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Large population-based cohort studies utilizing device-based measures of physical activity are
crucial to close important research gaps regarding the potential protective effects of physical activity
on chronic diseases. The present study details the quality control processes and the derivation of
physical activity metrics from 100 Hz accelerometer data collected in the German National Cohort
(NAKO). During the 2014 to 2019 baseline assessment, a subsample of NAKO participants wore a
triaxial ActiGraph accelerometer on their right hip for seven consecutive days. Auto-calibration, signal
feature calculations including Euclidean Norm Minus One (ENMO) and Mean Amplitude Deviation
(MAD), identification of non-wear time, and imputation, were conducted using the R package GGIR
version 2.10-3. A total of 73,334 participants contributed data for accelerometry analysis, of whom
63,236 provided valid data. The average ENMO was 11.7 + 3.7 mg (milli gravitational acceleration)
and the average MAD was 19.9 + 6.1 mg. Notably, acceleration summary metrics were higher in men
than women and diminished with increasing age. Work generated in the present study will facilitate
harmonized analysis, reproducibility, and utilization of NAKO accelerometry data. The NAKO
accelerometry dataset represents a valuable asset for physical activity research and will be accessible
through a specified application process.
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Large epidemiologic studies have established the health-promoting effects of self-reported physical activity on
numerous disease endpoints, including cardiovascular disease, hypertension, type 2 diabetes, various cancers,
and premature mortality’. However, self-report physical activity methods are fraught with numerous limitations,
including susceptibility to systematic errors like social desirability reporting and recall issues, which can lead
to potentially biased estimates>’. By comparison, device-based measurement methods such as accelerometers
provide objective estimates of physical activity*. Moreover, advancements in technology have made it possible to
record and store triaxial raw 24-h accelerometry data over extended periods, spanning days or weeks, in large-
scale studies involving thousands of participants (e.g., UK Biobank, NHANES, the HUNT4-N Study, the Pelotas
Birth Cohorts)*~%. The major advantage of high-resolution accelerometry data lies in its capacity for transparent
and flexible processing, which facilitates comparability and improves harmonization across different studies and
devices” 12, Furthermore, data from wearable sensors enable the use of sophisticated analytical methods, such as
deriving physical activity patterns and conducting compositional 24-h activity analyses'*-". The initial and most
critical step in effectively utilizing raw accelerometry data involves rigorous quality control and the thorough
generation of derived physical activity metrics.

The primary aim of the current manuscript was to describe the methodology for processing raw accelerometry
data used in the German National Cohort (NAKO). Our goal was to evaluate the completeness and plausibility
of the data and to provide justification for key data processing and analysis decisions. The ultimate goal was to
produce and share a comprehensive repository of accelerometry data, which has the potential to address unre-
solved questions in the field of physical activity epidemiology.

Methods

Study population

Detailed information on the design and aims of the NAKO have been published elsewhere'®. In short, 205,415
men and women (50% each) aged 19-74 years were recruited in 18 study regions in Germany at study baseline
between 2014 and 20198, The study aims to identify risk and protective factors as well as to provide imaging
and biomarkers for major chronic diseases'®. The NAKO is performed in accordance with the ethical standards
of the institutional and/or national research committee, with national law and with the Declaration of Helsinki
of 1975 (in the current, revised version). The study was approved by the responsible local ethics committees
of the German Federal States where all study centers were located (Bayerische Landesdrztekammer (protocol
code 13023, Approval Date: 27 March 2013 and 14 February 2014 (rectification of documents, study protocol,
consent form etc.))). Written informed consent was obtained from all participants'®'. This study is reported
according to the STROBE (Strengthening the Reporting of Observational studies in Epidemiology) Guidelines/
methodology (Supplementary Information 2).

Accelerometer and data collection

ActiGraph (Pensacola, FL, USA) accelerometers have been extensively employed in epidemiologic research®.
As aresult of the evolution of ActiGraph products throughout the course of the NAKO baseline data collection,
three ActiGraph models (GT3X+, wGT3X+, and wGT3X-BT) were employed. All models record acceleration
(g (gravitational acceleration) ~ 9.81 m/s?) tri-axially (in longitudinal, lateral, and anteroposterior direction
when positioned on the side of the hip) and were configured at a 100 Hz sampling rate. While GT3X+ and
wGT3x+have a 6 + g dynamic range, wGT3X-BT has an 8 + g dynamic range (all models use a 12-bit conversion).
Further, firmware versions ranged from v1.2.0 to v3.2.1. To maximize the transparency and reproducibility of
data processing, we disabled the default Low-Power-Mode filter to avoid relying on manufacturer-dependent
pre-processing steps of the data.
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During the study center visit, study personnel attached the device above the right hip on the mid-axillary
line using an elastic strap wearable over or underneath clothing. Participants were instructed to wear the device
continuously (24/7) and to carry out all activities as usual. The device had to be taken off only in case of water
contact lasting longer than 30 min such as in the sauna or while swimming or diving. The recording period
started on the first day and ended on the eighth day after the study center visit. On the morning of day nine, the
device had to be detached and sent back to the study center using a pre-paid envelope.

Data processing

We used the open-source R package GGIR version 2.10-32"** combined with the R package read.gt3x version
1.2.0% for data processing. GGIR has been described elsewhere in detail*!. All data processing was conducted
on the high-performance computing cluster at the University of Regensburg. In the following section we sum-
marize the main processing steps.

Briefly, calibration correction coefficients were derived from non-movement periods in the acceleration data,
where an iterative change point algorithm was used to calibrate signals to 1 g*. Measurements with a calibration
error greater than 0.02 g were excluded from analysis based on our observation that the distribution of accelera-
tion metrics values, as detailed below, showed greater variation with >0.02 g calibration error compared with
0.01-0.02 g calibration error.

To empirically verify variation in the X and Y axis order, the longitudinal axis was estimated from the data
by calculating the correlation of the epoch-by-epoch angle of each accelerometer axis with a 24-h lagged ver-
sion of itself. See legend of Fig. S5 for details on angle calculation. As the longitudinal axis shows a clear upright
(daytime)-lying (nighttime) pattern, it is expected to show the highest day-by-day correlation.

Non-wear time was detected using a previously described and commonly used procedure?**-%8, Briefly, non-
wear times per 15-min interval were identified using the standard deviation (< 13.0 mg for ActiGraph) and the
range of values (< 50.0 mg) of the enclosing 60-min interval®.

Various summary metrics were calculated per 5 s epoch, including the Euclidean norm minus one (ENMO)*
and the Mean Amplitude Deviation (MAD)?. Both metrics have previously been used in physical activity
research®?¢-2830:31 and a detailed description can be found in Supplementary Methods S1 and S2. In contrast
to some other studies®?, no low-pass frequency filter was applied because high signal frequencies can contain
harmonics of movements at lower frequencies, which is not noise but a true reflection of movement. ENMO and
MAD values were aggregated separately per participant across all valid (week(end))-days, per valid day, and on a
15-min level across all valid days. Signal features were imputed for 15-min time segments classified as non-wear
time or where more than 80% of the raw data points in the segment had a value close to or at the edges of the
accelerometer’s dynamic range, as discussed in more detail in a previous study?. Note that not imputing implies
zero movement and omitting the data points implies imputing using the rest of the recording.

To represent the distribution of a participant’s time spent in physical activity intensities, value distributions
in 10 mg increments for both the ENMO and MAD metrics were derived. It must be noted that MAD values
are known to be higher than ENMO values, therefore time spent in certain acceleration ranges is not directly
comparable between ENMO and MAD metrics. The definition of moderate to vigorous-intensity physical activ-
ity (MVPA), i.e., physical activity conducted at an intensity of >3 metabolic equivalents of task (METs)**, does
not lend itself to be unambiguously estimated from accelerometry data. However, MVPA is frequently used in
physical activity research. Thus, to represent time spent above different physical activity intensity (acceleration)
levels, various estimates were derived based on different epoch lengths, acceleration thresholds, and bout duration
criteria to provide a variety of choices for data analysis and sensitivity analyses (Supplement Box 1).

In line with literature that has relied on 24-h wear protocols****, we considered days with at least 16 valid
wear hours as valid. Furthermore, using 16 h (2/3 of the anticipated 24-h wear period) aligns with traditional
hip worn accelerometer literature, where accelerometers were typically worn only during waking hours, with an
expectation of 10 h of wear out of the approximately 15 waking hours®.

Descriptive and exploratory analyses

We excluded participants with less than one valid weekend day or fewer than two valid weekdays, ensuring cov-
erage of both weekend and weekday activities, or participants with an incomplete 24-h cycle, i.e., participants
with consistently invalid data for any 15-min period across all recording days. To support that rationale, we ran
missing data simulations in a subsample of 51,998 participants with perfect wear time compliance (seven valid
days, five valid weekdays, two valid weekend days). Consecutively, ENMO measures from six to one random
day(s) of this sample were averaged and compared against the 7-day ENMO average using intraclass correlation
coefficients (ICC). The same procedure was applied to the five-weekday ENMO average and the weekend ENMO
average as well as the MAD measures.

ENMO and MAD values were winsorized at the age- and sex-specific 99.9th percentile. Age was categorized
according to 10-year increments. Due to a potential gap of several years between recruitment into the study and
the baseline examination, the final sample contains participants older than 70 years. Biological sex was catego-
rized as woman or man. Body height and weight were measured using a Stadiometer 274 and a medical Body
Composition Analyzer 515 (seca GmbH & Co. KG, Hamburg), respectively, and BMI was classified according to
WHO categories: < 18.5 kg/m? as underweight, 18.5-24.9 kg/m? as normal weight, 25.0-29.9 kg/m? as overweight,
and > 30.0 kg/m? as obese***’. Times of day were grouped as follows: 0:00-5:59 AM, 6:00-11:59 AM, 12:00-5:59
PM and 6:00-11:59 PM. Of note, days with time shift (due to daylight saving time) were also included, as GGIR
takes this into account. The first day of accelerometer wear was used to determine the month, and the season
was categorized such that spring started on 1st March. To describe the distribution and characteristics of the
data, we computed accelerometer wear time and average acceleration according to population subgroups defined
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by age, sex, and body mass index (BMI). We also explored temporal and seasonal variation in physical activity.
Descriptive and exploratory statistics were calculated using R version 4.3.1%,

Results

Participant flow

We received 73,334 gt3x files, of which 471 files could not be processed due to uninformative data (e.g., file size
too small). Data from further 1694 subjects were excluded due to issues that had occurred at the study centers
(e.g., incorrect documentation of consent status, improper device initialization) or problems with data quality
(e.g., calibration error or clipping scores exceeding threshold values). Of the resulting 71,169 individuals, we
disregarded those with less than one valid weekend day, those with less than two valid weekdays, and those with
an incomplete 24-h cycle, resulting in a final population for analysis of 63,236 participants (Fig. 1).

Accelerometry wear time

Missing data simulation showed that the ICC for two valid weekdays exceeded 0.9, whether compared to the
average of a 7-day period or just the 5 weekdays. Likewise, the ICC for either Saturday or Sunday surpassed
0.9 when compared to the average weekend measurement (Fig. S1). Over 90% of participants had at least four
valid wear days, and compliance increased with age (Fig. S2). Median wear time was consistent across weekdays,
seasons, age, BMI groups, ENMO levels, and between sexes (Table S1).

Baseline characteristics and acceleration summary metrics
In the study, 52% of participants were women. Participants were on average 50.1 years (SD=12.6) old and had a
mean BMI of 26.4 kg/m?* (SD =4.8). The average ENMO was 11.7 mg (SD=3.7), with men showing slightly higher
values (12.0 mg (SD =4.0)) than women (11.5 mg (SD =3.5)). The overall average MAD was 19.9 mg (SD=6.1),
with men at 20.4 mg (SD=6.5) and women at 19.5 mg (SD =5.7). The correlation between the winsorized (99.9th
percentile) ENMO and MAD was high (r=0.96, Supplementary Fig. S3).

For both ENMO and MAD, acceleration decreased with increasing age, it was higher in men than women,
and it was higher in normal weight than underweight, overweight, or obese participants (Table 1, Fig. 2).

Acceleration levels were higher on weekdays compared to weekend days (Table 1). Notably, physical activity
levels were distinctly lower on Sundays for both men and women across all age groups (Fig. 3). Additionally, both
ENMO and MAD values peaked in the summer and were lowest in the winter, affecting both men and women
in most age groups (Table 1, Fig. S4). ENMO and MAD values were highest between 12:00 PM and 05:59 PM,
and lowest between 0:00 AM and 5:59 AM (Table 1). Younger participants were physically more active in the
evening, whereas older subjects were physically more active in the morning (Fig. 4). The variation in the angle
of the accelerometer’s longitudinal axis, indicative of its orientation in three-dimensional space, showed a clear
difference between upright posture during daytime hours and a reclined posture during nighttime (Fig. S5).

| Participants included | | Reasons for exclusion

| 73,334 gt3x files received | 471 files not processed
(335 GGIR part 1, 136 GGIR part 2)
"""""""" > due to uninformative data (e.g., gt3x-filesize < 4kB,
\ 4 identical values in all 3 axes across all data points)
72,863 files processed
(on person and day level) 1694 files excluded
(multiple reasons possible)
_______________ 4 . Incorrect documentation (n=369)
2 A\ 4 . Incorrect initialisation (e.g., incorrect
= 71,169 participants with accelerometry sampling frequency, incorrect recording
& measures duration) (n=121)
E . 0 valid days: n=1917 . Calibration Error > 0.02 (n=41)
E . 1 valid days: n= 1569 . Calibration Error not available (n= 1168)
g . 2 valid days: n= 1477 . Clipping Score > 0.1 (n=29)
. 3 valid days: n= 1651
. 4 valid days: n=1921
. 5 valid days: n=2918
. 6 valid days: n= 7608 7933 exclusions (multiple reasons possible)
+ 7 valid days: n=52,108 Participants with
— . < 1 valid weekend day (n=6134) or
_______________ N . < 2 valid weekdays (n= 4264) or
. Incomplete 24-hour cycle (n=4503)
v
@
3 63,236 participants with > 1 valid weekend
% day and 2 2 valid weekdays and complete
< 24-hour cycle
Figure 1. Flow chart of participants. PA physical activity.
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ENMO [mean +SD mg] MAD [mean +SD mg]

Men ‘Women Men ‘Women

Age (years)
20 129+4.1 12.4+3.7 21.8+6.7 20.8+6.1

<

(n=2660) (n=3024) (n=2660) (n=3024)
30-39 129+3.8 122+3.5 21.9+6.4 20.6+5.6

(n=3046) (n=3498) (n=3046) (n=3498)

12.8+3.9 12.1+3.5 21.8+6.4 20.5+5.8
40-49

(n=7841) (n=8725) (n=7841) (n=8725)
50_59 12.2+4.0 11.6+3.3 20.8+6.6 19.7+5.6

(n=8092) (n=9125) (n=8092) (n=9125)

10.5+3.5 10.3+3.1 18.0+5.9 17.5+5.1
60-69

(n=7923) | (n=7990) |(n=7923) | (n=7990)

9.7+3.4 9.5+3.0 16.5+5.5 16.2+4.9
>70

(n=695) (n=617) (n=695) (n=617)

BMI (1238 NA)

11.4+43 12.1+3.8 19.2+£6.9 20.6+6.2
(n=136) (n=528) (n=136) (n=528)
12.9+4.2 12.3+3.6 22.0+6.8 20.9+5.8
(n=10,027) | (n=16,113) | (n=10,027) | (n=16,113)
12.0£3.8 11.2+3.1 20.4+6.3 19.0+5.2
(n=13,452) | (n=9578) (n=13,452) | (n=9578)
10.5+3.5 9.8+2.9 17.9+5.9 16.7+£4.9

Underweight (< 18.5 kg/m?)

Normal weight (18.5-24.9 kg/m?)

Overweight (25.0-29.9 kg/m?)

Obesity (=30 kg/m?)

(n=6049) (n=6115) (n=6049) (n=6115)
Time of day*

3.3+£3.0 2.8+2.4 49+4.1 4.1+£29
0:00-5:59 AM

(n=30257) | (n1=32,979) | (n=30,257) | (n=32,979)

14.2+7.0 13.9+6.2 244+11.5 23.7+10.1
6:00-11:59 AM

(n=30,257) | (n=32,979) | (n=30,257) | (n=32,979)

185+7.3 18.1+6.4 322+12.1 31.5+10.8
12:00-5:59 PM

(n=30,257) | (n=32,979) |(n=30,257) |(n=32,979)

11.7+6.2 10.9+5.2 19.7+10.0 18.4+8.5
6:00-11:59 PM

(n=30,257) | (n=32,979) | (n=30,257) | (n=32,979)
Day of the week”

12.1+4.1 11.6+3.5 20.7+6.9 19.8+5.9
Week

(n=30,257) | (n=32,979) | (n=30,257) | (n=32,979)

11.5+5.1 11.1+44 19.6+8.3 18.9+7.3
Weekend

(n=30,257) | (n=32,979) | (n=30,257) |(n=32,979)

Season of the year®

12.2+4.0 11.6+3.5 20.9+6.7 19.8+£5.8

Spring
(n=7926) (n=28692) (n=7926) (n=28692)
12.5+4.1 12.0+3.6 21.3+£6.7 20.4+5.9
Summer
(n=6971) (n=7887) (n=6971) (n=7887)
11.8+3.9 114+34 20.1+6.4 19.3+5.6
Autumn
(n=7558) (n=28483) (n=7558) (n=28483)
11.4+3.8 10.9+3.3 19.3+6.3 18.5+5.5
Winter

(n=7802) (n=7917) (n=7802) (n=7917)

Table 1. Magnitude of acceleration (ENMO and MAD) by participant characteristics. n= 63,236 participants
(sample for physical activity analysis). ENMO and MAD values were winsorized at age- and sex-specific

99.9th percentile. BMI body mass index, ENMO Euclidean Norm Minus One with negative values set to

zero, MAD mean amplitude deviation, see text, mg milli gravitational acceleration, SD standard deviation.

@ Average acceleration vector magnitude per time period. ®Average acceleration vector magnitude per day; Only
valid days with > 16 valid wear hours included. “Spring starting on 1st March; First day of wear determines
classification to month.
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Figure 2. Magnitude of acceleration (ENMO and MAD) by age and sex. ENMO Euclidean Norm Minus One
with negative values set to zero, MAD mean amplitude deviation, see text, mg milli gravitational acceleration.
n=63,236. ENMO and MAD values were winsorized at age- and sex-specific 99.9th percentile. Interpretation
of box and whiskers plot: The box depicts the interquartile range (IQR, central 50% of the distribution) with
the 25% quantile and the 75% quantile as lower and upper limits, respectively, as well as the median (50%
quantile, middle line); the lower whisker shows the smallest observation that is greater than or equal to the
25% quantile — 1.5 x IQR; the upper whisker depicts the largest observation that is less than or equal to the 75%
quantile + 1.5 X IQR; the dots indicate outliers beyond the whiskers.

Activity intensity categories

Participants predominantly spent their time in the lowest activity intensity category, ranging from 0 to 10 mg of
ENMO or MAD (Fig. 5A,B). Time spent in any given acceleration category decreased with increasing activity
intensity.

ENMO-based analyses showed that women below age 60 years spent more time in the lowest intensity cat-
egory (0-10 mg) and less time in the 10-20 mg intensity category than men. Conversely, women over age 60
years spent less time in the 0-10 mg category and more time in the 10-30 mg categories than men (Fig. 6A).
MAD-based analyses showed a similar pattern, with the differences being more pronounced among participants
over age 60 years and less so in those under age 60 (Fig. 6B).

Time spent above various activity intensity thresholds, calculated using distinct algorithms (Box S1) is plotted
in Fig. S6. Using a 1-min epoch without bout detection and applying age-specific cut-points from literature, par-
ticipants under 60 years averaged 45.5 min per day (SD=27.2) in MVPA based on the 70 mg ENMO threshold*,
and 72.7 min per day (SD =34.8) based on the 90 mg MAD threshold*.

Discussion

The NAKO collected raw, seven-day, hip-worn accelerometry data, providing plausible estimates of physical
activity from over 63,000 highly adherent participants. Our derived accelerometry summary metrics showed
higher physical activity in men than women, declining activity with increasing age, and temporal variation
reflecting rest-activity rhythms as well as higher physical activity on working days (Monday to Saturday) versus
Sundays. The derived variables are available in four levels of detail, each catering to different research needs:
first, individual-level data aggregated across all valid days for overall physical activity analyses; second, week
segment-level data for comparing physical activity between weekdays and weekend days; third, day-level data,
aggregated by valid day, for comparing days of the week; and fourth, 15-min-level data, aggregated across all
valid days, for detailed temporal analyses of physical activity.

Comparing our data to the literature poses challenges because accelerometry study protocols vary due to dif-
ferent practical requirements. For example, in some studies accelerometers were only worn during waking hours.
Other large epidemiologic studies such as NHANES (2011-2014), the UK Biobank, the Whitehall IT Study, or the
Pelotas Birth Cohorts™®*3** used wrist worn accelerometers, as this promises superior wear compliance*** and is
more broadly accepted in sleep research®. Since the wrist is exposed to stronger accelerations than the hip, wrist
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Figure 3. Weekday variation in magnitude of acceleration (A, ENMO and B, MAD) by age, and sex. ENMO
Euclidean Norm Minus One with negative values set to zero, MAD mean amplitude deviation, see text, mg milli
gravitational acceleration. n=63,236. ENMO and MAD values were winsorized at age- and sex-specific 99.9th
percentile. Interpretation of box and whiskers plot: The box depicts the interquartile range (IQR, central 50% of
the distribution) with the 25% quantile and the 75% quantile as lower and upper limits, respectively, as well as
the median (50% quantile, middle line); the lower whisker shows the smallest observation that is greater than or
equal to the 25% quantile — 1.5 x IQR; the upper whisker depicts the largest observation that is less than or equal
to the 75% quantile + 1.5 xIQR; the dots indicate outliers beyond the whiskers.

worn accelerometers yield higher activity values than accelerometers worn at the hip*. For example, in the UK
Biobank, age- and sex-specific ENMO values measured at the wrist ranged between 22.9 and 31.2 mg®, while in
our study, ENMO values measured at the hip ranged between 9.5 and 12.9 mg. Recent studies utilizing ActiGraph
GT3X+devices worn at the hip align with our results. In a secondary analysis of data from 220 participants of
the Iowa Bone Development Study (IBDS), the mean ENMO value was 15.5 mg (SD=3.9)*. A Spanish study
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Figure 4. Daytime variations in magnitude of acceleration (A, ENMO and B, MAD) by age and sex. ENMO
Euclidean Norm Minus One with negative values set to zero, MAD mean amplitude deviation, see text, mg milli
gravitational acceleration. n=63,236. ENMO and MAD values were winsorized at age- and sex-specific 99.9th
percentile. Shading bounds represent two standard errors.

involving 209 men and women found an average ENMO of 11.5 mg (SD=3.2)*. Another Spanish study with

42 participants reported an average ENMO of 16.0 mg (SD =5.6) and an average MAD of 24.4 mg (SD =6.9)*.

We excluded 7933 participants (11%) who had less than one valid weekend day, less than two valid weekdays,
or an incomplete 24-h cycle to capture both weekend and weekday behavior. This exclusion rate aligns with other
large-scale studies, like the UK Biobank, which also excluded 7% of data due to insufficient wear time®.

Auto-calibration was originally designed for wrist-worn accelerometry data and is less suitable for hip-worn
accelerometry due to the reduced sensor orientation variability at the hip. Therefore, caution is advised when
analyzing data from individuals with high acceleration levels or extended periods of non-wear time. Despite our
stringent exclusion criteria, our dataset still included outliers with extreme values for time spent in MVPA or
average acceleration, possibly due to calibration issues or sensor malfunctions. To address this, we recommend
winsorizing such outliers at the 99.9th percentile.

We used raw accelerometry data to derive ENMO and MAD, two body acceleration summary metrics that
possess certain assumptions. ENMO assumes well-calibrated sensor data with continuous representation of
gravitational acceleration as 1 g. MAD assumes that the epoch mean of the signal vector reflects the gravitational
acceleration and that its oscillations are always below 0.2 Hz (1 divided by MAD window length of 5 s). Nonethe-
less, both metrics deliver information on movement kinematics. ENMO is correlated with energy expenditure
and has associations with demographic variables and health outcomes in studies using wrist-worn accelerometers
like the UK Biobank and Pelotas Birth Cohorts>**. In our dataset, ENMO and MAD measures were highly cor-
related and showed similar patterns across age and sex groups. However, MAD may represent a superior metric
for hip-worn accelerometer data due to its lower sensitivity to calibration errors****. Of note, MAD values are
known to be higher than ENMO values, thus both metrics are in certain acceleration ranges not directly com-
parable. Also, divergent error structures and different sensitivities to true body movement exist between ENMO
and MAD. For example, ENMO may show larger error for sedentary behavior when the accelerometer is not well
calibrated. Similarly, MAD may overestimate acceleration when the accelerometer rotates with frequencies that
have a time period shorter than the epoch length. We focused on ENMO and MAD because those two metrics
are the most extensively researched, they are easy to document, are computationally fast, have values expressed
in units of gravity, and are sufficient for descriptive quality assessment as is the focus of our current investigation.
We acknowledge that other metrics may prove equally valuable, and this should be explored in future studies
using NAKO data as the number of possible metrics is large.

MVPA lacks a clear, measurable definition, and acceleration does not necessarily correlate with MET-based
activity intensities. Also, cut points used to classify time spent in sedentary behavior, light physical activity, and
MVPA have typically been derived using small study samples, making them less transferable to all populations
or age groups. Additionally, the concept of MVPA varies depending on whether cut points are based on wrist or
hip data®. Furthermore, categorizing continuous data leads to information loss, reduced precision, and poten-
tial bias*’. Therefore, the focus in public health should be on encouraging overall physical activity rather than
maximizing time spent above certain thresholds*®. However, the concept of measuring time spent in MVPA is
well established and widely used in accelerometry data analysis. To offer flexibility for future studies, we derived
a range of MVPA estimates using literature-based thresholds**#**->!. For example, researchers could consider
assessing time spent in MVPA using 1-min epochs without bout detection, employing literature-based thresholds
and surrounding values as a sensitivity analysis. Although, in the age group over 70 some thresholds for ENMO
as proposed in the literature are concerningly close to zero®*? complicating a reliable distinction between vari-
ations caused by calibration error and variations caused by time in MVPA. In this case, we recommend either
using higher thresholds or focussing on the full distribution of MAD metric values.
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Figure 5. Time spent in acceleration ranges based on (A) ENMO and (B) MAD by sex. ENMO Euclidean
Norm Minus One with negative values set to zero, MAD mean amplitude deviation, mg milli gravitational
acceleration. n=63,236. Values were not winsorized. Interpretation of box and whiskers plot: The box depicts
the interquartile range (IQR, central 50% of the distribution) with the 25% quantile and the 75% quantile as
lower and upper limits, respectively, as well as the median (50% quantile, middle line); the lower whisker shows
the smallest observation that is greater than or equal to the 25% quantile — 1.5 X IQR; the upper whisker depicts
the largest observation that is less than or equal to the 75% quantile + 1.5 xIQR; the dots indicate outliers beyond
the whiskers.

Our study has several important strengths. We produced an elaborate set of physical activity metrics using
open-source software with transparent documentation of all coding steps (Table S2), which facilitates data
interpretation and eases comparability with other studies. Our summary variables have been integrated into the
NAKO database and are available for researchers to apply for analytical use.

However, our study has certain limitations. Wearing an accelerometer might induce reactivity effects, lead-
ing to increased physical activity, despite guidance for participants to continue their normal routines. Also, the
cohort may not fully represent the general population in Germany, limiting the generalizability of our results's.
While there are no clear recommendations for deriving MVPA measures, we have made all the necessary data
available for comprehensive sensitivity analysis.

Conclusion

The NAKO generated plausible estimates of physical activity from hip-worn accelerometry involving over 63,000
highly compliant participants. We derived a comprehensive set of summary metrics for accelerometry, enhanc-
ing the reproducibility, utilization, and interpretation of physical activity data. These variables and the raw data
are valuable for future analyses exploring associations between physical activity and disease outcomes. They
can be used to statistically adjust for physical activity in multivariate models, support methodological research,
and potentially identify high-risk, physically inactive population subgroups. This aligns with efforts to inform
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Figure 6. Sex-differences of time spent in acceleration ranges based on (A) ENMO and (B) MAD by age.
ENMO Euclidean Norm Minus One with negative values set to zero, MAD mean amplitude deviation, mg milli
gravitational acceleration. n=63,236. Lines represent the difference of the mean time (minutes per day) spent
in acceleration categories in the group of men and the group of women. Shading bounds represent the 95%
confidence interval of the two-sample t-test with the Null hypothesis: “true difference in means between group
men and group women is equal to zero”. Values were not winsorized.

intervention strategies and guide policies targeting the WHO’s Global Action Plan goal of reducing physical
inactivity by 15% by 2030%.

Data availability
Access to and use of NAKO data and biosamples can be obtained via an electronic application portal (https://
transfer.nako.de).

Code availability
The Code used for processing NAKO hip worn accelerometer data on the computing cluster is openly available
from the Github repository at https://github.com/UREpiPrevMed/nako-accelerometry.

(2024) 147927 | https://doi.org/10.1038/541598-024-58461-5 nature portfolio

Scientific Reports |


https://transfer.nako.de
https://transfer.nako.de
https://github.com/UREpiPrevMed/nako-accelerometry

www.nature.com/scientificreports/

Received: 11 December 2023; Accepted: 29 March 2024
Published online: 04 April 2024

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

2018 Physical Activity Guidelines Advisory Committee. 2018 Physical Activity Guidelines Advisory Committee Scientific Report
(US Department of Health and Human Services, 2018).

Prince, S. A. et al. A comparison of direct versus self-report measures for assessing physical activity in adults: A systematic review.
Int. J. Behav. Nutr. Phys. Act. 5, 56. https://doi.org/10.1186/1479-5868-5-56 (2008).

. Skender, S. et al. Accelerometry and physical activity questionnaires—A systematic review. BMC Public Health 16, 515. https://

doi.org/10.1186/512889-016-3172-0 (2016).

. Montoye, H. J. et al. Estimation of energy expenditure by a portable accelerometer. Med. Sci. Sports Exerc. 15, 403-407 (1983).
. Doherty, A. et al. Large scale population assessment of physical activity using wrist worn accelerometers: The UK Biobank study.

PL0oS ONE 12, e0169649. https://doi.org/10.1371/journal.pone.0169649 (2017).

. Troiano, R. P, McClain, J. ], Brychta, R. J. & Chen, K. Y. Evolution of accelerometer methods for physical activity research. Br. J.

Sports Med. 48, 1019-1023. https://doi.org/10.1136/bjsports-2014-093546 (2014).

. Asvold, B. O. et al. Cohort profile update: The HUNT study, Norway. MedRxiv. https://doi.org/10.1101/2021.10.12.21264858 (2021).
. daSilva, I. C. M. et al. Physical activity levels in three Brazilian birth cohorts as assessed with raw triaxial wrist accelerometry. Int.

J. Epidemiol. 43, 1959-1968. https://doi.org/10.1093/ije/dyu203 (2014).

. Rowlands, A. V. et al. Comparability of measured acceleration from accelerometry-based activity monitors. Med. Sci. Sports Exerc.

47,201-210. https://doi.org/10.1249/MSS.0000000000000394 (2015).

Rowlands, A. V., Yates, T., Davies, M., Khunti, K. & Edwardson, C. L. Raw accelerometer data analysis with GGIR R-package: Does
accelerometer brand matter? Med. Sci. Sports Exerc. 48, 1935-1941. https://doi.org/10.1249/mss.0000000000000978 (2016).

van Hees, V. T, Pias, M. R, Taherian, S., Ekelund, U. & Brage, S. A method to compare new and traditional accelerometry data in
physical activity monitoring. In 2010 IEEE International Symposium on “A World of Wireless, Mobile and Multimedia Networks”
(WoWMoM) 1-6 (2010).

van Hees, V. T. et al. Challenges and opportunities for harmonizing research methodology: Raw accelerometry. Methods Inf. Med.
55, 525-532. https://doi.org/10.3414/me15-05-0013 (2016).

DiPietro, L. et al. Advancing the global physical activity agenda: Recommendations for future research by the 2020 WHO physi-
cal activity and sedentary behavior guidelines development group. Int. . Behav. Nutr. Phys. Act. 17, 143. https://doi.org/10.1186/
$12966-020-01042-2 (2020).

Clark, S., Lomax, N., Morris, M., Pontin, F. & Birkin, M. Clustering accelerometer activity patterns from the UK biobank cohort.
Sensors 21, 220. https://doi.org/10.3390/s21248220 (2021).

Chastin, S. et al. Joint association between accelerometry-measured daily combination of time spent in physical activity, sedentary
behaviour and sleep and all-cause mortality: A pooled analysis of six prospective cohorts using compositional analysis. Br. J. Sports
Med. 55, 1277-1285. https://doi.org/10.1136/bjsports-2020-102345 (2021).

Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Statistical machine learning of sleep and physical activity phenotypes
from sensor data in 96,220 UK Biobank participants. Sci. Rep. 8, 7961. https://doi.org/10.1038/s41598-018-26174-1 (2018).
Stein, M. J. et al. Association between circadian physical activity patterns and mortality in the UK Biobank. Int. J. Behav. Nutr.
Phys. Act. 20, 102. https://doi.org/10.1186/s12966-023-01508-z (2023).

Peters, A. et al. Framework and baseline examination of the German National Cohort (NAKO). Eur. J. Epidemiol. 37, 1107-1124.
https://doi.org/10.1007/s10654-022-00890-5 (2022).

NAKO Gesundheitsstudie. Ethik-Kodex der NAKO Gesundheitsstudie. https://nako.de/wp-content/uploads/2015/10/NAKO_Ethik-
Kodex_v2.0_2015-10-20.pdf (Accessed 5 January 2021) (2015).

Wijndaele, K. et al. Utilization and harmonization of adult accelerometry data: Review and expert consensus. Med. Sci. Sports
Exerc. 47, 2129-2139. https://doi.org/10.1249/mss.0000000000000661 (2015).

Migueles, J. H., Rowlands, A. V., Huber, F, Sabia, S. & van Hees, V. T. GGIR: A research community-driven open source R pack-
age for generating physical activity and sleep outcomes from multi-day raw accelerometer data. J. Meas. Phys. Behav. 2, 188-196.
https://doi.org/10.1123/jmpb.2018-0063 (2019).

GGIR: Raw Accelerometer Data Analysis. https://CRAN.R-project.org/package=GGIR (2023).

read.gt3x: Parse ActiGraph’ ’GT3X'/’GT3X+ Accelerometer’ Data. R Package Version 1.2.0. https://CRAN.R-project.org/package=
read.gt3x (2022).

van Hees, V. T. et al. Autocalibration of accelerometer data for free-living physical activity assessment using local gravity and
temperature: An evaluation on four continents. J. Appl. Physiol. 117, 738-744. https://doi.org/10.1152/japplphysiol.00421.2014
(2014).

van Hees, V. T. et al. Separating movement and gravity components in an acceleration signal and implications for the assessment
of human daily physical activity. PLoS ONE 8, 61691. https://doi.org/10.1371/journal.pone.0061691 (2013).

Fairclough, S.J. et al. Wear compliance and activity in children wearing wrist- and hip-mounted accelerometers. Med. Sci. Sports
Exerc. 48, 245-253. https://doi.org/10.1249/mss.0000000000000771 (2016).

Fairclough, S. J., Taylor, S., Rowlands, A. V., Boddy, L. M. & Noonan, R. J. Average acceleration and intensity gradient of primary
school children and associations with indicators of health and well-being. J. Sports Sci. 37, 2159-2167. https://doi.org/10.1080/
02640414.2019.1624313 (2019).

Buchan, D. S., McSeveney, E. & McLellan, G. A comparison of physical activity from actigraph GT3X+ accelerometers worn on
the dominant and non-dominant wrist. Clin. Physiol. Funct. Imaging 39, 51-56. https://doi.org/10.1111/cpf.12538 (2019).
Aittasalo, M. et al. Mean amplitude deviation calculated from raw acceleration data: A novel method for classifying the intensity
of adolescents’ physical activity irrespective of accelerometer brand. BMC Sports Sci. Med Rehabil. 7, 18. https://doi.org/10.1186/
$13102-015-0010-0 (2015).

Vasankari, V. et al. Association of objectively measured sedentary behaviour and physical activity with cardiovascular disease risk.
Eur. . Prev. Cardiol. 24, 1311-1318. https://doi.org/10.1177/2047487317711048 (2017).

Viha-Ypya, H., Husu, P, Suni, J., Vasankari, T. & Sievdnen, H. Reliable recognition of lying, sitting, and standing with a hip-worn
accelerometer. Scand. J. Med. Sci. Sports 28, 1092-1102. https://doi.org/10.1111/sms.13017 (2018).

Fridolfsson, J. et al. Effects of frequency filtering on intensity and noise in accelerometer-based physical activity measurements.
Sensors 19, 2186 (2019).

Ainsworth, B. E. et al. 2011 compendium of physical activities: A second update of codes and MET values. Med. Sci. Sports Exerc.
43, 1575-1581. https://doi.org/10.1249/MSS.0b013e31821ecel2 (2011).

Sabia, S. et al. Association between questionnaire- and accelerometer-assessed physical activity: The role of sociodemographic
factors. Am. J. Epidemiol. 179, 781-790. https://doi.org/10.1093/aje/kwt330 (2014).

Migueles, J. H. et al. Comparability of accelerometer signal aggregation metrics across placements and dominant wrist cut points
for the assessment of physical activity in adults. Sci. Rep. 9, 18235. https://doi.org/10.1038/s41598-019-54267-y (2019).

Fischer, B. et al. Anthropometrische Messungen in der NAKO Gesundheitsstudie—mehr als nur Gréfle und Gewicht. Bundesge-
sundh. Gesundheitsfor. Gesundh. 63, 290-300. https://doi.org/10.1007/s00103-020-03096-w (2020).

Scientific Reports |

(2024) 147927 | https://doi.org/10.1038/541598-024-58461-5 nature portfolio


https://doi.org/10.1186/1479-5868-5-56
https://doi.org/10.1186/s12889-016-3172-0
https://doi.org/10.1186/s12889-016-3172-0
https://doi.org/10.1371/journal.pone.0169649
https://doi.org/10.1136/bjsports-2014-093546
https://doi.org/10.1101/2021.10.12.21264858
https://doi.org/10.1093/ije/dyu203
https://doi.org/10.1249/MSS.0000000000000394
https://doi.org/10.1249/mss.0000000000000978
https://doi.org/10.3414/me15-05-0013
https://doi.org/10.1186/s12966-020-01042-2
https://doi.org/10.1186/s12966-020-01042-2
https://doi.org/10.3390/s21248220
https://doi.org/10.1136/bjsports-2020-102345
https://doi.org/10.1038/s41598-018-26174-1
https://doi.org/10.1186/s12966-023-01508-z
https://doi.org/10.1007/s10654-022-00890-5
https://nako.de/wp-content/uploads/2015/10/NAKO_Ethik-Kodex_v2.0_2015-10-20.pdf
https://nako.de/wp-content/uploads/2015/10/NAKO_Ethik-Kodex_v2.0_2015-10-20.pdf
https://doi.org/10.1249/mss.0000000000000661
https://doi.org/10.1123/jmpb.2018-0063
https://CRAN.R-project.org/package=GGIR
https://CRAN.R-project.org/package=read.gt3x
https://CRAN.R-project.org/package=read.gt3x
https://doi.org/10.1152/japplphysiol.00421.2014
https://doi.org/10.1371/journal.pone.0061691
https://doi.org/10.1249/mss.0000000000000771
https://doi.org/10.1080/02640414.2019.1624313
https://doi.org/10.1080/02640414.2019.1624313
https://doi.org/10.1111/cpf.12538
https://doi.org/10.1186/s13102-015-0010-0
https://doi.org/10.1186/s13102-015-0010-0
https://doi.org/10.1177/2047487317711048
https://doi.org/10.1111/sms.13017
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1093/aje/kwt330
https://doi.org/10.1038/s41598-019-54267-y
https://doi.org/10.1007/s00103-020-03096-w

www.nature.com/scientificreports/

37. World Health Organization (WHO). International Classification of Diseases, Eleventh Revision (ICD-11), Licensed Under Creative
Commons Attribution-NoDerivatives 3.0 IGO Licence (CC BY-ND 3.0 IGO). https://icd.who.int/browsel1 (2019/2021).

38. R Core Team. R: A Language and Environment for Statistical Computing. https://www.R-project.org/ (R Foundation for Statistical
Computing, 2023).

39. Hildebrand, M., van Hees, V. T., Hansen, B. H. & Ekelund, U. Age group comparability of raw accelerometer output from wrist- and
hip-worn monitors. Med. Sci. Sports Exerc. 46, 1816-1824. https://doi.org/10.1249/mss.0000000000000289 (2014).

40. Viha-Ypya, H. et al. Validation of cut-points for evaluating the intensity of physical activity with accelerometry-based mean
amplitude deviation (MAD). PLoS ONE 10, e0134813. https://doi.org/10.1371/journal.pone.0134813 (2015).

41. Freedson, P. S. & John, D. Comment on “estimating activity and sedentary behavior from an accelerometer on the hip and wrist”.
Med. Sci. Sports Exerc. 45, 964 (2013).

42. Rowlands, A. et al. Sedentary sphere: Wrist-worn accelerometer-brand independent posture classification. Med. Sci. Sports Exerc.
48, 813. https://doi.org/10.1249/MSS.0000000000000813 (2015).

43. Ancoli-Israel, S. et al. The role of actigraphy in the study of sleep and circadian rhythms. Sleep 26, 342-392. https://doi.org/10.
1093/sleep/26.3.342 (2003).

44. Rowlands, A. V. et al. Physical activity for bone health: How much and/or how hard? Med. Sci. Sports Exerc. 52, 2331-2341. https://
doi.org/10.1249/mss.0000000000002380 (2020).

45. Fernandez-Verdejo, R. et al. Deciphering the constrained total energy expenditure model in humans by associating accelerometer-
measured physical activity from wrist and hip. Sci. Rep. 11, 12302. https://doi.org/10.1038/s41598-021-91750-x (2021).

46. Rowlands, A. V. et al. Beyond cut points: Accelerometer metrics that capture the physical activity profile. Med. Sci. Sports Exerc.
50, 1323-1332. https://doi.org/10.1249/mss.0000000000001561 (2018).

47. Harrell, E E. Regression Modeling Strategies: With Applications to Linear Models, Logistic and Ordinal Regression, and Survival
Analysis (Springer, 2015).

48. Zenko, Z., Willis, E. A. & White, D. A. Proportion of adults meeting the 2018 physical activity guidelines for Americans according
to accelerometers. Front. Public Health 7, 135. https://doi.org/10.3389/fpubh.2019.00135 (2019).

49. Hildebrand, M., Hansen, B. H., van Hees, V. T. & Ekelund, U. Evaluation of raw acceleration sedentary thresholds in children and
adults. Scand. J. Med. Sci. Sports. https://doi.org/10.1111/sms.12795 (2016).

50. Sanders, G. J. et al. Evaluation of wrist and hip sedentary behaviour and moderate-to-vigorous physical activity raw acceleration
cutpoints in older adults. J. Sports Sci. 37, 1270-1279. https://doi.org/10.1080/02640414.2018.1555904 (2019).

51. Migueles, J. H. et al. Calibration and cross-validation of accelerometer cut-points to classify sedentary time and physical activity
from hip and non-dominant and dominant wrists in older adults. Sensors 21, 326. https://doi.org/10.3390/s21103326 (2021).

52. Dibben, G. O. et al. Physical activity assessment by accelerometry in people with heart failure. BMC Sports Sci. Med. Rehabil. 12,
47. https://doi.org/10.1186/s13102-020-00196-7 (2020).

53. World Health Organization (WHO). Global Action Plan on Physical Activity 2018-2030: More Active People for a Healthier World
101 (World Health Organization, 2018).

Acknowledgements
The authors thank all participants who take part in the NAKO and the staff in this research program.

Author contributions

The core writing group, who drafted this publication, consisted of AW, VTvH, MJS, MFL and HB. Data processing
was conducted by VIvH and HB. Figures and tables were created by AW. Module responsibility and competence
unit accelerometry: SG and MBS. The members of the German National Cohort (NAKO) Consortium and the
NAKO expert group physical activity and fitness made substantial contributions to this publication and revised
it critically.

Fundin

Open Accgess funding enabled and organized by Projekt DEAL. This project was conducted with data from the
German National Cohort (NAKO) (www.nako.de). The NAKO is funded by the Federal Ministry of Educa-
tion and Research (BMBF) [project funding reference numbers: 01ER1301A/B/C and 01ER1511D], the federal
states and the Helmholtz Association, with additional financial support by the participating universities and the
institutes of the Leibniz Association.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-58461-5.

Correspondence and requests for materials should be addressed to A.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 147927 | https://doi.org/10.1038/541598-024-58461-5 nature portfolio


https://icd.who.int/browse11
https://www.R-project.org/
https://doi.org/10.1249/mss.0000000000000289
https://doi.org/10.1371/journal.pone.0134813
https://doi.org/10.1249/MSS.0000000000000813
https://doi.org/10.1093/sleep/26.3.342
https://doi.org/10.1093/sleep/26.3.342
https://doi.org/10.1249/mss.0000000000002380
https://doi.org/10.1249/mss.0000000000002380
https://doi.org/10.1038/s41598-021-91750-x
https://doi.org/10.1249/mss.0000000000001561
https://doi.org/10.3389/fpubh.2019.00135
https://doi.org/10.1111/sms.12795
https://doi.org/10.1080/02640414.2018.1555904
https://doi.org/10.3390/s21103326
https://doi.org/10.1186/s13102-020-00196-7
http://www.nako.de
https://doi.org/10.1038/s41598-024-58461-5
https://doi.org/10.1038/s41598-024-58461-5
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:7927 | https://doi.org/10.1038/s41598-024-58461-5 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Large-scale assessment of physical activity in a population using high-resolution hip-worn accelerometry: the German National Cohort (NAKO)
	Methods
	Study population
	Accelerometer and data collection
	Data processing
	Descriptive and exploratory analyses

	Results
	Participant flow
	Accelerometry wear time
	Baseline characteristics and acceleration summary metrics
	Activity intensity categories

	Discussion
	Conclusion
	References
	Acknowledgements


