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ABSTRACT

Background: In research using accelerometers to measure physical activity, the number of accelerometers that can be utilized
in a study and the study duration are both constrained. It means that increasing the number of accelerometer wearing days
for all subjects leads to a decrease in the total number of participants the study can recruit. We used simulations to find
the optimal combination of the number of wearing days and number of participant given a fixed number of accelerometer

days.

Methods: Two scenarios were studied here, including estimation of population physical activity level and the association
between physical activity level and a health outcome. Another similar simulation was conducted by bootstrapping the National
Health and Nutrition Examination Survey (NHANES) 2003-2006 accelerometer data (n = 4,069).

Results: The simulation results of the first scenario showed that the error was minimized when the number of wearing days was 1
to 2. Simulation results of the second scenario showed that the optimal number of wearing days increased with the total number
of accelerometer days and decreased with intra-class correlation (ICC).

Conclusion: We developed a tool for researchers to determine the optimal combination of the number of the accelerometer
wearing days and the total number of participants and showed that 1 to 2 accelerometer wearing days is optimal for estimation of

population physical activity level.
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INTRODUCTION

The use of accelerometers is becoming more popular in
population-level research as an objective measurement of
physical activity and sedentary behavior because they have
demonstrated high validity and reliability.!> In research using
accelerometers to measure physical activity, one important
aspect regarding study design is to determine the number of
accelerometer wearing days (that is, the number of days each
subject was required to wear the accelerometer).> With an
objective to estimate the habitual physical activity and sedentary
behavior levels of a group of subjects, increasing the meas-
urement timeframe can improve the estimation by reducing
the day-to-day variability. Currently, there are no definite
guidelines about the minimum number of required wearing
days as it is determined by many factors, including the study
population, how the accelerometer raw data are transformed and
outputted, and how the physical activity and sedentary behaviors
outcome data are analyzed.> In physical activity literature,
the number of accelerometer wearing days used ranged from
a day* to a year, and most studies collected accelerometer
for 7 consecutive days® due to the workday pattern.” Building on
this commonly-used 7-day wearing period, some researchers

proposed measuring 1-2 days is enough to capture 80-90% of the
7-day variation.3-!!

Assuming that the physical activity level of all subjects in the
target population follow the same probability distribution, the
estimation of habitual physical activity will only improve when
we increase the number of accelerometer wearing days, since
the within-subject reliability will only increase. Several studies
suggested adopting the number of wearing days that yield a
within-subject reliability of at least 0.8.'>!3 However, these
suggestions were based on the assumption that the study sample
size is fixed, and the cutoff of 0.8 was arbitrary. Practically,
the number of accelerometers that can be utilized in a study is
constrained. For example, if we have only one accelerometer,
we can choose to recruit two subjects to wear an accelerometer
for n days, or to recruit one subject to wear it for 2n days.
It means that decreasing the number of accelerometer wearing
days for all subjects leads to an increase in the total number of
participants the study can recruit. In other words, it is possible
that reducing the number of wearing days that reduce the within-
subject reliability maybe beneficial, since more subjects could be
recruited. There is a need to develop a framework for determining
the optimal combination of number of accelerometer wearing
days and total number of participants that can achieve the highest
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accuracy in estimating the physical activity level. We performed
several simulation studies to find the optimal combination of the
number of wearing days and the number of participant given a
fixed number of accelerometer days (defined as the accelerometer
wearing days times the total number of participants). Two
scenarios were studied here, including estimation of population
physical activity level and estimation of the association between
physical activity level and a health outcome. We performed
our study in two simulated populations, one randomly drawn
from a normal distribution and the other one bootstrapped
from the National Health and Nutrition Examination Survey
(NHANES) 2003-2006 accelerometer data that represented a
positively-skewed distribution. To examine the case when the
sampling is biased, we performed two simulations with the same
setting as above but in which participants that are more active had
a higher chance of being selected and the mean estimate was
weighted appropriately. We made our R syntax available for
researchers to perform simulations in their own settings.

METHODS

The details of the simulation studies are outlined as follows. In
this study, we assumed that the total number of accelerometer
days is fixed (= N), which equaled the number of participants (7)
times the number of days the participants are instructed to wear
an accelerometer (k; N = nk). Two scenarios were simulated, one
with the objective to estimate the population daily physical
activity level measured using accelerometer count per minute
(CPM; assume that mean equals 314 count/min and standard
deviation equals 271count/min to mimic the situation of
NHANES 2003-2006 as a population,'* and the estimation
method is outlined in the next paragraph), and the other one with
the objective to estimate the odds ratios (ORs) of physical activity
on a particular disease.

In both scenarios, to apply a constraint of CPM >0, we assume
the natural log CPM of subject i, i=(1,...,n) at day j, j=
(L,...,k) be PA;. and PA; equals i + €,; + &, j, where g,; is the
individual-level error and ¢, ;; is the day-to-day variability of
subject 7, and both individual-level and day-to-day random errors
follow normal distribution with a mean of zero and variance of
o%e, and o, respectively. In the simulation, we assumed that the
natural log CPM (= PA;) of each subject was randomly drawn
from a normal distribution with a mean of y =548 and a
standard deviation of ¢ =0.74, so that the mean and standard
deviation of CPM equal 314 (= exp®t/?) and 271
(= VIexp(c?) — 1]exp(2u + 062)), respectively. The day-to-day
variability of the simulated subjects was quantified using intra-
class correlation (ICC), which equals 0'26},/ (626, + 626,,). Follow-
ing the practice in the literature, the sample mean was used to
estimate the population mean. In the second scenario, we
generated each simulated subject’s diabetes status according to
their generated physical activity level. We first examined the
association between physical activity (where the daily CPM data
would be averaged to represent the subject’s physical activity
level and categorized into four levels using the NHANES sample
quartiles [first quartile: CPM < 197.6; second quartile: 197.6—
286.5; third quartile: 286.5-403.3; fourth quartile: >403.3], with
the fourth quartile as the reference group, fixed in all simulations)
and diabetes in the NHANES sample with logistic regression.
Then, the diabetes status of each simulated subject were
generated according to this regression (in which the regression
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slopes, p, for the first, second, and third quartiles were 2.79, 2.01,
and 1.21, respectively). We simulated different settings (ICC =
0.2, 0.5, 0.8, k=1-7, N=1,000-10,000) to examine their
association with the optimal .

The mean and root-mean-squared error (RMSE) of
the mean accelerometer count per minute

(\/ Z}g?OO(CPM“ —314)2/10000 where CPM;; denoted the

CPM estimated from the randomly-drawn dataset i.) and OR
were used to assess the performance of different combinations of
n and k given a fixed N.

Another similar simulation was conducted by bootstrapping
the NHANES 2003-2006 accelerometer data for participants with
7 valid accelerometer days (n = 4,069), (details of the selection of
this subset of data have been published elsewhere'#), in which
462 of them (11.4%) had self-reported diabetes and the OR of low
physical activity level was 2.3. NHANES 2003-2006 boot-
strapping data were used to mimic the rightly-skewed distribution
commonly observed in accelerometer data. The descriptive
statistics of these accelerometer data can be found elsewhere.%!*
In sum, this gender-balanced sample (2,089 males, 51.3%)
contained 1,274 children aged 0-19 years (31.3%), 1,477 adults
aged 20-59 years (36.3%), and 1,318 older adults aged 60 years
or older (32.3%). We bootstrapped the NHANES 2003-2006 data
with 10,000 replications to create additional datasets with k = 1-7
and N = 1,000-10,000. The RMSE of the mean accelerometer
count per minute of those with and without diabetes (the
mean accelerometer counts per minute for those with and
without diabetes equaled 202 and 332 count/min, respectively)
and the OR of low physical activity level on diabetes
were reported. For a particular combination of k£ and N, the
RMSEs of those with and without diabetes were determined

using the formulae \/Z,.IB?OO(CPMM —202)%/10000 and

\/ S0 (CPM;, — 332)? /10000, respectively, and the RMSEs
of the log OR of low physical activity level on diabetes were

determined using the formulae \/ 319 (JogOR; 1 — 2.79)* /10000,

i=1

\/Zgg?oo(logORi,z - 2.01)*/10000, and

%% (10gOR, 5 — 1.21)2/10000 where CPM, 1, CPM;5. OR,y.

OR;,, and OR;3 represents the estimated mean accelerometer
counts per minute of those with and without diabetes and the ORs
of first, second, and third quartile of physical activity level on
diabetes in the i-th simulation. The optimal value of k is the one
that minimized the RMSEs. All RMSEs and ORs for one com-
bination of k and N were based on 10,000 bootstrapped samples.

In addition, we created another sets of data with biasedness
introduced in the aforementioned datasets by resampling the four
quartiles of these datasets using the weighting of 0.8:1:1:1.2, so
that the more active subjects were over-sampled in the resultant
datasets. The RMSEs of the mean CPMs and ORs were weighted
using the true weightings. All simulations were performed using
R 3.3.0 (R Foundation for Statistical Computing, Vienna,
Austria), and the syntax is available in eAppendix 1. For
NHANES 2003-2006, consent was obtained from all partic-
ipants, and the study was approved by the Centers for Disease
Control ethics review board and has been performed in
accordance with the ethical standards laid down in the 1964
Declaration of Helsinki.
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Figure 2. Simulation results with number of wearing days (regression slope of first quantile of physical activity on diabetes) that
achieved the minimum root mean squared error (RMSE) for given total accelerometer days marked with a symbol

In the following, we analytically determine the standard error
for estimation of population physical activity level. We assume
that all subjects have the same level of day-to-day variability).
Under this assumption, the standard error of PA; (the sample
mean of PA;) equals /[(koe,> + o€,?)/N], which only depends
on k given a fixed N, and the smallest standard error of PA; is
achieved when k= 1.

RESULTS

In all figures showing the simulation results, the optimal number
of accelerometer days that yielded the smallest RMSE were
marked with symbols. Figure 1 shows the RMSE of the mean
accelerometer CPMs from the simulated data. For all ICCs
(Figure 1, Figure 2, and Figure 3), wearing an accelerometer for
2 days are optimal, except for ICC of 0.2 and total number
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Figure 3. Simulation results with number of wearing days (regression slope of second quantile of physical activity on diabetes)
that achieved the minimum root mean squared error (RMSE) for given total accelerometer days marked with a symbol

of accelerometer day of 1,000. Similarly, findings from the
NHANES 2003-2006 bootstrapped datasets (with and without
diabetes) showed that 1 single wearing day was preferred
regardless of the number of participants and the total number
of accelerometer day. Figure 2, Figure 3, and Figure 4 show the
RMSE of the ORs from the simulated data. There are several
general observations found from these results. First, the optimal
number of wearing days increased with the total number of
accelerometer days and decreased with ICC. Second, to estimate a
stronger association (that is, the first quartile), wearing for more
days (3 to 7) was preferred. Third, the optimal number of wearing
days decrease with increasing ICC. For the NHANES boot-
strapped data, the optimum number of accelerometer wearing
days was similar to the case of ICC =0.5.

Table 1, Table 2, and Table 3 show the estimated mean and
ORs in the simulated datasets. Table 4 shows the estimated mean
and ORs in the NHANES 2003-2006 bootstrapped datasets.
There were structural bias in the mean estimation among the
simulated datasets and biased in OR estimation in both simulated
and NHANES bootstrapped datasets. The biasedness of both
mean and OR estimation reduced when ICC increased. In
the NHANES 2003-2006 bootstrapped datasets, the mean
estimation was unbiased for all combinations of n and k. The
biasedness of OR estimation was insensitive to the total number
of accelerometer days, but increasing the number of wearing days
improved the OR estimation for total number of accelerometer
days larger than 3,000. However, for small sample size of total
number of accelerometer days of 2,000 or less, fewer wearing
days was preferred. Number of wearing days of 8 and beyond
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were not tested in the current simulation study, but it is likely that
they are optimal for large sample size and small ICC according to
the trend of the current simulation results.

Figure 5 shows the RMSE of the mean accelerometer
CPMs from the simulated data with a biased sample and
weighted appropriately. For ICC of 0.2, 0.5, 0.8, and NHANES
bootstrapped datasets of participants with diabetes, the results
were similar with that of unbiased sample. For NHANES
bootstrapped datasets of participants without diabetes, 2 and 3
accelerometer wearing days were optimal for total number of
accelerometer day of 1,000-5,000 and 6,000-10,000, respec-
tively. Figure 6, Figure 7, and Figure 8 show the RMSE of the
ORs from the simulated data with a biased sample and weighted
appropriately. Compare with an unbiased sample, more wearing
days were preferred in a biased sample. For a small ICC of
0.2 and a medium ICC of 0.5, in estimating the effect of first
and second quartile of physical activity on diabetes, 7 wearing
days was optimal for a total number of accelerometer day of
>4,000.

Table 5, Table 6, Table 7, and Table 8 show the estimated
mean and ORs with a biased sample. It appeared that the
biasedness in mean CPM was smaller than those in the unbiased
sample (Table 1, Table 2, Table 3, and Table 4). In the
NHANES 2003-2006 bootstrapped datasets, the biasedness in
mean estimation decrease with the number of wearing days, and 4
to 7 days yielded similar performance. Similar to the simulation
results in the unbiased sample, the biasedness of OR estimation
was insensitive to the total number of accelerometer days,
but increasing the number of wearing days improved the OR
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Figure 4. Simulation results with number of wearing days (regression slope of third quantile of physical activity on diabetes) that
achieved the minimum root mean squared error (RMSE) for given total accelerometer days marked with a symbol
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estimation for total number of accelerometer days larger than
3,000.

DISCUSSION

A single day of measurement period has been suggested to
estimate the population average physical activity level based on

expert opinion.’ Some researchers also suggested a single day of
measurement period based on its strong correlation with physical
activity level yielded from 7-day measurement period.®-'” Here,
we showed using analytic analysis that this recommendation is
appropriate under certain assumptions. Result of this analytic
analysis align with our unpublished results of the simulation
studies with normally-distributed CPM that 1 single acceler-
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Table 1. Estimation of mean and odds ratio (ICC = 0.2)

Table 2. Estimation of mean and odds ratio (ICC = 0.5)

Number of

. 1 2 3 4 5 6 7
wearing days

Number of

. 1 2 3 4 5 6 7
wearing days

Mean (true = 314.36)

Mean (true = 314.36)

Total number of
accelerometer days

Total number of
accelerometer days

1,000 39395 393.58 393.88 394.11 39442 394.63 394.72 1,000 362.65 362.54 362.84 363.02 363.13 36325 363.41
2,000 393.82 39332 393.69 39391 393.88 393.89 394.07 2,000 36245 36224 36252 362.65 362.60 362.58 362.72
3,000 393.97 393.56 393.79 393.84 394.06 394.14 394.38 3,000 362.57 36245 362.60 362.61 362.78 362.83 363.03
4,000 393.86 393.51 393.68 393.88 394.06 394.14 394.15 4,000 362.50 36242 362.53 362.67 362.78 362.83 362.82
5,000 393.83 393.50 393.72 393.76 393.84 393.87 393.86 5,000 36245 36239 362.53 36252 362.57 362.58 362.56
6,000 393.83 393.45 39350 393.75 393.84 393.93 394.08 6,000 36246 36235 36235 36253 362.57 362.64 362.75
7,000 393.94 39352 393.62 393.72 393.82 393.87 393.98 7,000 362.56 362.43 36248 362.53 362.58 362.60 362.67
8,000 39391 393.56 393.73 393.80 393.93 393.88 393.92 8,000 362.53 36247 362.56 362.58 362.66 362.60 362.62
9,000 393.94 39356 393.65 393.73 393.75 393.89 393.94 9,000 362.55 36244 36248 36251 36250 362.60 362.63
10,000 393.85 39347 393.54 393.58 393.69 393.81 393.83 10,000 36248 36239 36240 36239 36245 362.53 362.53
p (first quartile, true = 2.79) p (first quartile, true = 2.79)
Total number of Total number of
accelerometer days accelerometer days
1,000 1.56 1.91 2.26 2.81 3.54 429 5.11 1,000 1.82 2.23 2.86 3.68 4.66 5.72 6.61
2,000 1.55 1.85 2.01 2.16 2.33 2.54 2.80 2,000 1.81 2.10 227 247 2.79 3.16 3.59
3,000 1.54 1.84 2.00 2.10 2.19 2.27 2.36 3,000 1.80 2.08 222 2.33 2.44 2.60 2.71
4,000 1.54 1.83 1.98 2.08 2.15 2.20 2.27 4,000 1.80 2.07 2.20 2.29 2.36 2.44 2.52
5,000 1.53 1.82 1.97 2.07 2.13 2.19 2.24 5,000 1.79 2.06 2.19 2.27 2.33 2.39 2.44
6,000 1.53 1.82 1.97 2.07 2.13 2.18 2.22 6,000 1.79 2.06 2.19 2.27 2.32 2.37 2.40
7,000 1.54 1.82 1.97 2.06 2.12 2.18 221 7,000 1.79 2.06 2.18 2.26 2.32 2.36 2.39
8,000 1.54 1.82 1.97 2.06 2.12 2.17 2.21 8,000 1.79 2.06 2.18 2.26 2.31 2.35 2.38
9,000 1.54 1.82 1.97 2.06 2.12 2.17 2.20 9,000 1.79 2.06 2.18 2.25 2.31 2.34 2.37
10,000 1.53 1.82 1.96 2.05 2.11 2.16 2.19 10,000 1.79 2.06 2.18 2.25 2.30 2.34 2.36
p (second quartile, true = 2.01) f (second quartile, true = 2.01)
Total number of Total number of
accelerometer days accelerometer days
1,000 1.07 1.40 1.74 2.30 3.01 3.75 4.53 1,000 1.29 1.67 2.29 3.11 4.07 5.10 5.95
2,000 1.06 1.35 1.51 1.66 1.85 2.05 2.32 2,000 1.27 1.55 1.72 1.91 2.24 2.60 3.03
3,000 1.06 1.34 1.50 1.61 1.70 1.79 1.88 3,000 1.27 1.54 1.67 1.77 1.89 2.04 2.20
4,000 1.06 1.33 1.49 1.59 1.66 1.72 1.79 4,000 1.27 1.52 1.65 1.74 1.81 1.89 1.97
5,000 1.06 1.33 1.48 1.58 1.65 1.71 1.76 5,000 1.27 1.52 1.65 1.72 1.78 1.84 1.89
6,000 1.05 1.33 1.48 1.58 1.65 1.70 1.74 6,000 1.26 1.52 1.64 1.72 1.77 1.81 1.85
7,000 1.06 1.33 1.48 1.58 1.64 1.70 1.74 7,000 1.27 1.52 1.64 1.72 1.77 1.81 1.84
8,000 1.06 1.33 1.48 1.57 1.64 1.69 1.73 8,000 1.26 1.52 1.64 1.71 1.76 1.80 1.82
9,000 1.06 1.33 1.48 1.57 1.63 1.68 1.72 9,000 1.26 1.51 1.63 1.71 1.75 1.79 1.82
10,000 1.05 1.33 1.47 1.57 1.64 1.68 1.72 10,000 1.26 1.51 1.63 1.70 1.76 1.79 1.81
p (third quartile, true = 1.12) p (third quartile, true = 1.12)
Total number of Total number of
accelerometer days accelerometer days
1,000 0.68 0.89 1.14 1.58 2.15 2.69 3.29 1,000 0.79 1.04 1.56 2.28 3.00 3.84 433
2,000 0.68 0.84 0.93 1.04 1.19 1.36 1.59 2,000 0.79 0.94 1.05 1.20 1.49 1.82 2.20
3,000 0.68 0.84 0.93 0.99 1.05 1.11 1.18 3,000 0.78 0.93 1.00 1.06 1.14 1.28 1.42
4,000 0.68 0.83 0.92 0.97 1.01 1.05 1.10 4,000 0.78 0.91 0.99 1.04 1.08 1.14 1.20
5,000 0.68 0.83 0.91 0.97 1.01 1.04 1.07 5,000 0.78 091 0.98 1.02 1.06 1.10 1.13
6,000 0.67 0.82 0.91 0.97 1.01 1.03 1.06 6,000 0.78 091 0.98 1.02 1.05 1.08 1.10
7,000 0.68 0.83 0.91 0.96 1.00 1.03 1.06 7,000 0.78 0.91 0.97 1.01 1.05 1.07 1.09
8,000 0.68 0.83 0.91 0.96 1.00 1.03 1.06 8,000 0.78 091 0.97 1.02 1.04 1.07 1.08
9,000 0.68 0.83 091 0.96 0.99 1.02 1.05 9,000 0.78 091 0.97 1.01 1.04 1.06 1.07
10,000 0.68 0.83 0.91 0.96 1.00 1.02 1.04 10,000 0.78 0.91 0.97 1.01 1.04 1.05 1.07

ICC, intra-class correlation.

ometer wearing day minimized the RMSE regardless of the
number of participants and ICC (data not shown). However, when
the underlying assumptions are violated, for example when
physical activity level follows log-normal distribution, wearing
more days may be preferred.

There existed other methods to determine the optimal
combination of accelerometer wearing days and number of
participants, such as the Generalizability (G) Theory.!> Note that
G Theory decomposes the reliability of a measurement into
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ICC, intra-class correlation.

different facets and can be used to evaluate the reliability of a
measurement when the objective is to estimate the population
mean. Our simulation framework can also be applied when the
objective is to estimate a causal relationship. As shown from the
results, the optimal combination can be different under different
objectives. The same framework can be applied to other types of
accelerometer data outcomes, such as the number of steps, sitting
time, or sleeping parameters. The optimum combination of the
number of wearing days and number of participant for estimation
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Table 3. Estimation of mean and odds ratio (ICC = 0.8) Table 4. Estimation of mean and odds ratio (NHANES)
Number of 1 2 3 4 5 6 7 Number of 1 2 3 4 5 6 7
wearing days wearing days
Mean (true = 314.36) Mean (no diabetes, true = 331.62)
Total number of Total number of
accelerometer days accelerometer days
1,000 333.72 33390 334.02 334.17 334.34 33445 33447 1,000 33275 332.58 33256 33257 332.72 332.62 332.62
2,000 333.61 33376 333.76 333.81 333.92 334.04 334.05 2,000 332.54 332.66 33255 332.64 332.84 332.63 33253
3,000 333.64 333.69 333.79 333.87 33395 33393 333.98 3,000 332,57 332.66 33258 332.67 33262 332.61 33270
4,000 333.66 333.61 333.66 333.68 333.72 333.77 333.83 4,000 332,61 33252 33258 33254 332.66 332.68 332.61
5,000 333.59 333.62 333.66 333.69 333.71 333.69 333.68 5,000 332,58 33257 332.63 33257 33250 332.58 332.57
6,000 333.66 333.64 333.71 333.72 333.73 333.77 333.76 6,000 332.61 332.61 332.62 33257 33262 33258 33271
7,000 333.70 333.66 333.69 333.72 333.76 333.75 333.78 7,000 332.68 332.63 332.60 33255 332.65 33256 332.56
8,000 333.61 333.60 333.57 333.60 333.58 333.61 333.62 8,000 332,62 33258 332.62 33255 33248 33270 332.61
9,000 333.61 333.63 333.67 333.66 333.67 333.68 333.75 9,000 332,56 332.62 33259 33256 33254 33257 33249
10,000 333.58 33355 333.58 333.58 333.59 333.62 333.62 10,000 332.62 332.63 33259 332.60 332.61 332.62 33257
p (first quartile, true = 2.79) Mean (diabetes, true =201.98)
Total number of Total number of
accelerometer days accelerometer days
1,000 2.26 2.84 3.96 5.12 6.30 7.40 8.35 1,000 202.12  202.04 202.03 202.22 202.02 201.72 202.01
2,000 221 2.41 2.62 3.02 3.55 4.12 4.79 2,000 201.85 202.08 201.89 201.98 201.83 201.99 201.94
3,000 221 2.40 2.51 2.64 2.86 3.17 3.50 3,000 202.08 202.06 201.93 201.95 201.88 201.68 202.02
4,000 2.20 2.39 2.48 2.55 2.65 2.77 2.96 4,000 202.02 202.01 201.93 201.89 201.99 202.00 202.12
5,000 2.20 2.38 2.46 2.51 2.57 2.64 2.72 5,000 201.94 20196 202.01 201.84 202.01 201.82 201.80
6,000 2.19 2.37 2.45 2.51 2.55 2.59 2.65 6,000 201.92 201.94 20197 201.92 201.97 202.02 202.02
7,000 2.19 2.37 245 2.49 2.54 2.57 2.60 7,000 202.04 201.93 20191 20195 20195 202.13 201.79
8,000 2.20 2.37 2.45 2.50 2.53 2.56 2.59 8,000 202.07 201.94 202.01 202.03 201.95 201.83 201.83
9,000 2.19 2.37 2.44 2.49 2.53 2.55 2.58 9,000 201.94 202.01 202.12 201.97 201.86 201.98 201.95
10,000 2.19 2.37 2.44 2.49 2.52 2.55 2.57 10,000 202.00 201.99 201.96 201.93 201.87 201.96 201.89
p (second quartile, true = 2.01) p (first quartile, true = 2.79)
Total number of Total number of
accelerometer days accelerometer days
1,000 1.64 2.20 3.31 4.44 5.61 6.66 7.55 1,000 0.89 1.56 2.96 4.53 5.82 6.89 791
2,000 1.59 1.78 1.98 2.36 2.89 3.44 4.10 2,000 0.86 1.09 1.43 2.04 2.86 3.33 4.38
3,000 1.60 1.77 1.88 2.00 221 2.51 2.84 3,000 0.85 1.06 1.22 1.41 1.78 2.15 2.76
4,000 1.59 1.76 1.84 1.91 1.99 2.11 2.30 4,000 0.85 1.04 1.18 1.28 1.46 1.60 2.01
5,000 1.59 1.76 1.83 1.87 1.92 1.98 2.05 5,000 0.85 1.04 1.16 1.23 1.33 1.39 1.67
6,000 1.59 1.75 1.82 1.86 1.90 1.93 1.99 6,000 0.85 1.04 1.15 1.23 1.29 1.32 1.47
7,000 1.59 1.74 1.81 1.85 1.88 1.91 1.94 7,000 0.84 1.04 1.15 1.21 1.27 1.26 1.42
8,000 1.59 1.75 1.81 1.85 1.88 1.91 1.93 8,000 0.84 1.04 1.14 1.20 1.26 1.27 1.36
9,000 1.59 1.75 1.81 1.85 1.88 1.90 1.92 9,000 0.84 1.03 1.13 1.20 1.25 1.24 1.34
10,000 1.59 1.74 1.81 1.84 1.87 1.89 1.91 10,000 0.84 1.03 1.14 1.20 1.25 1.24 1.32
p (third quartile, true = 1.12) f (second quartile, true = 2.01)
Total number of Total number of
accelerometer days accelerometer days
1,000 0.97 1.43 245 3.40 4.25 4.97 5.47 1,000 0.72 1.37 2.78 435 5.61 6.59 7.51
2,000 0.93 1.02 1.18 1.54 2.04 2.53 3.13 2,000 0.69 091 1.26 1.88 2.69 3.16 4.22
3,000 0.93 1.03 1.10 1.19 1.39 1.68 1.98 3,000 0.68 0.88 1.05 1.25 1.62 1.98 2.60
4,000 0.93 1.02 1.06 1.11 1.19 1.29 1.47 4,000 0.68 0.87 1.01 1.12 1.30 1.44 1.86
5,000 0.93 1.01 1.05 1.07 1.11 1.16 1.23 5,000 0.68 0.87 0.99 1.07 1.17 1.23 1.52
6,000 0.92 1.00 1.04 1.07 1.10 1.12 1.17 6,000 0.67 0.86 0.99 1.07 1.13 1.16 1.32
7,000 0.92 1.00 1.04 1.06 1.08 1.10 1.12 7,000 0.67 0.86 0.99 1.05 1.11 1.11 1.27
8,000 0.92 1.00 1.04 1.06 1.08 1.10 1.11 8,000 0.67 0.86 0.98 1.05 1.10 1.11 1.22
9,000 0.92 1.01 1.04 1.06 1.08 1.09 1.11 9,000 0.67 0.86 0.97 1.04 1.09 1.08 1.19
10,000 0.92 1.00 1.04 1.06 1.07 1.08 1.10 10,000 0.67 0.85 0.97 1.04 1.08 1.08 1.17
ICC, intra-class correlation. /3 (third quartile, true = 1.12)

Total number of
accelerometer days

1,000 053 109 232 364 457 515 555

2,000 051 064 090 149 223 267  3.57

of the association with a health outcome can be obtained by 3,000 051 062 071 087 120 156  2.12
substituting the appropriate parameters (ICC, total number of 4,000 0.50 060 067 076 050 103 140
. . 5,000 051 061 066 071 077 083 107

accelerometer days, standard deviation of the error, the effect size 6.000 050 06l 0.65 070 073 077 087
of physical activity, and disease prevalence) in our R syntax. 7,000 050 060 065 069 071 071 083
Similarly, the same framework can also be applied to estimate the 8,000 050 060 064 069 071 071 077
causal effect of a variable on accelerometer data outcomes. 9000 050 060 0.64 069070 069 075
10,000 050 060 064 069 069 070 073

In general, if the objective is to estimate the association
between physical activity level and a health outcome, the optimal
number of wearing days depends on the number of accel-

NHANES, National Health and Nutrition Examination Survey.
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Figure 6. Simulation results (biased sample) with number of wearing days (regression slope of first quantile of physical activity
on diabetes) that achieved the minimum root mean squared error (RMSE) for given total accelerometer days marked
with a symbol
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activity on diabetes) that achieved the minimum root mean squared error (RMSE) for given total accelerometer days

marked with a symbol
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with a symbol
erometers. For example, if there are limited number of

accelerometers, the optimal number of wearing days would be
1 or 2 so that the sample size can be maximized. If more
accelerometers are available, wearing 5 or more days would
be desirable. When the sampling is biased, the number of
accelerometer wearing days should be increased. The same
simulation framework can be generalized to other study
designs (for example randomized controlled trial with physical
activity as an outcome), or when the physical activity level
is a secondary variable (for example, as a confounder measured
with error'®).

One major limitation is that we assume all accelerometer
wearing days are valid. Practically, some wearing days are invalid
due to inadequate wearing time, and for precise sample size
calculation, the invalid proportion has to be considered. Several
existing studies had provided the statistics for invalid proportion
estimation.'”!'® Another limitation is that we assume physical
activity level is consistent across all measurement days. Although
this assumption appeared to be valid in the NHANES 2003-2006
accelerometer data (partial eta-square of the CPM across 7 days
equaled 0.026, corresponded to a small effect size), it may not be
applicable in other populations. It is commonly observed in some
populations that physical activity level differed across weekdays
and weekends.!® Treating the weekday activity and weekend
activity as two distinct sub-populations, collecting accelerometer
data of 1 weekday plus 1 weekend day would be appropriate to
estimate population physical activity level. In addition, we used
the sample mean to estimate the population mean and used

logistic regression to analyze the association between physical
activity and diabetes. These approaches ignored the heteroge-
neous and complex nature of the NHANES sample. However,
this study serves as an introduction to the framework to determine
the best combination of the number of wearing days and the
number of participant given a fixed number of accelerometer
days. Instead of presenting the results of all possible modelling
choices here, we only showcased the most commonly-used ones
and interested readers can modify our R syntax to fit their specific
purposes. Finally, we assumed that the intra-subject and inter-
subject variabilities are independent. However, one may argue
that some active people only engage in physical activity in some
days of a week, so they should have a higher day-to-day
variability than their inactive counterparts. This phenomenon has
been demonstrated in the NHANES 2003-2006 accelerometer
data, evidenced by the strong correlation between mean physical
activity count and intra-subject variance of the subjects who
provided 7 valid accelerometer day data (p = 0.66, P < 0.001).
Such a correlation can be addressed into our simulation
framework in a fairly straightforward manner. In our simulation
studies, we assume that log(PA;) equals u + &,; + ¢,,; and the
intra-subject error follows normal distribution with constant
variance, ie, &,;; ~ N(0, 6,2). We can modify the assumption to
&pij~NQO, a+ ﬂsy,,-o,lz) where a and f are constants to allow
correlation between physical activity level and intra-subject
variance. In addition, we can also use variance stabilization
transformation could be used to reduce the dependence and our
results should still be applicable on the transformed data.

J Epidemiol 2019 | 9
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Table 5. Estimation of mean and odds ratio (ICC = 0.2, biased

Table 6. Estimation of mean and odds ratio (ICC = 0.5, biased

sample) sample)
Number of 1 2 3 4 5 6 7 Number of 1 2 3 4 5 6 7
wearing days wearing days
Mean (true = 314.36) Mean (true = 314.36)
Total number of Total number of
accelerometer days accelerometer days
1,000 364.14 363.82 364.11 364.32 364.61 364.80 364.89 1,000 335.19 335.10 335.37 33552 335.62 335.72 33589
2,000 363.99 363.53 363.88 364.07 364.07 364.08 364.24 2,000 335.00 334.81 335.07 335.19 335.15 335.15 33527
3,000 364.13  363.75 363.95 364.02 364.20 36428 364.49 3,000 335.11 335.00 335.12 335.16 335.30 335.34 335.51
4,000 364.04 363.72 363.87 364.04 364.21 36428 364.29 4,000 335.05 33498 335.08 33520 33530 33534 33534
5,000 364.00 363.69 363.88 363.92 364.01 364.04 364.03 5,000 33499 33494 33506 335.05 335.10 335.11 335.10
6,000 363.99 363.65 363.70 363.92 364.01 364.10 364.23 6,000 335.00 33490 33491 33507 335.11 335.17 33527
7,000 364.10 363.71 363.79 363.88 363.97 364.02 364.12 7,000 335.09 33497 33501 33505 335.10 335.12 335.19
8,000 364.06 363.73 363.88 363.95 364.06 364.03 364.07 8,000 335.06 334.99 335.08 335.09 335.16 335.12 335.15
9,000 364.09 363.74 363.82 36391 363.93 364.06 364.10 9,000 335.08 33498 335.02 335.06 335.05 335.13 335.16
10,000 364.02 363.67 363.73 363.78 363.88 363.98 364.00 10,000 335.03 33494 33496 33496 335.01 335.07 335.07
p (first quartile, true =2.79) p (first quartile, true = 2.79)
Total number of Total number of
accelerometer days accelerometer days
1,000 1.13 1.35 1.47 1.59 1.73 1.88 2.15 1,000 1.27 1.46 1.56 1.70 1.87 2.13 247
2,000 1.12 1.33 1.44 1.50 1.55 1.59 1.62 2,000 1.27 1.45 1.53 1.58 1.61 1.65 1.69
3,000 1.11 1.33 1.43 1.49 1.54 1.57 1.59 3,000 1.26 1.44 1.52 1.56 1.60 1.62 1.64
4,000 1.11 1.33 1.43 1.49 1.53 1.57 1.59 4,000 1.26 1.44 1.52 1.57 1.60 1.62 1.64
5,000 1.11 1.32 1.43 1.49 1.54 1.56 1.59 5,000 1.26 1.44 1.52 1.56 1.59 1.61 1.63
6,000 1.11 1.32 1.42 1.49 1.53 1.56 1.58 6,000 1.26 1.43 1.51 1.56 1.59 1.61 1.62
7,000 1.11 1.32 1.43 1.49 1.53 1.56 1.58 7,000 1.26 1.44 1.51 1.56 1.59 1.61 1.63
8,000 1.11 1.32 1.42 1.48 1.52 1.55 1.58 8,000 1.26 1.43 1.51 1.55 1.58 1.60 1.62
9,000 1.11 1.32 1.42 1.49 1.52 1.56 1.58 9,000 1.26 1.43 1.51 1.55 1.58 1.60 1.62
10,000 1.11 1.32 1.42 1.48 1.52 1.55 1.57 10,000 1.26 1.43 1.51 1.55 1.58 1.60 1.61
p (second quartile, true = 2.01) p (second quartile, true = 2.01)
Total number of Total number of
accelerometer days accelerometer days
1,000 0.65 0.83 0.94 1.04 1.17 1.31 1.53 1,000 0.75 0.90 0.99 1.12 1.25 1.48 1.76
2,000 0.65 0.82 0.92 0.99 1.04 1.07 1.11 2,000 0.74 0.89 0.96 1.01 1.03 1.07 1.10
3,000 0.65 0.82 0.92 0.98 1.02 1.05 1.08 3,000 0.74 0.89 0.95 0.99 1.02 1.04 1.06
4,000 0.65 0.82 0.92 0.98 1.02 1.06 1.08 4,000 0.74 0.88 0.95 1.00 1.02 1.04 1.06
5,000 0.65 0.82 0.92 0.98 1.03 1.06 1.08 5,000 0.74 0.88 0.95 0.99 1.02 1.04 1.05
6,000 0.65 0.82 0.92 0.98 1.02 1.05 1.07 6,000 0.74 0.88 0.95 0.99 1.01 1.03 1.04
7,000 0.65 0.82 0.92 0.98 1.02 1.05 1.08 7,000 0.74 0.88 0.95 0.99 1.02 1.03 1.05
8,000 0.65 0.82 0.91 0.98 1.02 1.05 1.07 8,000 0.74 0.88 0.95 0.99 1.01 1.03 1.04
9,000 0.65 0.82 0.92 0.98 1.02 1.05 1.07 9,000 0.74 0.88 0.95 0.99 1.01 1.03 1.04
10,000 0.65 0.82 0.91 0.98 1.02 1.05 1.07 10,000 0.74 0.88 0.95 0.99 1.01 1.03 1.04
p (third quartile, true = 1.12) p (third quartile, true = 1.12)
Total number of Total number of
accelerometer days accelerometer days
1,000 0.35 0.39 0.42 0.44 0.41 0.41 0.47 1,000 0.35 0.37 0.35 0.38 0.34 0.34 0.37
2,000 0.35 0.40 0.42 0.42 0.44 0.43 0.44 2,000 0.35 0.37 0.37 0.36 0.35 0.36 0.34
3,000 0.35 0.40 0.42 0.43 0.44 0.45 0.45 3,000 0.35 0.37 0.37 0.37 0.36 0.36 0.35
4,000 0.35 0.40 043 0.44 0.44 0.45 0.45 4,000 0.35 0.37 0.38 0.37 0.37 0.36 0.36
5,000 0.35 0.40 0.43 0.44 0.44 0.45 0.45 5,000 0.35 0.37 0.37 0.37 0.37 0.36 0.36
6,000 0.35 0.40 0.42 0.44 0.44 0.45 0.45 6,000 0.35 0.37 0.37 0.37 0.37 0.36 0.36
7,000 0.35 0.40 0.42 0.44 0.45 0.45 0.46 7,000 0.35 0.37 0.37 0.37 0.37 0.37 0.37
8,000 0.35 0.40 0.42 0.43 0.44 0.45 0.45 8,000 0.35 0.37 0.37 0.37 0.36 0.36 0.36
9,000 0.35 0.40 0.42 0.43 0.44 0.45 0.45 9,000 0.35 0.37 0.37 0.37 0.36 0.36 0.36
10,000 0.35 0.40 0.42 0.43 0.44 0.45 0.45 10,000 0.35 0.37 0.37 0.37 0.37 0.36 0.36

ICC, intra-class correlation.

Conclusion

We developed a tool for researchers to determine the optimal
combination of the number of accelerometer wearing days and
the total number of participants, and showed that 1 to 2
accelerometer wearing days is optimal for estimation of
population physical activity level. To estimate the causal effect
of physical activity, a single wearing day is optimal when the
total number of accelerometer day is small and the within-subject
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ICC, intra-class correlation.

correlation is high. The number of wearing days increases with
the total number of accelerometer day and decreases with the

within-subject correlation.
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Table 7. Estimation of mean and odds ratio (ICC = 0.8, biased
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Table 8. Estimation of mean and odds ratio (NHANES, biased

sample) sample)
Number of 1 2 3 4 5 6 7 Number of 1 2 3 4 5 6 7
wearing days wearing days
Mean (true = 314.36) Mean (no diabetes, true = 201.98)
Total number of Total number of
accelerometer days accelerometer days
1,000 308.44 308.62 308.73 308.87 309.04 309.15 309.19 1,000 197.79 199.88 200.60 201.00 201.30 201.59 202.64
2,000 308.36  308.48 308.49 308.54 308.64 308.75 308.76 2,000 197.83 199.79 200.38 201.17 201.14 201.71 201.92
3,000 308.37 308.42 308.50 308.58 308.65 308.63 308.69 3,000 197.68 199.69 200.47 200.76 201.15 201.20 201.58
4,000 308.38 308.34 308.39 308.40 308.44 308.48 308.53 4,000 197.76  199.68 200.42 200.90 201.09 201.17 201.47
5,000 308.32 30835 308.39 308.42 308.44 308.44 308.42 5,000 197.82  199.69 200.48 200.79 201.00 200.94 201.53
6,000 308.38 308.35 30842 308.43 30845 30848 308.47 6,000 197.71 199.62 200.42 200.85 201.09 201.04 201.48
7,000 308.41 308.37 308.40 308.42 30847 308.46 308.49 7,000 197.76  199.72  200.34 200.83 201.11 201.08 201.45
8,000 308.34 308.34 308.32 308.35 308.33 308.35 308.36 8,000 197.69 199.81 200.40 200.78 200.87 200.94 201.40
9,000 308.35 308.36 308.40 308.39 30840 308.41 308.47 9,000 197.66 199.72  200.50 201.00 201.15 201.02 201.34
10,000 308.31 308.29 308.31 308.32 308.33 308.36 308.36 10,000 197.71 199.72  200.45 200.77 201.14 200.93 201.35
p (first quartile, true =2.79) Mean (diabetes, true = 331.62)
Total number of Total number of
accelerometer days accelerometer days
1,000 1.49 1.60 1.68 1.83 2.10 2.45 2.834 1,000 325.00 328.59 329.83 330.56 330.77 330.76 331.52
2,000 1.47 1.57 1.61 1.64 1.67 1.71 1.78 2,000 32492 32851 329.88 330.61 330.95 330.70 331.26
3,000 1.47 1.56 1.60 1.63 1.64 1.66 1.68 3,000 32490 328.61 329.88 330.38 330.98 330.58 331.41
4,000 1.47 1.56 1.60 1.62 1.64 1.66 1.67 4,000 324.86 32849 329.78 330.57 330.87 33090 331.36
5,000 1.46 1.56 1.60 1.62 1.63 1.65 1.65 5,000 32491 32853 329.81 330.50 330.88 330.83 331.23
6,000 1.46 1.56 1.59 1.62 1.63 1.65 1.66 6,000 32491 32851 329.78 330.45 33095 330.72 331.36
7,000 1.46 1.56 1.59 1.61 1.63 1.64 1.65 7,000 32494 32851 329.86 33049 330.80 330.71 331.31
8,000 1.47 1.56 1.59 1.61 1.63 1.64 1.65 8,000 324.89 32852 329.80 330.49 331.01 330.80 331.31
9,000 1.46 1.56 1.59 1.61 1.63 1.64 1.65 9,000 32490 32854 329.80 330.49 330.84 330.76 331.33
10,000 1.46 1.55 1.59 1.61 1.62 1.64 1.64 10,000 324.87 32850 329.84 330.43 330.87 330.74 331.35
p (second quartile, true = 2.01) p (first quartile, true = 2.79)
Total number of Total number of
accelerometer days accelerometer days
1,000 0.87 0.95 1.01 1.15 1.40 1.70 2.02 1,000 1.56 1.91 2.26 2.81 3.54 4.29 5.11
2,000 0.85 0.92 0.95 0.97 0.99 1.02 1.08 2,000 1.55 1.85 2.01 2.16 2.33 2.54 2.80
3,000 0.86 0.93 0.95 0.97 0.98 0.99 1.01 3,000 1.54 1.84 2.00 2.10 2.19 2.27 2.36
4,000 0.85 0.92 0.95 0.96 0.98 0.98 0.99 4,000 1.54 1.83 1.98 2.08 2.15 2.20 2.27
5,000 0.85 0.92 0.95 0.96 0.97 0.98 0.98 5,000 1.53 1.82 1.97 2.07 2.13 2.19 2.24
6,000 0.85 0.92 0.95 0.96 0.97 0.97 0.98 6,000 1.53 1.82 1.97 2.07 2.13 2.18 2.22
7,000 0.85 0.92 0.94 0.96 0.96 0.97 0.98 7,000 1.54 1.82 1.97 2.06 2.12 2.18 221
8,000 0.85 0.92 0.94 0.96 0.96 0.97 0.98 8,000 1.54 1.82 1.97 2.06 2.12 2.17 221
9,000 0.85 0.92 0.94 0.96 0.97 0.97 0.98 9,000 1.54 1.82 1.97 2.06 2.12 2.17 2.20
10,000 0.85 0.92 0.95 0.96 0.96 0.97 0.97 10,000 1.53 1.82 1.96 2.05 2.11 2.16 2.19
p (third quartile, true = 1.12) P (second quartile, true = 2.01)
Total number of Total number of
accelerometer days accelerometer days
1,000 0.31 0.28 0.24 0.21 0.22 0.19 0.10 1,000 1.07 1.40 1.74 2.30 3.01 3.75 4.53
2,000 0.30 0.27 0.25 0.22 0.21 0.19 0.17 2,000 1.06 1.35 1.51 1.66 1.85 2.05 2.32
3,000 0.31 0.27 0.25 0.24 0.22 0.22 0.21 3,000 1.06 1.34 1.50 1.61 1.70 1.79 1.88
4,000 0.31 0.28 0.26 0.24 0.23 0.22 0.21 4,000 1.06 1.33 1.49 1.59 1.66 1.72 1.79
5,000 0.31 0.27 0.25 0.23 0.22 0.21 0.21 5,000 1.06 1.33 1.48 1.58 1.65 1.71 1.76
6,000 0.31 0.27 0.25 0.24 0.23 0.22 0.21 6,000 1.05 1.33 1.48 1.58 1.65 1.70 1.74
7,000 0.30 0.27 0.25 0.23 0.22 0.21 0.21 7,000 1.06 1.33 1.48 1.58 1.64 1.70 1.74
8,000 0.30 0.27 0.25 0.23 0.22 0.21 0.21 8,000 1.06 1.33 1.48 1.57 1.64 1.69 1.73
9,000 0.30 0.27 0.25 0.24 0.23 0.22 0.21 9,000 1.06 1.33 1.48 1.57 1.63 1.68 1.72
10,000 0.30 0.27 0.25 0.23 0.22 0.22 0.21 10,000 1.05 1.33 1.47 1.57 1.64 1.68 1.72
ICC, intra-class correlation. P (third quartile, true = 1.12)
Total number of
accelerometer days
1,000 0.68 0.89 1.14 1.58 2.15 2.69 3.29
Conflicts of interest: None declared. 2,000 068 084 093 104 119 136 159
Funding: This research did not receive any specific grant from 3,000 068 084 093 09 105 LI LI8
funding agencies in the public, commercial, or not-for-profit 4,000 068 083 092 097 LOI 105 110
’ ’ 5,000 0.68 0.83 0.91 0.97 1.01 1.04 1.07
sectors. 6,000 067 082 091 097 101 103 1.06
7,000 0.68 0.83 0.91 0.96 1.00 1.03 1.06
8,000 0.68 0.83 0.91 0.96 1.00 1.03 1.06
APPENDIX A. SUPPLEMENTARY DATA 9,000 068 083 091 096 099 102 105
10,000 0.68 0.83 0.91 0.96 1.00 1.02 1.04

Supplementary data related to this article can be found at https://

doi.org/10.2188/jea.JE20180095.

NHANES, National Health and Nutrition Examination Survey.
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