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Abstract

Background: Step counting is comparable among many research-grade and consumer-grade accelerometers in laboratory
settings, but few studies have compared step count measurement among devices outside of the laboratory, in a community
setting.

Objective: The purpose of this study was to compare agreement between Actical and Apple Watch step-counting in a
community setting.

Methods: Among Third Generation Framingham Heart Study participants (n=3486), we examined agreement of step-counting
between those who wore a consumer-grade (Apple Watch Series 0) and research-grade accelerometer (Actical) on the same
day(s). Secondarily, we examined agreement during each hour when both devices were worn to account for differences in wear
time between devices.

Results: We studied 523 participants (n=3223 person-days, mean age 51.7 years, 57% women). Between devices, we observed
modest correlation (intraclass correlation [ICC]=0.56, 95% confidence interval [CI]=0.54, 0.59), poor continuous agreement
(29.7% of days having steps counts with ?15% difference), a mean difference of 499 steps/day higher count by Actical, and wide
limits of agreement, roughly +/-9000 steps/day. However, devices showed stronger agreement in identifying who meets various
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step/day threshold (e.g. at 8000 steps/day, kappa coefficient=0.49), for which devices were concordant for 74.8% of participants.
In secondary analyses, of hours during which both devices were worn (456 participants, 18760 person-hours), the correlation was
much stronger (ICC=0.86, 95% CI=0.85, 0.86), but continuous agreement remained poor (27.3% of hours having step counts
with ?15% difference) between devices and was slightly worse for those with mobility limitations or obesity.

Conclusions: Our investigation suggests poor overall agreement between steps counted by the Actical and Apple Watch devices,
with stronger agreement in discriminating who meets certain step thresholds. The impact of these challenges may be minimized
if accelerometers are used by individuals to determine whether they are meeting physical activity guidelines or tracking step
counts. It is also possible that some of the limitations of these older accelerometers may be improved in newer devices.

(JMIR Preprints 16/11/2023:54631)
DOI: https://doi.org/10.2196/preprints.54631
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Abstract (275 words)

Background:  Step  counting  is  comparable  among  many  research-grade  and  consumer-grade

accelerometers  in  laboratory  settings.  The  purpose  of  this  study  was  to  compare  agreement

between Actical and Apple Watch step-counting in a community setting. 

Methods: Among Third Generation Framingham Heart Study participants (n=3486), we examined

agreement of step-counting between those who wore a consumer-grade (Apple Watch Series 0)

and  research-grade  accelerometer  (Actical)  on  the  same  day(s).  Secondarily,  we  examined

agreement during each hour when both devices were worn to account for differences in wear time

between devices. 

Results: We studied 523 participants (n=3223 person-days, mean age 51.7 years, 57% women).

Between  devices,  we  observed  modest  correlation  (intraclass  correlation  [ICC]=0.56,  95%

confidence  interval  [CI]=0.54,  0.59),  poor  continuous  agreement  (29.7% of  days  having  steps

counts with ≤15% difference), a mean difference of 499 steps/day higher count by Actical, and wide

limits of agreement, roughly +/-9000 steps/day. However, devices showed stronger agreement in

identifying who meets various step/day threshold (e.g. at 8000 steps/day, kappa coefficient=0.49),

for which devices were concordant for 74.8% of participants. In secondary analyses, of hours during

which both devices were worn (456 participants, 18760 person-hours), the correlation was much

stronger (ICC=0.86, 95% CI=0.85, 0.86), but continuous agreement remained poor (27.3% of hours

having step counts with  ≤15% difference) between devices and was slightly worse for those with

mobility limitations or obesity. 

Conclusion: Our investigation suggests poor overall  agreement between steps counted by the

Actical and Apple Watch devices, with stronger agreement in discriminating who meets certain step

thresholds.  The  impact  of  these  challenges  may  be  minimized  if  accelerometers  are  used  by

individuals  to  determine  whether  they  are  meeting  physical  activity  guidelines  or  tracking  step

counts.  It  is  also  possible  that  some of  the  limitations  of  these  older  accelerometers  may  be

improved in newer devices.
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Introduction

Physical inactivity is an important risk factor for many chronic diseases including obesity, diabetes

mellitus,  hypertension,  cardiovascular  disease,  and  dementia.[1] The  2018  Physical  Activity

Guidelines for Americans recommend 150 minutes of moderate to vigorous physical activity (MVPA)

or more per week.[1] Despite many known benefits of physical activity, many Americans do not meet

the Physical Activity Guidelines, and national physical activity levels determined using self-report

questionnaires  may  even  overestimate  true  activity  levels.  Guideline  achievement  has  been

estimated to be as low as 15% of Americans using accelerometry in a nationally representative

sample,  or  as high as 66% using self-reported data in the same individuals.[2,  3] Furthermore,

experts have expressed concern over whether these guidelines are appropriate and attainable,

especially in older adults or those with mobility limitations.[1, 4, 5] 

Walking is a central component of physical activity and public health promotion efforts.[6] Public

health messages focused on daily step counts may be a more appropriate target for  achieving

recommended amounts of physical activity in adults,[6] which might have even more significance in

older populations and those who have low MVPA levels. We are in a new paradigm in healthcare, in

which  69% of  US  adults  report  tracking  at  least  one  health  metric,[7,  8] including  millions  of

individuals  who  track  their  steps  using  wearable  accelerometer  devices  that  are  available

commercially.[9] Despite the longstanding use of step counting in public health interventions,[10] the

Physical Activity Guidelines Committee has not yet created recommendations for the number of

daily steps to target as a goal for health promotion.[1] The primary reason for this lack of step count

guidelines has been a lack of evidence, but meta-analyses conducted from large cohort studies
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have recently reported that step count is associated with lower risk of death and chronic disease.

[11, 12] Many accelerometers and pedometers have been validated to accurately count steps in the

laboratory setting,[13-15] but a remaining concern is that it  is unclear how the number of steps

reported in studies using research-grade accelerometers compares to steps counted by consumer-

grade wearable devices used by the public living in the community (i.e., the free-living setting).

During a recent Framingham Heart Study (FHS) exam cycle, physical activity was measured using

both a consumer/mobile health device (Apple Watch) and a research-grade accelerometer (Actical)

at  the same time in the same individuals.  The purpose of  this investigation was to assess the

agreement  between  Apple  Watch-  and  Actical-derived  daily  step  count  worn  in  the  free-living

environments. We primarily assessed whether step count agreed when devices were worn on the

same day, even if wear times differed, because we acknowledge that wear time and behavior may

differ when participants wear different devices in the real world. We secondarily assessed whether

agreement  differed when devices  were  worn for  the  same hour  block  and whether  agreement

differed by age, sex, height, body mass index (BMI), or those with mobility disabilities. This report

will enable a better interpretation of the Apple Watch's daily step count for research studies and

consumers using these devices. 

Methods

Study  Cohort:  The  FHS  Third  Generation-based  (Gen  3)  cohort  was  recruited  in  2002-2005

(n=4095),[16] and consisted mostly  of  grandchildren of  the  Original  FHS cohort,[17] who  were

largely individuals of European descent. The Gen 3 based examinations also included spouses of

the Original cohort’s offspring (New Offspring Spouses, NOS, n=103) who were not already included

in  the  Offspring  (Generation  2)  cohort  and  included  a  multiethnic  Omni  Group  2  (n=410).

Participants from these cohorts  have been examined every 6-8  years.  All  participants  provided

written informed consent, and the Institutional Review Board at Boston University Medical Center

approved the study protocols.

https://preprints.jmir.org/preprint/54631 [unpublished, peer-reviewed preprint]



JMIR Preprints Spartano et al

During  the  third  in-person  research  examination  of  these  cohorts  (April  2016  -  March  2019),

participants  were  asked  to  wear  an  Actical  accelerometer  for  8  consecutive  days  on  the  hip.

Beginning in November 2016, as part of the electronic FHS (eFHS) ancillary study,[18] participants

also were asked to wear an Apple Watch (Series 0) on their wrist for up to one year if they owned an

iPhone with a compatible iOS (version 9 or higher). Of the 3,486 FHS participants examined at the

Research Center for exam 3, from April 2016 through March 2019, 2,898 (83%) agreed to take the

Actical  monitor,  of  which n=2423 (92% of  those who took the device)  had “valid”  steps data,

meaning they wore the monitor for at least 3 days, for at least 10 hours/day (Figure 1). 

In total, 1061 eFHS enrollees (since November 2016) agreed to take the Apple Watch or use their

own, of which n=959 (90% of those who agreed to use an Apple Watch) wore the device for at least

3 days for at least 10 hours/day during the follow-up period. A total of 834 participants had at least 3

days of “valid” data from both devices (Actical and Apple Watch). Of those, 523 participants had at

least 10 hours of wear time on both devices on the same day, providing a total of 3223 person-days

for our primary study sample (Sample 1). 

Actical Physical Activity

During the 8-day wear period, participants were asked to remove the Actical accelerometer (Philips

Respironics, model numbers 198-0302-xx, Respironics Co. Inc, Bend, OR) each night for sleep and

when bathing or swimming.  Actical data were recorded in 30-second epochs and expressed as

counts (or steps) per 30 seconds. Actical step counting has been validated against hand-counting in

a laboratory setting.[19, 20] For Sample 1, data were processed using a SAS program developed by

Colley et al.,[21] and modified with input from collaborators,[22] including non-wear time removal

using the Choi algorithm,[23] as explained in detail  in Supplemental Methods.  After  processing,

there remained 18 hours of possible wear time per day. A valid day was defined as ≥10 hours of

wear time, with ≥3 days required for inclusion in the main analysis.[24] 

https://preprints.jmir.org/preprint/54631 [unpublished, peer-reviewed preprint]
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Apple Watch Series 0 Physical Activity

As part of the eFHS protocol, participants were asked to wear the smartwatch daily and were sent

home  with  instructions  on  proper  smartwatch  use  with  advice  to  remove  the  smartwatch  for

charging  every  night.  We  also  set  up  permissions  for  the  Apple  Watch  app  to  access  health

information from other apps on the smartphone (i.e. steps, heart rate, blood pressure, weight, etc.)

but we did not enter participant specific data during Apple Watch set up. In contrast to data collected

from the Actical, which had both counts and steps per 30-second interval, we were only able to

collect Apple Watch data at the granularity of the number of steps per hour. For the Apple Watch,

one  wear  hour  was  defined  as  an  hour  with  at  least  two  heart  rates  or  at  least  30  steps

accumulated.[25] Unlike for Actical, there was no maximum number of wear hours chosen for the

Apple Watch. A valid day was defined as ≥10 hours of wear time, with ≥3 days required for inclusion

in the main analysis.

Covariates

The following covariates were measured at the examination that Actical and Apple Watch devices

were provided to participants: current smoking status, self-reported health, BMI, hypertension stage

II (systolic blood pressure≥140 mmHg or diastolic blood pressure≥90 mmHg and/or use of blood

pressure medications),[26] diabetes mellitus (fasting plasma glucose ≥126 mg/dL and/or  use of

medications for diabetes mellitus), and prevalent cardiovascular disease. Depression status was

defined  as  anyone  with  a  score  of  16  or  greater  on  the  Center  for  Epidemiological  Studies

Depression  (CESD)  scale.  The  physical  activity  index  was  a  composite  score  constructed  by

weighting self-reported time spent in physical activity intensities over a 24 hour “typical” day.[27]

Mobility limitation was defined as those self-reporting that they were unable to walk 0.5 mile without

help or that they were limited a little or a lot when climbing several flights of stairs.

Statistical Analysis

After excluding participants who did not have at least 3 days of valid data from both devices and

https://preprints.jmir.org/preprint/54631 [unpublished, peer-reviewed preprint]
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then excluding dates on which only one device was worn, we were left with 523 participants (3223

person-days,  Sample  1).  We compared the number  of  hours participants wore each device  on

average days and average steps accumulated to determine device-specific differences, reporting

means and standard deviations (SD) or medians and quartile (Q)1 and Q3 in Table 1.

To examine agreement  between devices on days when both devices were worn for  >10 hours

(Sample 1), we reported the intraclass correlation (ICC) using the random-effects model in our two

study samples and used Lin's concordance coefficient (accounting for repeated observations). We

also used kappa coefficients to assess concordance between the devices in identifying participants

meeting thresholds of  average daily  steps (at  3000,  6000,  8000,  and 10000 steps/day).  Bland-

Altman plots were also used to assess potential non-systematic differences between devices and

provide  a  visual  representation  of  these  differences  in  steps/day  and  the  percent  differences

[100*(Apple Watch mean – Actical steps)/mean steps]. We assessed the limits of agreement for the

Bland-Altman plot using repeated measures. Agreement of Apple Watch and Actical step counts per

day was also assessed as the percent  of  days in  which steps for  each device fell  within 15%

agreement  of  one  another.  In  personal  communication  with  physical  activity  research  experts

(unpublished), most suggested that acceptable agreement should be set at a 5% difference level

(as cited in Tudor-Locke C, et al.[28]), with a few experts acknowledging that agreement within 15%

may  be  considered  acceptable  (as  in  Breteler,  et  al.[14]).  Experts  polled  were  those  who

participated as an author in the meta-analysis of 15 international cohorts with accelerometer data

published by Paluch A, et al. 2022.[11] We chose to report the more lenient agreement threshold in

order to better detect variability in agreement amongst subsamples of our population, especially

after observing the poor overall agreement within these ranges displayed in results.

In secondary analyses, we also examined agreement between devices during hours when both

devices were worn (Sample 2)  to  account  for  potential  differences in  wear  periods  (by device)

throughout the day. To create this sample, first, we identified blocks of time ≥3 hours each day

https://preprints.jmir.org/preprint/54631 [unpublished, peer-reviewed preprint]



JMIR Preprints Spartano et al

(midnight to midnight) during which both devices were worn. We defined an hour of Actical wear as

any hour with >0 step count. In the current study, we defined an hour of Apple Watch wear was

defined as an hour with >30 step counts or 0-30 step counts with at least two heart rates recorded,

but there does not seem to be an established threshold used in this research field. We excluded

hours  for  which  step  counts  were  missing  (shown  as  NA in  Supplemental  Figure  1).  These

definitions differed because of different device wearing locations (hip vs. wrist). When devices are

worn on the hip, they can show 0 step counts for prolonged periods of time when a participant is

wearing the device sitting, but this is less likely to occur with a wrist-worn device. Thirty participants

had <3 hours of overlapping wear time and were excluded (Figure 1). These 30 participants had

>10 hours Apple Watch wear time on days when the Actical was worn for >10 hours, but the Apple

Watch wear hours did not have at least 3 consecutive hours. Each hour or two when steps were

counted were broken up by hour(s) with heart  rate measurements, but were often missing step

counts. An example of 24 hours of Actical and Apple Watch data is shown in Supplemental Figure

1. We provide further interpretation of these “interruptions” in wear time in the discussion section.

Our next step was to remove the first and last hour of each ≥3-hour block because we could not

determine whether they are full or partial hours. The remaining hour(s) in that block were each used

as separate data points, to give us steps accumulated by the two devices for every hour that both

devices  were  worn.  Because  Apple  Watch,  but  not  Actical,  changes  time  stamps  during  the

collection  period  to  be consistent  as  people  move across  different  time zones,  we additionally

excluded participants residing outside of the Eastern Standard Time Zone (n=36), which may have

resulted in discordant hours being counted by each device.  One extreme outlier (1 person-hour)

was also removed (see Supplemental Figure 2), which did not affect results (data not shown). We

repeated analysis from Sample 1.

Next,  for  each  sample,  we  tested  for  interactions  by  age,  sex,  height,  and  BMI  in  the  linear

regression  analysis  to  assess  whether  these  factors  influenced  agreement  between  the  Apple

Watch and Actical device measures of total daily steps. Finally, we performed sensitivity analyses,

https://preprints.jmir.org/preprint/54631 [unpublished, peer-reviewed preprint]
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repeating our agreement analysis in subsamples excluding participants with high or low step counts.

All  statistical  analyses were performed with R (Version 4.1.3),  including the following packages:

ggplot2  (for  plots),  irr  (for  ICC),  epiR  (for  Lin’s  concordance  correlation),  psych  (for  Kappa

coefficients).

Results

Compared  to  the  total  FHS  Gen  3/NOS/Omni  2  cohort,  participants  who  returned  valid  (i.e.,

sufficient) data from the two wearable devices were on average younger, healthier (less smoking,

diabetes,  hypertension,  cardiovascular  disease,  and depression),  and were more likely  to  have

completed college or received a graduate degree (Table 1). The average wear time for the Apple

Watch was more than an hour longer each day than for the Actical (15.6 vs. 14.4 hours, Table 1),

which may be partially due to the removal of  6 hours of each 24 hours and other Actical  data

processing, as described in the Supplemental Methods.

Primary Analysis (Sample 1, n=523): Step agreement per day of device wear

We observed modest correlation (ICC=0.56, 95% confidence interval [CI] = 0.54, 0.59, Table 2), but

poor agreement (29.7% of days having steps counts with ≤15% difference) between devices. Lin’s

concordance coefficient, accounting for repeated observations, produced the same coefficients as

traditional ICC for all results. The two devices demonstrated moderate agreement for distinguishing

between participants  meeting vs.  not  meeting  step/day thresholds  by  their  average  daily  steps

(kappa coefficient ~0.5,  Table 3). The Apple Watch and Actical devices were concordant 74.8% -

84.5% of the time, depending on the threshold (3000, 6000, 8000, 10000 steps/day). This reliability

for distinguishing between thresholds did not change greatly if we used average daily steps (as in

Table 3) or steps per person-day (as in  Supplemental Table 1), but improved slightly to 77.2% -

85.3% if  we excluded person-days in  which wear  time was >1 hour  different  between devices

(Supplemental Table 1).
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On average, we observed more steps/day counted by the Actical device, with a mean difference of

499 more steps/day counter compared to the Apple Watch (Figure 2, Table 2). Limits of agreement

were -9543, 8544 steps/day, meaning that differences in step counting between devices is expected

to be +/–  roughly  9000 steps in  a given day of  device wear.  The differences in  step counting

between devices tended to increase with higher average steps counted, but percent differences did

not (average limits of agreement were -134.6 to 118.2% difference between step counts). There

also did not appear to be major under- or over-estimation of steps by one device compared to the

other.  We observed an interaction  (Supplemental  Table  2,  p<0.0001)  between wear  time and

device type in their association with daily step count.

Secondary Analysis (Sample 2, n=456): Step agreement per hour of device wear

We conducted secondary analyses to explore the agreement between devices, with differences in

wear time minimized. We assessed agreement between devices for each hour during which both

devices were worn (456 participants, 1986 person-days, 18760 person-hours, Table 2 and Figure

3). Among hours when both devices were worn, the correlation of absolute step counts between

devices was much stronger (ICC=0.86, 95% CI=0.85, 0.86, Table 2) than it was for Sample 1, but

agreement of steps counted per hour was still poor (only 27.3% of hours having step counts with

≤15% difference) between devices. The mean difference in step count between devices was only 20

steps/hour, but limits of agreement were large (-844, 884 steps/hour) and a 16.6% difference (-98,

131.3% limits of agreement) between Apple Watch and Actical step counting on hours when both

devices were worn. 

Next,  we  assessed  potential  interactions  (in  Sample  2,  Supplemental  Table  2),  observing

interactions by obesity status and mobility status (p<0.001). We observed that correlations were

similar regardless of these factors (Samples 2A-C,  Table 2),  but agreement of step counts with

≤15%  difference  between  devices  was  slightly  worse  for  participants  with  obesity  (25.9%

agreement) or self-reported mobility limitations (23.9% agreement), compared to those with neither
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(28.0% agreement).

Sensitivity Analyses: Exploration of days with low step counts and large differences in step

count

Despite strong correlation in step counts, there was substantial variability between devices in terms

of device agreement, as demonstrated in the total Sample 1,  Figure 2. We observed 17 person-

days with >30,000 steps/day by Actical but <20,000 steps/day by Apple Watch, representing days

from 5 participants (Figure 2,  Section A, Supplemental  Figure 3,  Supplemental  Table 3).  In

sensitivity analyses excluding data from these 5 participants, the ICC improved slightly for Samples

1 and 2, but the percent of days or hours during which the devices agreed within 15% only improved

by <1% (Supplemental  Table 4).  Very few days (~10%) met  the more strict  5% threshold  for

agreement between devices; and agreement was further reduced when only observing days when

the Apple Watch was worn 5-10 hours and Actical was worn >10 hours.

Other substantial variability we observed between device counting by Actical compared to Apple

Watch was observed in the large number of days during which one device counted <1000 steps and

the other device counted >1000 steps (Figure 2, Sections B and F). In  Supplemental Figures 4

and  5,  we  show  scatterplots  for  hours  when  both  devices  were  worn.  During  most  hours

represented in Sections B and F from  Figure 2, the devices were either being worn at different

times of the day or there were interruptions in step counting. Furthermore, when observing hours

from “other days” of those participants who had days that fell into Sections B or F (Supplemental

Figures 4 and 5), the pattern appears similar to the scatterplot for the overall Sample 2 (Figure 3).

Exclusion of participants who contributed days that fell into Figure 2 Sections A, B, D, E or F (those

with step counts <1000 or >30000 by either  device)  did not  improve agreement  results  greatly

either, improving the percent of days on which the devices agreed within 15% only up to 32.2% of

all days (Supplemental Table 4). 

Discussion
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Consumer accelerometer devices are being used by millions of people to track their physical activity

levels and progress toward public health recommendations or personal goals. These devices have

been validated in laboratory settings against research-grade devices, but few studies have explored

how consumer and research-grade accelerometer step counting compares when participants are

living out in the community. 

In the current study, we observed poor overall agreement between steps counted by Actical and

Apple Watch (series 0) devices. Larger between-device differences were seen when step count was

higher, but the percent difference did not increase. However, our results suggest that we can expect

the two devices to classify individuals into the same step thresholds about 75-85% of the time.

Results such as these may be important to consider when translating future step guidelines to the

public using consumer brand devices.  The limitations in agreement among accelerometer devices

may  be  less  important  when  they  are  used  by  individuals  to  determine  achievement  of  a

recommended number of steps or for the purposes of tracking their step count over time.

The agreement  we observed in  the current  study  in  a  free-living  environment  was worse than

previous laboratory-based studies of  consumer-grade devices  comparing them to hand-counted

steps or research accelerometer devices.[13, 15] However, one study observed that even when

testing consistency of step counting in the same device, wearing the device at different locations

(wrist  vs. hip) can result in inconsistencies in device step counting.[29] The difference in device

location  alone  may  have  contributed  greatly  to  the  poor  agreement  of  step  counting  between

devices in our study. 

Similar to our design, one study by Breteler, et al., examined Apple Watch step counting in a free

living setting (wrist worn) in comparison to other accelerometers worn on the hip.[14] In this study,

30 healthy participants (mean age 40 years) wearing multiple devices over a 3 day period observed

a median absolute relative difference of 7.7% comparing the Apple Watch to the Actigraph (similar
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to our mean relative difference results comparing Apple Watch to Actical). However, they did not

report the limits of agreement for this relative difference. Other devices they tested had a median

absolute relative difference >15%.[14] A low mean or median relative difference indicates low bias

(lack of systematic over- or under-counting by one device), but only limits of agreement can inform

about the precision of agreement. Breteler, et al. reported the mean difference in step counting was

968  more  steps/day  counted  by  the  Apple  Watch  with  limits  of  agreement  ±6,000  steps/day

(compared to Actigraph), which is almost as high as the limits of agreement we observed in our

study sample 1 (compared to Actical). Investigators in that study observed that Apple Watch devices

added steps overnight when other devices were not counting any steps, which could have been due

to delayed transmission of step count data. We did not observe the same phenomenon in our data,

which may be due to us using an older Apple Watch device model. In our study, we observed that

some participants had long periods of consecutive hours with heart rate data, but zero step counts

(meaning the Apple Watch device was being worn) and had long periods of consecutive Actical step

data  >0  during  this  time.  We  suspect  that  the  Apple  Watch  step  data  was  either  not  being

recorded/transmitted during these time periods or was delayed by many hours. In order for Apple

Watch  Series  0  data  to  be  recorded/transmitted,  the  participant’s  smartphone  needed  to  be

charged, connected to the internet, and unlocked. This finding has important implications for future

research teams when analyzing data from other mobile health devices.

Although we observed poor overall agreement (due to wide limits of agreement) in our study and in

Breteler, et al.[14] we also reported low bias due to low mean difference and percent difference.

However, individual differences in gait, which may be in part due to older age, mobility limitations, or

body stature (influenced by sex, height, and body composition), might introduce systematic bias into

the measurement of steps in the community and should be considered in future studies.[30-32]

Accelerometers have different  sensitivities to slow gait  speeds or  low frequency movement,[29]

even when tested in a laboratory in which gait  differences are minimized. We observed slightly

worse  agreement  between  devices  for  individuals  who  were  obese  or  self-reported  mobility
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limitations.  An  individual’s  usual  cadence  and  the  amount  of  time  they  spend  participating  in

movement  activities  other  than  ambulation  (such as  household  chores  or  other  multidirectional

activities)  may  also  influence  step  detection  in  certain  accelerometer  devices.[33-35] Although

individuals with mobility limitations and other conditions that alter gait (e.g. obesity) only worsened

agreement slightly,  the overall  influence of gait  on how these devices count steps may partially

explain the poor agreement between devices. 

Agreement  of  step-counting  devices  has implications  for  future updates of  the Physical  Activity

Guidelines.  Advancements in  technology and the widespread availability  of  consumer wearable

devices make physical activity monitoring feasible in the research/clinical settings and for individuals

in  the  community.  During  the  development  of  the  2018  Physical  Activity  Guidelines,  it  was

determined that there was insufficient evidence to create a guideline for health promotion based on

step count.[1] But an estimation by Tudor-Locke et al. (2011) suggests that the MVPA guidelines can

be met by adults who walked a minimum of ~7000-8000 steps/day.[36] Furthermore, a 2022 meta-

analysis of 15 observational cohort studies (including FHS) using research-grade physical activity

monitors (e.g., Actigraph, Actical, Activ-PAL, etc.), reported that individuals achieving ≥8,000  (vs.

<8000) steps/day in middle age had the lowest risk of mortality.[11] In older adults, a lower threshold

of ≥6,000 steps/day was associated with almost 50% lower risk of death compared to older adults

who walked less. The study, which was the largest meta-analysis of its kind, may serve as evidence

to support future guidelines as to the number of steps adults should walk each day. 

Although we now have some evidence that achieving step thresholds from 6000-8000 steps/day is

associated with lower mortality,[11] creating step guidelines is complicated by the observation that

individuals in the community do not use the same research-grade devices as used in many prior

studies. Instead, the public uses popular consumer activity trackers, such as Fitbit, Apple Watch,

and Garmin, among other devices. Although these consumer devices have been well validated for

the measurement of steps in laboratory settings,[13-15] it  has not been clear whether the steps
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counted by these consumer devices are comparable to steps counted by research-grade devices in

free-living  settings.[37] Unfortunately,  it  does  not  appear  to  be  a  simple  fix  to  “convert”  steps

measured by a research device to those measured by a consumer device, based on the wide limits

of  agreement.  Despite poor overall  agreement of step counting between devices,  favorably,  the

devices  had substantially  better  agreement  in  identifying  who meets  thresholds  between 6000-

10000 steps/day, with agreement for ~75-82% of individuals. These thresholds may serve as targets

for future public health recommendations. 

Strengths and Limitations

Strengths of our investigation include the large sample size and the study being conducted in a

community setting, which increases the generalizability of the findings. However, the homogeneous

nature of our study cohort, who were mostly from one geographic location, were generally healthier

and more highly educated than the general US population, and were mostly of European ancestry,

may limit generalizability to more diverse populations. Another strength was our use of different

person-day  samples  to  examine  different  questions  such  as  comparing  step  counts  between

devices when worn for  a comparable number  of  hours and observing the influence of  different

wearing behavior on step count agreement. The lack of control of wear time and differences in wear

time observed between the devices can be viewed as both a weakness (because wear time affects

step accumulation) and a strength (in that it demonstrates the differences that may be inherent in

real-world device use). Similarly, as noted earlier, another difference between these devices was

their  placement  on the wrist  versus  the hip,  which may have also  contributed to the variation.

However, the device placement locations add another real-world element to our study design. 

Wear time per day was longer, on average, for the Apple Watch, which may, in part, be due to

wearing during sleeping hours. In our analysis, sleeping hours were removed from the Actical total

wear time, but not from the Apple Watch. We asked participants to remove the Actical device when

they bathed, swam, or slept. These instructions were not given to participants for the Apple Watch,
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although participants may have chosen to do so. The Apple Watch is waterproof, but the battery

does not typically last much longer than 24 hours, so most participants likely took off the Apple

Watch to charge at night. If the Apple Watch battery was not charged, a participant might not have

worn the device and may have missed opportunities to record steps walked. The Actical battery did

not need to be charged during the week that participants wore the device, which may have affected

when it was worn compared to the Apple Watch. On the other hand, the Actical device was worn on

a belt around the waist/hip, compared to the Apple Watch, worn on the wrist, either of which can be

cumbersome, causing some participants to remove the device or wear it improperly (e.g., loosely). It

is  unclear  which  placement  site  is  preferred  by  the research community.[38] Although we sent

participants home with instructions for when to take on and off the devices and the location they

should be worn, we did not emphasize that they should ensure a snug fit. Another possibility is that

there could be calibration issues with some of the devices (Actical and/or Apple Watch could have

drifted from factory calibration). Comparison of agreement results between Sample 1 and 2 make it

clear that it is unlikely that the poor agreement was explained by participants wearing the devices

during different times of day or activities. But it is also evident that some of the differences in step

counting by these devices may have been due to Bluetooth connectivity errors in the recording or

transmission of step data, that led to very low steps counted by the Apple Watch.

Features of physical activity monitors are also important considerations. The Apple Watch device

used in this investigation has many applications, including allowing participants to see step counts

as  they  were  accumulated  (there  was  no  visual  display  on  the  Actical  device)  and  other

functionalities. The availability of these features may also influence when the device was worn and

how many steps are taken. We did observe that of the participants who agreed to either device, a

roughly equal proportion of participants (~90%) wore those devices for ≥3 days for at least 10 hours/

day.  But  studies  have  shown  that  features  such  as  a  display  showing  step  progress  and

encouragement (i.e., nudges) to stand or move may increase both wearing and stepping behavior,

especially over the short term, which may influence results from studies using consumer devices
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that tend to have these features. 

Our study provided us with many lessons that we hope to communicate with investigators using

accelerometers.  An unexpected finding was that  the agreement  between these physical  activity

monitors was only improved slightly after we limited differences in wear time between the devices.

When experts develop public health guidelines for the number of steps to walk each day, they must

consider  that  devices do not  all  record steps equivalently  and that  the type of  device,  wearing

location, or mode (i.e., watch, belt, or smartphone app), battery life, Bluetooth connectivity issues,

other features of the device, and gait differences of participants may all influence when the device is

worn and how many steps are counted. Moreover, we did not enter participant-specific data (i.e.

height, weight, age, sex) when setting up the Apple Watch or Actical devices. However, the Apple

Watch may have  accessed  this  type  of  data  from other  health-related  apps  on  a  participant’s

smartphone. It is also important to note that we studied older versions of the devices, both of which

are  no  longer  supported  by  their  manufacturers.  Hopefully,  newer  device  models  may  have

overcome some of the limitations of the accelerometers we studied; we used Apple Watch Series 0

during data collection, but they have already transitioned to Series 8. In future research, it may also

be important to emphasize proper wear of devices and input relevant participant-specific information

during device set up for improved precision. 

Conclusion

Our investigation suggests that overall agreement between steps counted by the Actical and Apple

Watch  Series  0  devices  was  poor,  but  agreement  between  devices  was  much  stronger  for

distinguishing who meets certain step thresholds. Many large cohort studies have used the Actical

device and other research- and consumer-devices to observe thresholds of physical activity (steps

per  day)  that  are  associated  with  health  outcomes.[11,  39-41] Lessons  learned  from  our

investigation should be considered when translating thresholds of steps counted using the Actical to

guidelines  for  members of  the community  using consumer devices,  including the Apple Watch.
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Future studies should explore the agreement among other devices in the community setting and

explore the role of interruptions in connectivity, calibration, and factors affecting gait, such as age,

sex, frailty/mobility status, BMI, and height on the accuracy of step count and agreement among

devices..  However,  another important  future direction should be the increased use of  consumer

accelerometer devices in research in order to replicate recent meta-analyses reporting the higher

risk of mortality among physically inactive individuals (measured using research-grade devices).[11,

42] Studies such as All of Us and the RURAL Heart and Lung Study that use Fitbit devices, for

example, will be extremely useful in the development and translation of future physical activity step

guidelines.[41] 

The good news is that the impact of these challenges in measuring steps may be minimized when

accelerometers are used by individuals for the purposes of tracking the changes in their physical

activity over time,  which eliminates the impact of  gait  differences (unless gait  changes),  factory

calibration issues (if the same device is used), and presumably connectivity issues would remain

consistent, limiting their impact too. 
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Figure Legends

Figure 1. Participant flow diagram for the analysis of agreement between Apple Watch and Actical

step counts

Abbreviations: Framingham Heart Study (FHS); electronic (e)FHS; Generation (Gen); New Offspring

Spouse (NOS); eastern standard time (EST).

*Enrollment in eFHS starting in November 2016 was necessary because this was the first  date

Apple Watches were given out at the FHS Research Center.  Participants were able to enroll  in

eFHS prior to this, but they were given an Apple Watch to use later (starting in November), so their

Apple Watch use would not align with the Actical monitor wearing dates.

Figure 2. Scatterplot and Bland Altman plots (difference and %difference) of Apple Watch steps by

Actical  steps  accumulated  on  the  same  date  (Sample 1,  all  data,  3223  person-days,  523

participants).

Each point represents data from one participant on a single date (1 person-day). In the scatterplot,

dashed lines are set at 1,000 and 30,000 step thresholds. Days on which participants accumulated

1,000-30,000 steps are dark green, and days outside that threshold are presented in light green.

Sections separated by the dashed lines include the following number of person-days/participants:

A=17/5, B=205/68, C=2963/512, D=3/2, E=4/4, F=31/29. The Bland Altman plots on the right show

the mean difference or  mean % difference (red dashed line)  and the limits  of  agreement  95%

confidence interval (blue dashed lines). Mean % difference was calculated as [100*(Apple Watch

steps minus Actical steps)/ (average Apple Watch and Actical steps)].

Figure 3. Scatterplot and Bland Altman plot (difference and %difference) of Apple Watch steps by

Actical  steps  accumulated  during  hours  when  both  devices  were  worn  (Sample  2,  n=456

participants; n=1986 person-days; n=18760 person-hours).

Each point represents data from a single hour (1 person-hour). The Bland Altman plots on the right
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show the mean difference or mean % difference (red dashed line) and the limits of agreement 95%

confidence interval (blue dashed lines). Mean % difference was calculated as [100*(Apple Watch

steps minus Actical steps)/ (average Apple Watch and Actical steps)].

Supplemental Digital Content: Supplemental Digital Content 1.doc
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Table 1.  Characteristics for all Framingham Heart Study (FHS) Gen 3 participants who attended
exam 3, compared to those with valid Actical and Apple Watch data on the same date

FHS Gen 3
(n=3521)

FHS Gen 3
with valid Actical + 
Apple Watch data 
on the same date
(Sample 1, n=523)

Age, years 54.5 (9.4) 51.7 (8.9)
Women (%) 1896 (53.9%) 298 (57.0%)
Race and ethnicity

Non-Hispanic White
Non-Hispanic Black

Hispanic/Latino
Asian

American Indian
Pacific Islander

More than one race
Unknown 

3233 (91.8%)
59 (1.7%)

106 (3.0%)
71 (2.0%)
1 (0.03%)
2 (0.06%)
41 (1.2%)
8 (0.2%)

478 (91.4%)
12 (2.3%)
14 (2.7%)
9 (1.7%)
1 (0.2%)
0 (0%)

8 (1.5%)
1 (0.2%)

BMI, kg/m2 28.6 (6.2) 28.2 (5.7)
Height, inches 66.6 (3.7) 66.8 (3.6)
Mobility limitation (%) 703 (20%)  85 (16.3%) 
Smoking (%) 234 (6.7%) 27 (5.2%)
Education

Less than HS
Completed HS
Some College

Bachelor’s Degree
Graduate/Professional Degree

48 (1.4%)
470 (13.5%)
489 (14%)

1222 (35.0%)
843 (24.1%)

3 (0.6%)
43 (8.2%)

114 (21.8%)
214 (41%)

148 (28.4%)
Married, living as married, living with partner (%) 2454 (70.5%) 397 (76.4%)
Employed full time (%) 2277 (65.4%) 381 (73.1%)
Self-reported health, excellent (%) 750 (21.4%) 128 (24.5%)
Diabetes mellitus (%) 310 (8.8%) 26 (5.0%)
Hypertension stage II (%) 1095 (31.1%) 112 (21.4%)
Cardiovascular disease (%) 164 (4.7%) 18 (3.4%)
Depression [CESD>16] (%) 449 (12.8%) 55 (10.5%)
Physical activity index, score 33.9 (5.7) 33.2 (4.7)
Actical steps, median [Q1, Q3] -- 7064 [4638, 10529]
Apple Watch steps, median [Q1, Q3] -- 7060 [4450, 10348]
Actical wear time, hours -- 14.4 (1.8)
Apple Watch wear time, hours -- 15.6 (2.6)
Data are depicted as n (percent), mean (SD), or median [Q1, Q3]
Abbreviations:  BMI, body mass index;  CESD,  Center for Epidemiological Studies
Depression; HS, high school; Q, quarter; SD, standard deviation
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Table 2. Agreement between steps accumulated on Actical vs. Apple Watch device by participants
wearing both devices on the same date

Sample
 Sample
description

ICC
(95% CI)

Mean
difference *

(Bland Altman
Limits of

Agreement)

Percent of
Apple Watch
days with a
step count
within 15%
agreement

compared to
Actical

Adjusted
Linear

Regression,
Beta (95%CI)

Lin's
concordance
correlation

Mean %
difference**

(Bland Altman
Limits of

Agreement)

Sample 1
(n=523  participants;
n=3223 person-days)

Includes  all
days when both
devices  were
worn  for  >10
hours

0.67
(0.65, 0.70)

0.56
(0.54, 0.59)

0.56
(0.54, 0.58)

-499
(-9543, 8544)

-8.2% 
(-134.6, 118.2)

29.7%

Sample 2
(n=456  participants;
n=1986  person-days;
n=18760 person-hours)

Only  includes
blocks of  hours
during  which
both  devices
were worn ***

0.97
(0.96, 0.97)

0.86
(0.85, 0.86)

0.86
(0.85, 0.86)

20
(-844, 884)

16.6% 
(-98.0, 131.3)

27.3%

Sample 2A – with obesity 
(n=151 participants; n=5397 person hours)

Sample 2B - with mobility limits
(n=79 participants; n=2967 person-hours)

Sample  2C  -  without obesity  or
mobility  limitations  (n=266
participants; n=11699 person hours)

0.94 
(0.92, 0.95)

 
0.86 

(0.84, 0.88)
 

0.98 
(0.97, 0.99)

0.85 
(0.84, 0.86)

 
0.86 

(0.83, 0.88)
 

0.85 
(0.85, 0.86)

0.85 
(0.84, 0.85)

 
0.86 

(0.85, 0.87)
 

0.85 
(0.85, 0.86)

33 
(-844, 909)

 
98 

(-953, 1148)
 
3 

(-1089, 1096)

18.2% 
(-95.5, 131.9)

 
29.8% 

(-83.8, 143.5)

14.4% 
(-101.4, 130.3)

25.9%

23.9%

28.0%

The  adjusted  linear  regression  model  includes:  age,  sex,  cohort  type,  BMI,  height,  (and  the
difference in wear time for Sample 1)
* Mean difference was Apple Watch steps minus Actical steps
** Mean % difference was [100*(Apple Watch steps minus Actical steps)/ (average Apple Watch and
Actical steps)]
***Sample 2: After removing hours when both devices were not being worn, we removed the first
and last hours of remaining blocks of hours. We additionally excluded participants who lived outside
EST time zone and removed one datapoint that was an extreme outlier (See Supplemental Figure
1). We used each remaining hour as a separate data point.
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Table 3. Agreement of Actical and Apple Watch devices to identify participants meeting average
daily step thresholds (Sample 1, n=523 participants; 3223 person-days)

Step/day Threshold Percent concordance for
“meets the PA threshold” as

measured by the two devices

Kappa coefficients (95% CI)
for “meets the PA threshold” as
measured by the two devices

3000 steps/day 442 (84.5%) 0.12 (0.01, 0.22)

6000 steps/day 396 (75.7%) 0.46 (0.38, 0.54)

8000 steps/day 391 (74.8%) 0.49 (0.41, 0.56)

10000 steps/day 426 (81.5%) 0.49 (0.40, 0.58)

Abbreviation: PA, physical activity
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Participant flow diagram for the analysis of agreement between Apple Watch and Actical step counts.
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Scatterplot and Bland Altman plots (difference and %difference) of Apple Watch steps by Actical steps accumulated on the
same date (Sample 1, all data, 3223 person-days, 523 participants).
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Scatterplot and Bland Altman plot (difference and %difference) of Apple Watch steps by Actical steps accumulated during
hours when both devices were worn (Sample 2, n=456 participants; n=1986 person-days; n=18760 person-hours).
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