC
at the University of Chicago. The study was approved by NORC’s
Institutional Review Board. The current secondary analysis of
de-identified data was deemed exempt from further review from the
University of Chicago Institutional Review Board. The NSHAP data
are stored at the National Archive of Computerized Data on Aging

(http://www.icpsr.umich.edu/icpsrweb/NACDA/studies/34921) and
are available to the public after completing a Data Use Agreement.

Wrist Accelerometry Substudy

Wrist accelerometry data were collected from a randomly selected
subset of 793 respondents in the 2010-2011 data collection wave.
Fifty-five of these were spouses or partners not born between
1920 and 1947 and were, therefore, excluded from this analysis
(27). Furthermore, any respondents missing data for the variables
considered in this analysis were excluded leaving 647 for the cur-
rent sample. Respondents self-identifying as being Black/African-
American and those with more comorbidities were less likely to
agree to participate in the accelerometry substudy (3). The 2010-
2011 accelerometry protocol has been previously described in detail
(Supplementary Text 1) (27). Briefly, randomly selected respond-
ents in the 2010-2011 data collection wave were asked to wear an
ActiWatch Spectrum on their nondominant wrist continuously for
72 consecutive hours (including during bathing or swimming) (27).
The filtered accelerometer signal was sampled at a frequency of 32
Hz. The maximum absolute value within each second was summed
over 15-second epochs. Data were preprocessed using the Actiware
software available from the manufacturer (28). Wear time was re-
corded using a highly sensitive, built-in galvanic heat sensor that
identified when the device was being worn; nonwear periods were
excluded. Once put on, the devices were rarely removed (only 0.17%
of epochs across all wake data were classified as off-wrist), therefore,
missing data were not imputed. Only days with at least 10 hours of
daytime monitoring were deemed “valid” and included in analyses.
Sundays were also excluded due to routinely lower activity on this
day compared to other days among older adults (29). The primary
rest intervals (one per 24-hour period) were identified using event
markers, changes in ambient light data, sleep logs, and independent
review by at least 2 study investigators as previously described in
detail and were excluded from all analyses (30). To further stand-
ardize measurement across respondents, we excluded hours of the
day having wake time activity data from less than 45% of the sample
(before 7:00 am and after 10:59 pm).

Hourly Activity

We summed consecutive 15-second epoch activity counts to obtain
the total cpm, and then calculated hourly mean cpm by summing
the activity cpm separately for each hour of the day and dividing
by 60 minutes per hour. Hours with <60 minutes of accelerometry
measurements (~13%), such as when a respondent went to bed or
awoke mid-hour, were excluded. The hourly cpm were logarithm, -
transformed to improve symmetry and stabilize the variance.

Frailty

We used an adapted 4-point phenotypic frailty scale ranging from
0 to 4 points including weakness, slow gait, exhaustion, and low
average activity (14,27). Weakness was identified using perform-
ance on a timed chair stands exercise. Respondents were asked to
stand up and sit down from a chair 5 times as quickly as possible,
and were considered weak if they required 216.7 seconds to com-
plete the exercise, were wheelchair bound, or could not complete the
task safely (27). Slow gait was measured directly by asking respond-
ents to walk 3 m at their “usual” pace. The task was preformed
twice and the fastest of the 2 attempts scored. Those requiring >5.7
seconds (or 0.53 m/s) to complete the faster of 2 timed walks—as
well as those who were wheelchair bound or could not complete
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the exercise safely—were determined to have slow gait (27). The
chair stand and timed gait cut-points were determined from the ori-
ginal Short Physical Performance Battery scoring (31). Exhaustion
was determined using 2 modified Center for Epidemiologic Studies-
Depression (CES-D) scale questions, similar to those used in the
original frailty phenotype (32). Respondents were asked how often
over the last week they felt that everything was an effort and how
often they felt that they could not get going. Answer categories for
both questions were: (a) rarely or none of the time, (b) some of the
time, (c) occasionally, or (d) most of the time. A point for exhaus-
tion was given if respondents answered “occasionally” or “most of
the time” to either question (27). Finally, low physical activity was
assessed by asking respondents the following question: “On average
over the last 12 months, how often have you participated in vig-
orous physical activity or exercise? By vigorous physical activity,
we mean 30 minutes or more of things like sports, exercise classes,
heavy housework, or a job that involves physical labor.” Answer
categories were: (a) 5 or more times per week, (b) 3 or 4 times per
week, (¢) 1-2 times per week, (d) 1-3 times per month, (e) less than
1 time per month, or (f) Never. Respondents were given a point
for low physical activity if they reported engaging in 3 or fewer
vigorous activities per month (answers d-f) (27). Self-reported
physical activity and accelerometry-measured mean activity (mean
count/135 s) are only modestly correlated (r = .27) in this dataset (1).
Respondents were identified as frail if they scored >3 points, prefrail
if they scored 1-2 points, and nonfrail if they scored 0 points.

Covariates

We considered demographic and health covariates. Age (centered,
continuous) was calculated using reported date of birth and inter-
view date. Sex (female vs male), race (White/Caucasian, Black/
African American, other), Hispanic ethnicity, and employment
status (currently working versus not working) were self-reported.
Measured weight and height were used to calculate body mass
index (BMI) (33). Cognitive function was assessed using the survey-
adapted Montreal Cognitive Assessment (MoCA-SA, range 0-30,
continuous) as previously described in detail (34,35). A modified
Charlson Comorbidity Index (range 0-16, continuous) was con-
structed using self-reported comorbidity data in the 2010-2011
data collection wave. Respondents were asked whether they had
ever been told by a doctor that they had any of the following con-
ditions (number of points given in parentheses): congestive heart
failure (1), heart attack (1), coronary procedure (1), stroke (1), dia-
betes (1), rheumatoid arthritis (1), asthma, emphysema, chronic ob-
structive pulmonary disease, or chronic bronchitis (1), dementia (1),
nonmetastatic cancer excluding skin cancer (2), or metastatic cancer
excluding skin cancer (6) (36).

Statistical Analysis
Descriptive statistics summarizing the demographic, health, and
activity characteristics of the sample were calculated. We then fit a
MELS model using the MIXREGLS program (20) (Supplementary
Text 2) to determine whether the adapted phenotypic frailty scale
was significantly associated with the mean log, -hourly cpm and
between- and within-subject hourly activity variance, adjusting for
demographic and health characteristics, month-of-wear (categor-
ical), day-of-week (categorical), and time-of-day (time bins: 7:00-
11:00 am, 11:01 AM-2:00 pm, 2:01-5:00 r™m, 5:01-11:00 r™m).

An interaction between frailty and time-of-day was tested
using likelihood ratio and Wald tests in the mean log, -hourly cpm

and within-subject variance submodels. An interaction between
frailty and time-of-day was also tested in the between-subject vari-
ance submodel which was found to be nonsignificant (Wald test:
Frailty x Morning: reference, Frailty x Mid-day p = .53; Frailty x
Late afternoon p = .11; Frailty x Evening p = .27; likelihood ratio
test comparing model with and without Frailty x Time-of-day
interaction p = .08). Therefore, this interaction is not included in
the final between-subject variance submodel. We further explored
whether frailty exhibited a nonlinear relationship with mean
log,-hourly cpm, between-subject variance, and within-subject
variance. A fully adjusted MELS model using a categorical frailty
variable (0 = nonfrail, 1-2 = prefrail, >3 = frail) rather than a
continuous frailty variable did not improve model fit (likelihood
ratio test p = .98) (37,38). Thus, we did not find evidence for a
nonlinear relationship for frailty in this analysis and report results
for the continuous frailty variable models only. We further con-
ducted a sensitivity analysis excluding the 22.1% of the sample
of older adults who were still working (Supplementary Table 1;
Supplementary Figure 1) which revealed similar findings; there-
fore, all participants regardless of working status are included in
the final model. We subsequently tested whether adjusting for total
sleep time (hours, continuous) changed the effect of frailty on mean
hourly activity or hourly activity variance.

The changes in mean hourly activity, between- and within-
subject variance associated with a 1-point increase in frailty were
converted to percentage changes for comparability and plotted using
Stata 15 (39). Specifically, we exponentiated each coefficient (10 for
the mean submodel; ef for the variance submodels) to obtain the
percent change in the hourly mean cpm and the percent change in
the variance of the log, -hourly cpm (see Supplementary Text 2 for
detailed methodology).

Results

Descriptive Characteristics

Characteristics of the analytic sample (7 = 647) with nonmissing
data for all variables are shown in Table 1. The sample included
338 females (52.2%), and the mean age was 72.5 (7.2 SD). The
mean hourly cpm was 218.5 (88.0 SD) and the mean log, -mean
hourly cpm was 2.2 (0.2 SD). The sample included a broad rep-
resentation of frailty status (frail = 14.7%, prefrail = 50.7%).
Compared to the nonfrail adults, frail adults were older (mean age:
nonfrail = 70.9, prefrail = 72.7, frail = 75.4 years), had a greater
proportion of minority older adults (proportion Black/African
American: nonfrail = 4.9%, prefrail = 11.6%, frail = 22.1%; pro-
portion Hispanic (non-Black): nonfrail = 7.1%, prefrail = 12.2%,
frail = 12.6%), a smaller proportion of working older adults (pro-
portion working: nonfrail = 31.3%, prefrail = 19.5%, frail = 9.5%),
and a higher BMI (mean BMI: nonfrail = 27.4, prefrail = 29.8,
frail = 31.1 kg/m?) on average.

Mixed-Effects Location Scale Model

We found that frail adults demonstrated higher hourly activity
heterogeneity and had less consistent hourly activity patterns
across days of wear than nonfrail adults, indicated by the signifi-
cantly higher between- and within-person hourly activity variance
(Table 2). The mean and within-subject variance submodel findings
did significantly vary by time-of-day and are therefore reported
after including the Frailty x Time-of-day interaction terms (mean
hourly activity submodel interaction term Wald test—morning:
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Table 1. Descriptive Statistics (n = 647)

Total Sample Nonfrail Prefrail Frail
Estimate

Sex

Female 338 (52.2%) 114 (50.9%) 169 (51.5%) 55(57.9%)
Age

Mean (years) 72.5 (7.2 SD) 70.9 (6.8 SD) 72.7 (6.8 SD) 75.4 (8.2 SD)

62-70 302 (46.7%) 124 (55.4%) 148 (45.1%) 30 (31.6%)

71-80 239 (36.9%) 75 (33.5%) 130 (39.6%) 34 (35.8%)

81+ 106 (16.4%) 25(11.2%) 50 (15.2%) 31 (32.6%)
Race/ethnicity

Black/African-American 70 (10.8%) 1(4.9%) 38 (11.6%) 21 (22.1%)

White/Caucasian 486 (75.1%) 187 (83.5%) 239 (72.9%) 60 (63.2%)

Hispanic (non-Black) 68 (10.5%) 16 (7.1%) 40 (12.2%) 12 (12.6%)

Other 23 (3.6%) 10 (4.5%) 1(3.4%) 2 (2.1%)
Employment

Working 143 (22.1%) 70 (31.3%) 64 (19.5%) 9 (9.5%)
Body mass index

Mean (kg/m?) 29.2 (6.1 SD) 27.4 (4.2 SD) 29.8 (6.1 SD) 31.3 (8.7 SD)

18-24 136 (21.0%) 59 (26.3%) 61 (18.6%) 16 (16.8%)

25-30 286 (44.2%) 113 (50.5%) 140 (42.7%) 33 (34.7%)

31+ 225 (34.8%) 52 (23.2%) 127 (38.7%) 46 (48.4%)
Modified Charlson Comorbidity Index® 1.0 (1.4 SD) 0.7 (1.2 SD) 1 (1.4 SD) 1.5 (1.6 SD)
Montreal Cognitive Assessment — Survey Adapted® 22.9 (4.1 SD) 24.2 (3.3 SD) 22.6 (4.2 SD) 20.8 (4.6 SD)
Hourly counts per minute (cpm) during wake hours between 7:00 am and 10:59 pm

Hourly cpm (mean) 218.5 (88.0 SD) 243.7 (89.1 SD) 212.2 (86.1 SD) 180.8 (76.7 SD)

Log-transformed hourly cpm (mean) 2.2 (0.2 SD) 2.3 (0.2 SD) 2.2 (0.2 SD) 1 (0.3 SD)
Frailty®

Mean 2 (1.2 SD) - - -

Nonfrail 224 (24.6%) - - -

Prefrail 328 (50.7%) - - -

Frail 95 (14.7%) - - -

Notes: *Modified Charlson Comorbidity Index: range 0-16. 1 point each: congestive heart failure, prior heart attack, prior coronary procedure, stroke, diabetes,

rheumatoid arthritis, asthma/emphysema/chronic obstructive pulmonary disease/chronic bronchitis, and dementia; 2 points: nonmetastatic cancer (non-skin); 6
points: metastatic cancer (non-skin). *Survey-adapted Montreal Cognitive Assessment (MoCA-SA): an 18-item version of the original 28-item MoCA, adapted

for use in large scale, survey-based studies. MoCA scores are predicted from MoCA-SA scores, range 0-30. ‘“Adapted Phenotypic Frailty Scale: range 0—4, point

assigned for slow gait, slow chair stands, self-reported exhaustion, and low self-reported physical activity.

reference; mid-day: B < 0.001, p = 1.00; late afternoon: f < 0.001,
p = .93; evening: B = 0.02, p < .001). Within-subject hourly ac-
tivity submodel interaction term Wald test—morning: reference;
mid-day: B = -0.006, p = .84; late afternoon: = 0.02, p = .44;
evening: 3 = -0.13, p < .001). Results from the fully adjusted
MELS model of hourly activity data including a Frailty x Time-
of-day interaction term in the mean and within-subject submodels
(Table 2) revealed that each additional frailty point was associ-
ated with a 7.6% (10094, § = —0.0343; 95% CI: -0.05, -0.02)
lower mean hourly cpm in the morning, mid-day, and late after-
noon but not evening. Each additional frailty point was also as-
sociated with a 24.5% (e®?, 3 = 0.219; 95% CI: 0.09, 0.34)
greater between-subject hourly activity variance across the day.
Each additional frailty point was further associated with a 7%
(e*7, B = 0.07; 95% CI: 0.01, 0.13) greater within-subject hourly
activity variance in the morning; a 6% greater within-subject
hourly activity variance in the mid-day (e®%, § = 0.06; 95% CI:
0, 0.12); a 10% (e>%, B = 0.091; 95% CI: 0.03, 0.15) greater
within-subject hourly activity variance in the late afternoon and a

6% (€%, B =-0.06; 95% CI: -0.12,-0.003) lesser within-subject
hourly activity variance in the evening. Adjusting for total sleep
time did not alter results.

Plots of the percentage change in hourly activity and vari-
ance per frailty point are shown with 95% confidence intervals
in Figure 1. The association between frailty and mean hourly
cpm and within-subject hourly activity variance were similar in
the morning (7:00 AM—11:00 Am), mid-day (11:01 AM—=2:00 pm),
and late afternoon (2:01 pm—5:00 pm) but were different in the
evening (5:01 pm—11:00 pm). Each additional frailty point was
significantly associated with a 7.6 % lower mean hourly cpm in the
morning (proportion change = 0.924; 95% CI: 0.89, 0.96), mid-
day (proportion change = 0.924; 95% CI: 0.89, 0.96), and late
afternoon (proportion change = 0.925; 95% CI: 0.89, 0.96) but
was not significantly associated with a proportion change in mean
hourly cpm in the evening (proportion change = 0.97; 95% CI:
0.93, 1.00). Each additional frailty point was significantly associ-
ated with a 24.4% higher between-subject variance of the log, -
hourly cpm across the day (proportion change = 1.244; 95% CI:
1.10, 1.41). Each additional frailty point was significantly associ-
ated with a 7% higher within-subject variance of the log, -hourly
cpm in the morning (proportion change = 1.07; 95% CI: 1.01,
1.14), 6% higher within-subject variance in the mid-day (propor-
tion change = 1.06; 95% CI: 1.00, 1.13), and 10% higher within-
subject variance in the late afternoon (proportion change = 1.10;
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Table 2. Mixed-Effects Location Scale Model Simultaneously Regressing log, -Hourly Counts per Minute, Between-Subject Hourly Counts
per Minute Variance and Within-Subject Hourly Counts per Minute Variance on Frailty? Including Frailty x Time-of-Day Interaction With 7:00

AM-11:00 am as Reference Group

log,,~Mean Hourly cpm Submodel

Between-Subject Variance
Submodel*

Within-Subject Variance
Submodel*

B (95% CI; p value)

B (95% CI; p value)

B (95% CI; p value)

Frailty® (range 0-4)

-0.0343 (-0.05, -0.02; <.001)

0.219 (0.09, 0.34; <.001)
0.13 (-0.14, 0.40; .35)
-0.06 (-0.25, 0.12; .50)

0.07 (0.01,0.13; .03)
-0.15 (-0.26, -0.04; .006)
0.11 (0.03, 0.19; .008)

Female 0.09 (0.06, 0.12; <.001)
Age (per decade) -0.06 (-0.08, —-0.04; <.001)
Race/ethnicity

Caucasian/White Ref

-0.02 (-0.08, 0.03; .38)
Hispanic 0.02 (=0.03, 0.07; .38)
Other 0.04 (-0.02,0.10; .17)

Currently working 0.03 (-0.004, 0.06; .09)

African American/Black

Body mass index (centered)

Montreal Cognitive Assessment — SA

(centered)

Modified Charlson Comorbidity Scale

Frailty® x Time-of-day interaction
Morning (7:00 AM-11:00 am) Ref
Mid-day (11:01 AM=2:00 pm) <0.001 (~0.010, 0.010; 1.0)
Late afternoon (2:01 pM—5:00 pm) <0.001 (-0.009, 0.010; .93)
Evening (5:01 pmM—11:00 pm) 0.02 (0.01, 0.03; <.001)

-0.003 (-0.007,0.001; .11)

-0.02 (-0.03, -0.01; <.001)

-0.005 (-0.007, -0.002; <.001)

Ref Ref

-0.02 (-0.47,0.43; .93 0.21 (0.02, 0.39; .03)
~0.31(=0.72,0.11; .15 0.08 (<0.11,0.27; .43)
-0.55 (-1.26,0.17; .14 -0.05 (-0.33, 0.24; .74)
-0.12 (-0.45,0.22; .49 -0.09 (-0.22, 0.05; .22)
~0.004 (~0.020, 0.013; .66) 0.008 (~0.001, 0.17; .08)
-0.03 (-0.06, 0.01; .10) 0.02 (0.001, 0.03; .03)
0.08 (<0.02, 0.17; .11) 0.04 (~0.001, 0.08; .06)

- Ref

- ~0.006 (~0.063, 0.051; .84)
- 0.02 (-0.04, 0.08; .44)

- -0.13 (-0.19, -0.08; <.001)

Notes: *Model additionally adjusted for: hour-of-day, day-of-week, and month-of-wear. "Frailty scale: range 0—4, higher score indicates worse frailty. ‘Mean

hourly activity was log, -transformed to satisfy normality assumptions. However, the mixed-effects location scale model estimates the between-subject and within-

subject variance and their effects on the natural log scale. Values in bold type indicates p value < .05.

95% CI: 1.03, 1.17) and a 6% lower within-subject variance of
the log, -hourly cpm in the evening (proportion change = 0.94;
95% CI: 0.88, 0.997).

Discussion

While we confirmed that increasing frailty is associated with
lower mean hourly activity (3), for the first time, we found
that increasing frailty is significantly associated with increased
between-subject hourly activity variability. This finding implies
that as frailty increases, the hour-to-hour activity level variability
also increases and may reflect a broadening range of mobility cap-
abilities or energy reserves as frailty advances. We did not find
that the most frail adults were consistently inactive across the
day which would have suggested that high frailty scores reflect
homogenously inactive older adults. Instead, we found that the
most frail adults in this sample exhibited heterogeneous hourly
activity levels. The heterogeneity in hourly activity among increas-
ingly frail adults might mean that frail adult activity depends on
a much broader range of factors than robust adults not explored
in this analysis such as social context (9), the walkability of the
neighborhood (40), intermittent napping as a result of exhaus-
tion (41), wavering cognitive processes (42), and physiologic
dysregulation of cortisol and circadian rhythm (43). The hetero-
geneous nature of frail adult hourly activity levels also suggests a
potential clinical role for more precisely assessing and monitoring
activity as frailty advances. These assessments could help distin-
guish the potential mobility or energetic heterogeneity among
those with more advanced frailty and could help direct tailored
activity interventions, the most promising frailty intervention to
date (44), when a “one size” prescription inevitably does not fit
all. For example, wrist accelerometry could be used to determine

personalized physical activity goals based on activity levels across
the day. For a frail older adult who is active in the morning but
less active in the afternoon, one might recommend an increase in
moderate activity in the afternoon. For the frail older adult who
is inactive all day, one might recommend breaking up prolonged
inactive bouts throughout the day with light activity.

We also found that increasing frailty was associated with
increasing within-subject activity variance across hours and days of
wear during the morning and afternoon but not evening. The in-
dividual frail adults in this study were less likely to have the same
hourly activity levels across hours and day-to-day. Because this study
is cross-sectional, this finding is strictly an association. However,
it suggests loss of hourly activity routine consistency may be an
early frailty indicator. A future study assessing hourly activity vari-
ance changes over time would help answer this question. With the
increasing ease and acceptability of wearable wrist sensors (45), the
potential translation of accelerometry monitoring to augment the
in-person frailty assessment is becoming feasible (46). This type of

«

monitoring might help detect and quantify a patient’s “good” mo-
bility days from “bad” days, triggering social or medical check-ins.
Early translational accelerometry studies have shown promise in
monitoring post-acute care and stroke recovery (12,47), hospital-
ization risk (48), and to assist chronic disease management (49). The
use of accelerometry to augment the clinical frailty and geriatric as-
sessment has received little attention to date but the noninvasive,
remote evaluation of one of the most critical aspects of older adult
health—mobility—is appealing (50).

While these findings offer new insight into frailty activity hetero-
geneity, this study has several limitations that may have impacted
the findings. The accelerometry protocol in NSHAP was brief, and
study participants typically contributed only 2-3 valid days of wear
over which to assess activity variance. While we have shown that
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Figure 1. Proportion change in mean, between-subject variance and
within-subject variance for each additional frailty point across the day. The
association between frailty (range 0-4) and mean hourly counts per minute
(cpm), between-subject hourly activity variance, and within-subject hourly
activity variance are plotted as proportions of change for each additional
frailty point. The proportion of change for the mean was expressed as a
percent change in the actual mean hourly cpm (10°). The proportion of
change for between- and within-subject variance was expressed as a percent
change in the variance of the log,, hourly cpom (). The association between
frailty and mean hourly cpm and within-subject hourly activity variance were
similar in the morning (7:00 AmM—-11:00 am), mid-day (11:01 Am-2:00 pm), and
afternoon (2:01 pm—-5:00 pm) but were different in the evening (5:01 pv—11:00
pm). The association between frailty and between-subject hourly activity
variance is estimated over the entire day as the time-of-day interaction was
not significant. Each additional frailty point was significantly associated with
a 7.6% lower mean hourly cpm in the morning (proportion change = 0.924;
95% Cl: 0.89, 0.96), mid-day (proportion change = 0.924; 95% CI: 0.89, 0.96),
and afternoon (proportion change = 0.925 95% CI: 0.89, 0.96) but was not
significantly associated with a proportion change in mean hourly cpom in the
evening (proportion change = 0.97; 95% ClI: 0.93, 1.00). Each additional frailty
point was significantly associated with a 24.4% higher between-subject
variance of the log,-hourly cpm across the day (proportion change = 1.244;
95% ClI: 1.10, 1.41). Each additional frailty point was significantly associated
with a 7% higher within-subject variance of the log,-hourly cpm in the
morning (proportion change = 1.07; 95% CI: 1.01, 1.14), a 6% higher within-
subject variance in the mid-day (proportion change = 1.06; 95% CI: 0.999562,
1.13), a 10% higher within-subject variance in the late afternoon (proportion
change = 1.10; 95% Cl: 1.03, 1.17), and a 6% lower within-subject variance of
the log,,-hourly cpm in the evening (proportion change = 0.94; 95% Cl: 0.88,
0.997).

estimates of mean daily activity volume calculated over just 2 or
3 days of wear versus over 7 days of wear are highly correlated in
older adults (Lin’s correlation coefficient r = 0.93, 0.96 for 2 vs 7
and 3 vs 7 day calculations, respectively (29)), it is likely that hourly
activity variance would be higher among all individuals if additional
wear days were included. The identification of a significant relation-
ship between frailty and between- and within-subject hourly activity
variance over such a short wear time is noteworthy, but repeating
this analysis over longer wear periods would be valuable. An add-
itional limitation of this study is that the MELS model is not able to
incorporate survey weights at this time. Therefore, our study find-
ings cannot be used to make inferences about the U.S. population
of adults born between 1920 and 1947 but does reflect a random
sample of community-dwelling, U.S. older adults. Future extensions
of this model may allow incorporation of survey weights. It is of great
clinical and research relevance that older adults were less likely to
participate in the wrist accelerometry substudy if they self-identified
as Black/African-American or had a high burden of comorbidities

in this study, particularly since adults who have a high burden of
comorbidities are also at increased risk of frailty. However, NSHAP
over-sampled for older adults self-identifying as one of the racial/
ethnic minorities, and we, therefore, have preserved their represen-
tation in this analysis.

In summary, this study demonstrated the application of a new
methodology, a MELS model, to study the relationship of frailty to
between- and within-subject hourly activity variance in older adults
using wrist accelerometry data while accounting for the association
between frailty and mean hourly activity. Increasing frailty was as-
sociated with more hourly activity level heterogeneity and less con-
sistency across hours and days of wear than more robust adults,
confirming our hypotheses. These findings suggest a potential role
for more precise activity monitoring as frailty advances. Replication
of this analysis in a study with longer wear protocols is needed.
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