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Abstract

Background/Objectives:  Accelerometry measures older adult (in)activity with high resolution. Most studies summarize activity over the entire wear 
time. We extend prior work by analyzing hourly activity data to determine how frailty and other characteristics relate to activity among older adults.
Methods:  Using wrist accelerometry data collected from the National Social Life, Health and Aging Project (n = 651), a nationally-representative 
probability sample of older adults, we used mixed effects linear regression to model the logarithm of hourly counts per minute as a function of 
an adapted phenotypic frailty score, adjusting for demographic and health characteristics, season, day of week and time of day.
Results:  Higher frailty scores were associated with modestly lower activity; each frailty point (0–4) corresponded to a 7% lower mean hourly 
counts per minute. Older age, more comorbidities, male gender, and higher BMI were also associated with lower activity, though the latter 
was not evident among frail respondents. After adjusting for differences associated with frailty and other covariates, a substantial amount of 
between-individual variability in activity remained, as well as within-individual variability across days.
Conclusion:  Our findings indicate that frail elders, men, those who are older, overweight or have multiple comorbidities are most likely to have 
low activity. However, residual differences between individuals remain larger than the differences associated with frailty and other covariates. 
We suggest defining individual-specific activity goals and further research to identify the sources of between-individual variability to better 
understand how activity reflects health status and to permit the development of more effective interventions.
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The advent and broad adoption of accelerometry-based activity moni-
tors raises the possibility of using objective activity measures as health 
indicators among frail older adults for whom maintaining mobility is 
essential for independent living (1,2). The traditional brief (15–30 min-
utes) clinical assessment of physical activity relies on self-report of past 
events and “typical” activity. While this face-to-face encounter is the 
primary vehicle for medical care delivery, it may not alone provide an 
ideal assessment of actual patient health behaviors, function or mobility.

Accelerometry permits an objective, continuous activity assessment 
in the free-living environment (3). Most accelerometry research has 
used summary measures, averaged over the entire wear time (eg, aver-
age daily activity counts per minute (CPM), average proportion of the 
day spent in various activity intensities, etc.) (4). However, accelerom-
etry data are recorded at much higher resolution (eg, once per minute 
or higher), and there is growing interest in determining whether more 
detailed mobility patterns inform health (5–7). Several investigators 
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have examined the activity of older adults across the day using smooth-
ing functions (6) and spline regression (8). Others have described 
accelerometry-based patterns of falls in adults with progressive supra-
nuclear palsy using wavelet analysis (9). This work highlights the utility 
of analyzing high resolution accelerometry data and of accounting for 
systematic changes in activity level throughout the day.

The increasing use of accelerometers raises several questions about 
the relevance of objective activity specifically to older adults. For exam-
ple, how are specific health conditions associated with activity level? 
How does activity level vary among demographic and clinical sub-
groups? How do differences in average activity level between subgroups 
compare to variability between individuals within those subgroups or 
across days within the same individual? Throughout the life span, men 
and women have differing levels and types of activity (10,11), and the 
circadian activity patterns in older adults change with age (6). Few stud-
ies, however, have examined demographic and health-related predictors 
of activity in the general population of older adults while considering 
other sources of variability in activity level, such as the systematic ten-
dency of all older adults to be most active in the morning and the ten-
dency of individuals to follow specific routines (5,11).

Identifying factors associated with activity level among clinically 
relevant subgroups is needed to establish appropriate therapeutic 
targets. Frailty status is increasingly being used to risk-stratify older 
patients (12), and inactivity is both a defining feature of frailty (13) 
and a common target of frailty interventional studies (14). Physical 
activity is considered the model older adult health intervention given 
its relevance to most if not all older adults, its low side effect profile, 
and its global physiologic health benefits (15). Understanding how 
objectively measured activity relates to clinical frailty criteria would 
lead to improved frailty assessment and better tailored interventions, 
thereby advancing the field.

Using wrist accelerometry data from the National Social Life, 
Health and Aging Project (NSHAP), we analyzed hourly activity 
among a U.S. nationally-representative sample of older, home-dwell-
ing adults. We used mixed effects linear regression with penalized 
splines to model the log10 mean CPM (calculated hourly) as a func-
tion of frailty and other demographic and clinical characteristics, 
and to estimate the residual variability between individuals and 
within individuals across days, adjusting for time of day, day of week 
and season. Our primary aims were: (i) to determine how hourly 
activity level is related to clinical frailty criteria in older adults; (ii) 
to identify demographic and clinical characteristics associated with 
differences in hourly activity level adjusting for frailty; and (iii) to 
estimate the magnitude of variation in activity level between indi-
viduals. Our secondary aim was to explore whether the effects of 
frailty and other covariates on hourly activity varied across the day.

Methods

Study Design
NSHAP is a U.S.  national, longitudinal survey study that collects 
extensive information on physical, mental, cognitive, and social 
health (16). The study began in 2005–2006 (Wave 1) with a nation-
ally-representative probability sample of community-dwelling adults 
born between 1920 and 1947 (aged 57–85 years), including oversam-
ples of African Americans, Hispanics, and men. Three-thousand and 
five respondents participated, corresponding to a weighted response 
rate of 75.5%. Five years later (Wave 2, 2010–2011), respondents 
remaining alive were reinterviewed as were their cohabiting spouse 
or partner, for a total Wave 2 sample size of 3,377. Respondents 
were interviewed in their homes by professional interviewers from 

the National Opinion Research Center (NORC). The study was 
approved by NORC’s Institutional Review Board and secondary 
analysis of deidentified data was deemed exempt from further review 
from the University of Chicago Institutional Review Board. The 
NSHAP data are publically available and can be obtained from the 
National Archive of Computerized Data on Aging (http://www.icpsr.
umich.edu/icpsrweb/NACDA/studies/34921) after completing a 
Data Use Agreement. The Stata code for this analysis has been posted 
on GitHub at https://github.com/mhuisingh/frailty-hourly-accel.

Wrist Accelerometry Substudy
Wrist accelerometry data were collected from a randomly-selected sub-
set of 793 Wave 2 respondents; of these, 55 were spouses or partners 
not born between 1920 and 1947 and were excluded from this analysis 
(17). Black/African American respondents and those with more comor-
bidities were less likely to agree to participate in the accelerometry 
sub-study. Respondents were asked to wear an ActiWatch Spectrum® 
on their nondominant wrist continuously for 72 consecutive hours 
(including during bathing or swimming) (17). The Actiwatch Spectrum 
is a validated, omnidirectional, piezo-electric accelerometer used to 
measure sleep and activity (18,19). The filtered accelerometer signal is 
sampled at a frequency of 32Hz, with the maximum absolute value 
within each second summed over 15-second epochs to yield a count. 
Data were preprocessed using the Actiware® software available from 
the manufacturer (19). Wear time was recorded 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 respondents during the 
days analyzed here were classified as off-wrist), so missing data were 
not imputed. Only days with at least 10 hours of daytime monitoring 
were included. Sundays were also excluded due to routinely lower activ-
ity on this day compared to other days among older adults (20). The 
primary rest intervals (one per 24-hour period) were identified using 
event markers, changes in ambient light data, sleep logs, and independ-
ent review by at least two study investigators and were excluded from 
all analyses (21). To further standardize measurement across respond-
ents, we excluded hours of the day having wake time activity data from 
fewer than 45% of the sample. Hours between 11:00 pm and 6:59 am 
included wake time data from fewer than 293 (range 7–193) individuals 
per hour as most study participants were still asleep, so these hours were 
excluded. Hours between 7:00 am and 10:59 pm included wake time 
data from at least 308 (range 308–650) individuals per hour, so these 
hours were included. Of note, older respondents were more likely to 
have three valid days of accelerometry wear (as opposed to only one or 
two), indicating that our strategy of including all available days for all 
respondents may if anything overweight our analysis toward the oldest 
respondents (as opposed to under-representing them).

Hourly Activity
For each respondent, we calculated hourly mean CPM by summing the 
activity counts separately for each hour of the day and dividing by 60 
minutes per hour. Hours with less than 60 minutes of accelerometry 
measurements were excluded (~13% of the hours, typically those in 
which a respondent went to bed or awoke midway through the hour).

Frailty
We used an adapted 4-point phenotypic frailty scale for which 
respondents received one point for each of four criteria (13,17). 
Weakness was identified using performance on a timed chair stands 
exercise. Respondents were asked to stand up and sit-down from a 
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chair five times as quickly as possible, and were considered weak if 
they required ≥16.7 seconds to complete the exercise, were wheel-
chair bound or could not complete the task safely (17). Slow gait 
was measured directly by asking respondents to walk 3 meters at 
their “usual” pace; those requiring ≥5.7 seconds (or 0.53 m/s) to 
complete the faster of two timed walks—as well as those who 
were wheelchair bound or could not complete the exercise safely—
were determined to have slow gait (17). The chair stand and timed 
gait cut-points were determined from the original Short Physical 
Performance Battery scoring (22). Exhaustion was determined using 
two modified Center for Epidemiologic Studies Depression (CESD) 
scale questions (23). 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 ques-
tions were: (i) rarely or none of the time, (ii) some of the time, (iii) 
occasionally, or (iv) most of the time. A point for exhaustion was 
given if respondents answered “occasionally” or “most of the time” 
to either question (17). 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 vigorous physical 
activity or exercise? By vigorous physical activity, we mean 30 min-
utes or more of things like sports, exercise classes, heavy housework, 
or a job that involves physical labor.” Answer categories were: (i) five 
or more times per week, (ii) three or four times per week, (iii) one to 
two times per week, (iv) one to three times per month, (v) Less than 
one time per month, or (vi) Never. Respondents were given a point 
for low physical activity if they reported engaging in three or fewer 
vigorous activities per month (answers iv–vi) (17). Respondents were 
identified as frail if they scored ≥3 points, prefrail if they score 1–2 
points, and nonfrail if they scored 0 points. A  sensitivity analysis 
exploring a 5-point frailty scale including weight loss (Wave 1–Wave 
2 weight) did not significantly change results but did reduce sample 
size by 205 respondents. Therefore, we present results for the 4-point 
frailty scale to maintain sample size.

Covariates
Age on the date of the interview was calculated using reported date 
of birth. Gender (women versus men), race (white/Caucasian, black/
African American, other), Hispanic ethnicity, and employment sta-
tus (currently working versus not working) were self-reported. 
Measured weight and height were used to calculate body mass 
index (BMI) (24). Cognitive function was assessed using the survey-
adapted Montreal Cognitive Assessment (MoCA-SA) as previously 
described in detail. MoCA scores (range 0–30) are estimated from the 
18-item MoCA-SA using a linear prediction model (25,26). A modi-
fied Charlson Comorbidity Index (range 0–16) was constructed 
using self-reported comorbidity data in Wave 2. Respondents were 
asked whether they had ever been told by a doctor that they had 
the following conditions (number of points given in parentheses): 
congestive heart failure (1), heart attack (1), coronary procedure (1), 
stroke (1), diabetes (1), rheumatoid arthritis (1), asthma, emphy-
sema, chronic obstructive pulmonary disease, or chronic bronchitis 
(1), dementia (1), non-metastatic cancer excluding skin-cancer (2), 
or metastatic cancer excluding skin cancer (6) (27).

Statistical Analysis
A mixed effects linear regression model was fit to the log10 of the hourly 
mean CPM (28); the logarithmic transformation was used to reduce 
skew and stabilize the variance. In addition to covariates measur-
ing respondent attributes, we also included hour of day, day of week 

(Monday through Saturday) and month, all modeled as discrete factors, 
to account for possible systematic differences in activity level through-
out the day and week, as well as differences by season. Random effects 
representing overall differences in activity level between respondents 
and between individual days within respondent were included, under 
the usual assumptions that they are normally distributed and uncor-
related. The model was fit to the overall sample and separately to sub-
groups based on frailty status, gender, and age. To determine whether 
covariate effects differed depending on time of day, we also fit the model 
separately to the data for three time-of-day segments: morning (7:00 
am–12:00 pm), afternoon (12:00 pm–5:00 pm), and evening (5:00 
pm–10:59 pm). Tests of the differences in covariate effects across sub-
groups and time of day were performed by fitting a model to the entire 
sample containing interaction terms between each covariate and the 
subgroup (or time of day) indicator; the interaction terms involving a 
given covariate were then jointly tested using a Wald test.

To visualize changes in activity level across the day, we refit the 
regression models described above replacing the hour of day factor 
variable with a penalized spline (29). We then plotted the estimated 
spline terms after adding the overall marginal mean for the sample 
(or subgroup). The resulting plots show the average change in mean 
activity from 7:00 am to 10:59 pm, adjusting for the covariates.

All analyses (including the descriptive statistics in Table 1) were 
weighted using the sampling weights distributed with the data set, 
and may therefore be used to make inferences about the U.S. popu-
lation of adults born between 1920 and 1947. These weights account 
for differences in the probability of selection as well as differen-
tial nonresponse by age and race/ethnicity. Standard errors were 
obtained for all analyses using the sandwich variance estimator to 
account for nonindependence within Primary Sampling Units (PSUs) 
(this variance estimator also has the benefit of being robust to cer-
tain departures from model assumptions) (30). Statistical analyses 
were conducted with Stata 15 (StataCorp.  2015. Stata Statistical 
Software: Release 15. College Station, TX: StataCorp LP).

Results

After the exclusions described above, there were 10,197 hours from 
341 women and 9,066 hours from 310 men available for the regres-
sion analysis. The demographic characteristics and distribution of 
frailty among our analytic subsample is noted in Table 1. Although 
men and women were roughly comparable in terms of frailty, the 
mean hourly CPM during awake hours was significantly lower 
among men than women (199.6 vs 244.2, p < .001). This subsam-
ple of accelerometry participants had fewer frail elders, particularly 
among women, compared to the entire age-eligible Wave 2 NSHAP 
sample though the mean frailty scores were similar (Women: frail 
prevalence: 16.5%, mean frailty score 1.2; Men: frail prevalence: 
12.1%, mean frailty score 1.1).

Mixed Effects Regression Models
After adjusting for demographic and health characteristics, season, 
day of week and time of day, frailty was associated with lower mean 
log10 hourly CPM, with each frailty point corresponding approxi-
mately to 7% (10−0.03 = 0.93) lower hourly activity (Table 2). Men 
were less active than women, with a difference approximately equal 
to 3 frailty points or an additional 14 years of age. Comorbidities 
and higher BMI were also associated with lower activity. Quadratic 
terms for BMI, CCI, and age were examined, and suggested a non-
linear (ie, a decreasing marginal effect with increasing BMI) effect of 
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BMI (BMI2: p = .004, CCI2: p = .22, age2: p = .11). Race/ethnicity, 
working status, and cognitive function (linear or quadratic terms) 
did not have statistically significant associations with activity.

Refitting the model separately by frailty group yielded the larg-
est estimated effect of age among the nonfrail cohort, however a 
test of the interaction between age and frailty group was not statis-
tically significant (p = .15). The effects of gender and comorbidities 
on hourly activity did not appear to vary based on frailty status, 
however the effect of BMI decreased with worsening frailty status 
(p  =  .005 for a test of the interaction between BMI and frailty 
group).

Separate models fit to gender and age subgroups (and tests of 
differences in effects across models) did not provide any evidence 
for differences in the association between frailty and activity (across 
gender models: p = .44; across age models: p = .98), and the same 
was true for age (across gender models: p  =  .42), BMI (across 
gender models: p  =  .86; across age models: p  =  .88) and comor-
bidities (across gender models: p = .27; across age models: p = .73) 
(Supplementary Table 1).

The estimated standard deviation of the individual-level 
random effects was 0.16 for the model fit to the entire sample 
(Table  2)—roughly five times the estimated magnitude of the 
decrease in activity level associated with each additional frailty 

point. This estimated variability of the random effects increased 
slightly with increasing frailty. The standard deviation of the 
within individual day-of-week effect was 0.07 in the overall sam-
ple—roughly twice the estimated magnitude of an additional 
frailty point—and was similar across subgroups. This variability 
between individuals, as well as the variability within individu-
als across days of wear, is further illustrated in Supplementary 
Figure 1 which plots the hourly CPM across days for four selected 
respondents. There is substantial variability in hourly activity 
between and within individuals.

Adjusted hourly activity plotted across the day (7:00 am–10:59 
pm) for the overall sample and for frailty, age, and gender sub-
groups is shown in Figure  1A–D. Compared to nonfrail adults, 
frail adults reach their peak activity later in the morning, and all 
three frailty groups converge toward the end of the day (Figure 1B). 
This is consistent with the regression models stratified by time of 
day (Supplementary Table  1), which show the estimated effect of 
frailty to be smallest in the evening (p = .023 for a test of the inter-
action between frailty and time-of-day). In contrast, the effect of 
age appears to be slightly smaller in the morning (Figure  1C and 
Supplementary Table 1; p = .039 for a test of the interaction between 
age and time-of-day), while the curves for men and women are 
largely parallel (Figure 1D).

Table 1.  Descriptive Statistics (n = 651)

Women
Participants: N = 341
Hours: N = 10,197

Men
Participants: N = 310
Hours: N = 9,066

Estimate 95% CI Estimate 95% CI

Age
  Mean (years) 71.3 70.5–72.1 72.5 71.6–73.3
  62–70 (%) 55.1 48.4–61.6 47.7 41.7–53.8
  71–80 (%) 32.2 26.5–38.6 36.2 30.6–42.2
  81+ (%) 12.7 9.3–17.0 16.1 11.6–22.1
Race/Ethnicity (%)
  Black/African American 7.4 4.8–11.4 6.0 3.7–9.7
  White/Caucasian 84.0 78.5–88.3 83.9 78.8–88.0
  Hispanic (non-Black) 5.1 3.1–8.2 6.3 3.6–11.0
  Other 3.5 1.5–7.8 3.7 2.0–6.7
Employment (%)
  Working 23.9 18.5–30.2 28.4 21.9–35.9
Body Mass Index
  Mean (kg/m2) 28.9 28.2–29.5 29.1 28.4–29.8
  18–24 (%) 24.3 19.9–29.4 19.4 14.7–25.1
  25–30 (%) 42.0 36.2–48.0 45.5.0 39.2–51.9
  31+ (%) 33.7 28.7–39.1 35.1 28.8–42.0
Modified Charlson Comorbidity Index* 0.8 0.6–0.9 1.2 1.0–1.4
Montreal Cognitive Assessment—Survey Adapted** 23.9 23.3–24.4 22.8 22.1–23.4
Hourly Counts Per Minute During Wake Hours Between 7:00 am and 10:59 pm (CPM)
  Hourly CPM (mean) 244.2 231.7–256.7 199.6 186.3–213.0
  Log-Transformed Hourly CPM (mean) 2.3 2.2–2.3 2.2 2.2–2.2
Frailty***
  Nonfrail 36.5 31.0–42.4 37.1 30.3–44.5
  Prefrail 47.0 41.0–53.0 50.7 43.7–57.7
  Frail 16.5 12.6–21.3 12.1 8.6–16.9
Frailty (mean) 1.2 1.1–1.4 1.1 0.9–1.3

Note: *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, dementia; 2 points: nonmetastatic cancer (nonskin); 6 points: 
metastatic cancer (nonskin). **Survey-Adapted Montreal Cognitive Assessment (MoCA-SA): An 18-item version of the original 28-item Montreal Cognitive 
Assessment (MoCA), adapted for use in a largescale, 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, low self-reported physical activity.
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Discussion

These results demonstrate an association between clinical frailty 
and objectively-measured hourly activity level in the general popu-
lation of older adults that is uniformly present across gender and 
age subgroups, a new contribution to the literature. This associ-
ation persists despite adjusting for additional potential confounders 
such as BMI and comorbidity burden. We further found that the 

greatest difference in hourly activity among frailty subgroups was in 
the morning hours of the day, and frail adults tend to have delayed 
peak morning activity. This delay in activity may reflect symptoms 
of fatigue and exhaustion, also commonly present in this syndrome. 
Understanding this frailty-associated activity pattern may provide 
new insight into detecting frailty. However, the magnitude of the 
association between frailty and hourly activity is modest relative to 
associations between activity level and demographic characteristics 
and is similar in magnitude to having an additional comorbidity. 
Thus, although frailty is in part defined by the presence of low activ-
ity, empirically it is by no means synonymous with it. While indi-
viduals clinically identified as frail are indeed at higher risk of having 
low activity, other characteristics (including perhaps some not stud-
ied here) predict objective low activity as well or better.

Characteristics associated with lower physical activity include 
male gender, older age, higher BMI, and a higher comorbidity bur-
den (8,31). Current guidelines provide general physical activity 
targets for the entire older adult population ≥ 65 (32). We found 
that hourly activity was substantially lower at older ages regard-
less of the subgroup analyzed (we estimate an approximate 13% 
decrease in hourly activity for each additional decade of age). While 
activity was lower across the day with advancing age (Figure 1C), 
regression models stratified by time of day suggest advancing age 
may have a bigger impact in the afternoon and evening compared to 
the morning hours as others have previously described among older 
adults (6). Using the same activity targets for all older adults may 
thus be inappropriate, and age-adjusted goals may provide more 
achievable benchmarks that can still improve health. Supporting this 
idea, recent work in older osteoarthritis patients found that mainte-
nance of high functioning was obtained with as few as 45 minutes 
(compared to the recommended 150 minutes) of moderate-vigorous 
activity per week (33). Furthermore, age-associated conditions (eg, 

Table 2.  Adjusted Mixed Effects Linear Regression: Predictors of Log10-Transformed Hourly Counts Per Minute (Wrist Accelerometry, 7:00 
am–10:59 pm) Among Older, U.S. Adults in the Overall Sample and by Frailty Status*

Total Sample N = 651 Nonfrail N = 225 Prefrail N = 330 Frail N = 96

Covariate β (p value) β (p value) β (p value) β (p value)

Frailty** –0.03 (p ≤ .001) NA NA NA
Age (per decade) –0.06 (p < .001) –0.09 (p < .001) –0.05 (p = .004) –0.06 (p = .09)
Female Gender 0.08 (p < .001) 0.07 (p < .001) 0.09 (p < .001) –0.004 (p = .93)
Body Mass Index –0.004 (p = .004) –0.01 (p = .007) –0.005 (p < .001) 0.001 (p = .55)
Race/Ethnicity
  Black –0.03 (p = .23) –0.03 (p = .44) –0.02 (p = .60) –0.05 (p = 0.43)
  Hispanic 0.02 (p = .50) –0.007 (p = .87) 0.02 (p = .66) –0.004 (p = .96)
  Other 0.03 (p = .31) 0.11 (p = .001) 0.03 (p = .51) –0.46 (p < .001)
  White Ref Ref Ref Ref
Working 0.03 (p = .14) –0.002 (p = .93) 0.05 (p = .047) 0.02 (p = .81)
MoCA-SA*** –0.002 (p = .23) –0.001 (p = .69) –0.004 (p = .13) 0.001 (p = .85)
Modified CCI**** –0.02 (p < .001) –0.02 (p = .03) –0.03 (p < .001) –0.02 (p = .08)
Standard Deviation of Variance Components
  Individual 0.16 0.14 0.16 0.19
  Day of Week Within Individual 0.07 0.06 0.08 0.07
  Residual 0.30 0.29 0.30 0.33

Notes: CCI = Modified Charlson Comorbidity Index; SD = standard deviation; NA = not applicable. The bolded values and p-values indicate the findings are 
statistically significant. *Models adjusted for hour of day, month of wear, day of week, and survey design. Hours with less than 60 minutes, Sundays, and the 11:00 
pm–6:59 am interval were excluded from analyses. **Adapted Phenotypic Frailty Scale: Range 0–4, point assigned for slow gait, slow chair stands, self-reported 
exhaustion, low self-reported physical activity. ***Survey-Adapted Montreal Cognitive Assessment (MoCA-SA): An 18-item version of the original 28-item 
Montreal Cognitive Assessment (MoCA), adapted for use in a largescale, survey-based studies. MoCA scores are predicted from MoCA-SA scores, range 0–30. 
****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, dementia; 2 points: nonmetastatic cancer (nonskin); 6 points: 
metastatic cancer (nonskin).

Figure  1.  Multivariate mixed effects linear regression models fit with a 
penalized spline for hour of day and adjusted for frailty, age, gender, body 
mass index, race/ethnicity, working status, cognitive function, comorbidity 
burden, month of wear, day of week, hour of day, and survey design were 
used to plot the average change in mean hourly CPM during wake hours 
between 7:00 am and 10:59 pm among older U.S. adults. Activity curves are 
plotted separately for the overall sample (A) and by frailty status (B), age 
category (C), and gender (D).
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gait impairment) typically increase the energy cost of activity, sug-
gesting that moderate to vigorous activity may be achieved at lower 
thresholds for older adults (34). The drop in afternoon activity sug-
gests an intervention for older adults targeting these hours could be 
particularly fruitful.

Although higher BMI was associated with lower activity overall, 
the magnitude of the effect decreased with worsening frailty. While 
this finding needs to be confirmed through replication, it is possible 
that frail elders with unintentional weight loss, exhaustion, and sar-
copenia are unable to maintain activity regardless of their weight. In 
fact, both low and high BMI are considered risk factors for frailty, 
which might help to explain the lack of association between BMI 
and activity among frail respondents (35). Consequently, simultan-
eous efforts to reduce excessive weight and increase activity may 
be most effective among nonfrail and prefrail individuals, regardless 
of age.

Aging researchers have been perplexed by the apparent “frailty 
gender paradox” referring to the finding that while frailty is typic-
ally more common among women they nonetheless live longer than 
men (36). We found only a small increase in the proportion frail 
among women relative to men (16.5% vs 12.1%) while mean hourly 
activity level among the nonfrail and prefrail was actually higher for 
women. This apparent discrepancy may be due in part to the dif-
ference between moderate-to-vigorous exercise (which is the focus 
of clinical frailty activity assessment and of our frailty scale) and 
either light activity and/or a reduction in sedentary behavior (both of 
which are reflected in accelerometry-based activity measures). Both 
lower activity and time spent in sedentary behavior increase risk of 
mortality (37). Thus, one possible explanation for the frailty-gender 
paradox is that the maintenance of even light activity among older 
women may extend their survival while a disproportionate increase 
in sedentary behavior among men may decrease theirs. Indeed, others 
have noted an increase in sedentary behavior among men compared 
to women 60 years of age and older while older women maintain 
their light activity (10). While our results are consistent with this 
explanation, further work is required to confirm this hypothesis.

Our results reveal considerable individual-level variability in 
activity level exceeding the average differences associated with demo-
graphics, frailty status and health characteristics, another important 
contribution from this study. We further found substantial variabil-
ity within an individual across days of the week. These findings have 
two important implications for public health and clinical practice. 
First, it raises the possibility that there may be other individual char-
acteristics that distinguish between those who are more versus less 
active, and that identifying such characteristics could improve our 
ability to predict which individuals are at greatest risk of having 
low activity. Second, clinicians and those designing interventions 
should consider customizing activity targets to an individual’s exist-
ing level of activity and day-of-week patterns in order to maximize 
their effectiveness.

Hourly activity analyses have been conducted in populations 
other than older adults, providing many avenues for future direc-
tions. Hourly activity plotted across the day, in particular hourly 
activity calculated from wrist accelerometry, detected activity 
recovery among malnourished children hospitalized in Ethiopia 
(38). Others have merged sleep and activity analytic approaches to 
describe how childhood diseases affect both sleep and activity (39). 
This novel approach created new and unique measures calculated 
from the full-day hourly activity (eg, the most and least active peri-
ods of the day, the difference in activity between these two segments, 
the frequency with which an individual transitions between rest 

and activity, the stability of the circadian pattern between days, and 
the time of the day most highly correlated with expected circadian 
rhythms.) (39) More sophisticated methods, such as functional data 
analysis, have been applied to study relationships between multiple 
independent variables and dependent circadian activity patterns 
using function-on-scalar regression and accelerometry data from 
children (40). These novel approaches to studying activity patterns 
across the day offer promising new directions for studying older 
adult activity patterns.

When comparing these results to those of other studies, it is 
important to keep the following in mind. Although we constructed 
our phenotypic frailty scale and comorbidity index to be as compa-
rable as possible to those used in previous literature, unavoidable 
differences may alter the estimated distribution of frailty in the 
population and/or its association with physical activity. In addi-
tion, NSHAP used wrist rather than hip accelerometry, the lat-
ter often used in studies of daytime physical activity (41). Wrist 
accelerometry may measure more light activity, such as the activity 
associated with activities of daily living or instrumental activities 
of daily living, while hip accelerometry may better measure and 
differentiate a wide range of activity intensities (sedentary behav-
ior through vigorous activity). Due to these measurement differ-
ences, our study may have underestimated the impact of frailty on 
activity, particularly at the extremes of activity intensity (sedentary 
behavior and vigorous activity). However, hourly CPM calculated 
for each hour across the full day or wake periods from the wrist 
Actiwatch is significantly associated with the hip Actigraph in mul-
tilevel mixed models (42), and Actiwatch output is significantly 
related to important older adult health and functional outcomes 
(1,43). The population-based nature of this study is a strength; 
however, the overall sample size is somewhat limited causing the 
cell sizes for less prevalent conditions (eg, frailty, “other” race/eth-
nicity) to be small. The small cell sizes limited our power to detect 
significant relationships.

Mobility is a critical indicator of health among older adults. In 
this study, we focused on differences in overall activity level among 
the general population of older adults. However, as hinted at in 
Supplementary Figure  1, there is considerable variation between 
individuals in their patterns of activity and even within individuals 
between days. As a result, patterns in mean activity averaged over 
individuals—as appearing in the literature (6,8) and in this paper—
may not adequately capture important variation in activity patterns 
across individuals. Such individual activity patterns, including pat-
terns in napping and sedentary behavior, may reveal additional, 
important information about an individual’s health, and may pro-
vide information that can be used to tailor behavior modifications to 
increase their effectiveness.

Supplementary Material

Supplementary data is available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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