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Abstract

Background Movement behaviours, including physical activity, sedentary behaviour, and sleep have been shown
to be associated with several chronic diseases. However, they have not been objectively measured in large-scale
prospective cohort studies in low-and middle-income countries. We aim to describe the patterns of device-measured
movement behaviours collected in the China Kadoorie Biobank (CKB) study.

Methods During 2020 and 2021, a random subset of 25,087 surviving CKB individuals participated in the 3" resurvey
of the CKB. Among them, 22,511 (89.7%) agreed to wear an Axivity AX3 wrist-worn triaxial accelerometer for seven
consecutive days to assess their habitual movement behaviours. We developed a machine-learning model to infer
time spent in four movement behaviours [i.e. sleep, sedentary behaviour, light intensity physical activity (LIPA),

and moderate-to-vigorous physical activity (MVPA)]. Descriptive analyses were performed for wear-time compliance
and patterns of movement behaviours by different participant characteristics.

Results Data from 21,897 participants (aged 65.4+9.1 years; 35.4% men) were received for demographic and wear-
time analysis, with a median wear-time of 6.9 days (IQR: 6.1-7.0). Among them, 20,370 eligible participants were
included in movement behavior analyses. On average, they had 31.1 mg/day (total acceleration) overall activity level,
accumulated 7.7 h/day (32.3%) of sleep time, 8.8 h/day (36.6%) sedentary, 5.7 h/day (23.9%) in light physical activity,
and 104.4 min/day (7.2%) in moderate-to-vigorous physical activity. There was an inverse relationship between age
and overall acceleration with an observed decline of 5.4 mg/day (17.4%) per additional decade. Women showed

a higher activity level than men (32.3 vs 28.8 mg/day) and there was a marked geographical disparity in the overall
activity level and time allocation.

Conclusions This is the first large-scale accelerometer data collected among Chinese adults, which provides rich
and comprehensive information about device-measured movement behaviour patterns. This resource will enhance
our knowledge about the potential relevance of different movement behaviours for chronic disease in Chinese adults.
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Introduction

Movement behaviours (moderate-to-vigorous physical
activity (MVPA), light-intensity physical activity (LIPA),
sedentary behaviour, and sleep) are closely associated
with mortality, chronic diseases, cognitive function, and
ageing [1-6]. However, in most large-scale population-
based studies, movement behaviours are assessed by
self-reported questionnaires that are crude and unreli-
able [7, 8]. Self-reported data suffers from inaccuracy
due to recall and reporting bias based on social desirabil-
ity [9]. Also, LIPA and sedentary behaviours are ubiqui-
tous in our daily lives and are thus unlikely to be recalled
precisely [10]. And these limitations may be even more
exacerbated among the elderly as they have more dif-
ficulty recalling the amount and intensity of activities,
especially for LIPA and sedentary behaviours [11]. This
lack of precision makes it challenging to recommend the
optimal durations and intensities of movement behav-
iours for health. However, the use of objective techniques
(e.g. accelerometers) for assessing movement behaviours
offers a chance to overcome some of the limitations of
self-report and provides a more accurate reflection of
daily patterns of movement behaviours. For example,
in the UK Biobank study, the wrist-worn Axivity AX3
accelerometer was used to assess movement behaviours
in over 100,000 participants who were asked to wear for
7 days [12].

With the increasing utilization of accelerometers in
movement behaviours studies, there remains a signifi-
cant gap in our understanding of objectively measured
movement behaviours among adults in low- and mid-
dle-income countries (LMICs). In particular, the limited
resources in LMICs often pose a substantial barrier to
feasibly conducting comprehensive, large-scale studies
using objective techniques. As a consequence, there is
a dearth of reliable information about device-measured
movement behaviours from East Asian countries, where
the evidence is often derived from studies with modest
sample sizes and geographically restricted study popula-
tions [13-16]. Furthermore, given that genetic profiles,
environments, lifestyles, and cultures of East Asian coun-
tries are different from the West, movement behaviours
may also differ substantially [17, 18]. For example, day-
time naps are regarded as part of everyday life for many
people in China [19].

The China Kadoorie Biobank (CKB) study is an ongo-
ing large-scale prospective cohort study of over 500,000
participants from five urban and five rural regions. Dur-
ing the 3™ resurvey conducted in 2020-2021 among
a random subsample of surviving CKB participants,
i.e.~ 25,000 adults, wrist-worn accelerometers were used
to collect device-measured movement behaviours. In this
study, we aimed to describe: a) the feasibility of collecting
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large-scale accelerometer data; b) the free-living move-
ment behaviour patterns and overall activity level; and
c) age-, sex- and regional-distribution of different types
of movement behaviours in Chinese adults aged 40 and
above.

Methods

Study population

A general description of the CKB study concerning
the study population, baseline data collection, and fol-
low-up procedures has been reported elsewhere [20,
21]. Briefly, trained investigators conducted a base-
line survey between 2004—2008. All participants aged
30-79 vyears that provided written informed consent
completed an interviewer-administered questionnaire
(collecting information on sociodemographic informa-
tion, disease history, and major lifestyle factors, includ-
ing physical activity and sleeping) and a range of physical
measurements (e.g., anthropometrics, blood pressure).
After the baseline survey, approximately 5% of surviv-
ing cohort members from each of the 10 study regions
were randomly selected to participate in resurveys every
5-6 years. In the 3™ resurvey conducted between August
2020 and December 2021, in addition to the question-
naire survey and physical measurements, accelerom-
eters were distributed to collect device measurements
of movement behaviours [22]. The study protocol of the
resurvey was approved by the Peking University Insti-
tutional Review Board (No. IRB00001052-18097), and
separate written informed consent was obtained from all
participants before accelerometer data collection.

Data collection

The 3™ resurvey of CKB first started in two out of the
10 regions (i.e. Suzhou and Zhejiang) from August to
December 2020 and finished in the other eight regions
(i.e. Qingdao, Harbin, Haikou, Liuzhou, Sichuan, Gansu,
Henan, and Hunan) from March to December 2021. Dur-
ing the survey period, the COVID-19 pandemic was rela-
tively stable and well-managed in our 10 study regions.
To minimize the impact, we strategically conducted
the field investigation region by region when the local
COVID-19 cases were low and the participants lived as
usual mostly. In the field work, participants were given an
accelerometer (Axivity AX3, Newcastle University, UK)
face to face on-site (i.e. before leaving resurvey clinics),
and were asked to wear the device on the dominant wrist
at all times for seven consecutive days including bathing
or swimming (except for extremely high temperature/
pressure environments such as in the sauna). The Axiv-
ity AX3 is a wrist-worn triaxial accelerometer that has
been used in other epidemiological studies such as the
UK Biobank [12]. This water-proof device has a dynamic
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range of £ 8 g and records data at 100 Hz. At the end of
the seven days, participants returned the accelerometer
to the resurvey coordinating center, where data were
downloaded immediately by trained staff using bespoke
software developed for the study. In cases where the
accelerometer was not returned, the coordinating center
staff contacted the participant to confirm its status. After
data downloading, the accelerometers were checked,
cleaned, and the battery was charged for re-use imme-
diately by trained staff. The process of the accelerom-
eter data collection is shown in supplementary figure 1.
Demographic and other variables were obtained through
questionnaires and physical examination [22].

Data processing

We used similar procedures as in the UK Biobank to
process raw data and extract information on movement
behaviours (https://github.com/activityMonitoring/bioba
nkAccelerometerAnalysis, v6.2.1) [12]. In brief, the pro-
cessing scheme to extract information from raw acceler-
ometer data included the following steps: (1) resample
the acceleration at x/y/z axes to 100 Hz; (2) calibrate the
signals of acceleration, and for those with insufficient sta-
tionary data recalibrate using data from the previous/next
use of the same device; (3) remove sensor noise and grav-
ity; (4) calculate the vector magnitude using the Euclidian
Norm minus 1 g (ENMO) with negative values truncated
to zero; (5) 30-s epoch analysis; (6) detect non-wear time,
i.e. unbroken episodes of at least 60 min during which
SD of each axis of acceleration was less than 13.0 mg; (7)
calculate the activity volume and intensity summary [12].
To account for potential wear-time diurnal bias, record-
ing interruptions and non-wear-time were imputed using
the average values from the corresponding minute of the
day on the remaining days of worn data as in the previous
study [12].

According to the pre-defined exclusion criteria [12],
participants were excluded if (1) the device could not be
recalibrated; (2) more than 1% of readings were ‘clipped’
(fell outside the device’s dynamic range of +8 g) before
or after calibration; (3) there was insufficient wear-time,
i.e., participants accumulated less than 3 days (i.e. 72 h)
of data or did not have wear-time data in each 1 h of the
24-h cycle; (4) the average acceleration was extremely low
(< 1.5 mg) or high (> 100 mg).

Classification of movement behaviours

Using similar methodology to those used in UK popu-
lations, we developed machine-learning classification
methods to infer sleep, sedentary behaviour, light inten-
sity activity, and moderate to vigorous intensity physi-
cal activity from raw wrist-worn accelerometer data
[23]. To inform this development, a validation study was

Page 3 of 11

conducted in a Chinese population before the launch
of the CKB 3 resurvey (i.e. in September 2017). This
camera-validated dataset (named as CAPTURE-24CN)
included 105 adults (non-CKB participants) from
Sichuan province. Following a protocol similar to the
CAPTURE-24 study in UK adults, [23] participants wore
wrist-worn accelerometers and wearable cameras during
a 4-day period. Using camera images and time use dia-
ries, trained annotators annotated accelerometer data
with labels from the Compendium of Physical Activities
[24]. Fine-grained labels were mapped to sleep, sedentary
behaviour (e.g., sitting working at a computer, watching
television), light physical activity behaviours (e.g., cook-
ing, self-care) and moderate-to-vigorous physical activity
behaviours (MVPA; e.g., walking the dog, cycling) [23].

In calculating the activity type and intensity summary;,
using the CAPTURE-24CN dataset, we developed an
accelerometer-based human activity classifier based upon
previously validated methods, [23] which used a bal-
anced Random Forest (RF) and a Hidden Markov model
(HMM) to infer human activities from acceleration traces
obtained from wrist-worn accelerometers with the cam-
era annotations being used as the ground truth. Every
30-s epoch of acceleration trace was first classified into
three activities/behaviours: sleep, sedentary behaviours
(low-intensity activity in a sitting, lying, or reclining pos-
ture), and other non-sedentary behaviours (not meeting
any of the other definitions). The non-sedentary behav-
iours were further sub-classified as either LIPA or MVPA
based on acceleration thresholds (ENMO: 100 mg). Fur-
ther details of the model development and validation are
described in the supplementary notes.

Statistical analysis

Descriptive statistics were generated to report the distri-
bution of demographic characteristics by sex. Frequency
and proportions were calculated for categorical variables.
Mean and standard deviation were also calculated for
age. Age was categorised into 5 groups from 40 years (10-
year intervals).

Median and inter-quartile range (IQR) were reported
for wear-time compliance overall and in different sub-
groups. Differences in device wear-time were examined
using the Kruskal-Wallis test or Wilcoxon-Mann Whit-
ney test, depending on the number of group variables. To
summarise the movement behaviour patterns of different
time periods of a 24-h day, we divided time in each day
into six-hour quadrants (i.e., 00:00-05:59, 06:00-11:59,
etc.)

The amount of movement behaviours was presented
in 2 ways: 1) the mean vector magnitude in milli-gravity
units (mg) as a measure of overall physical activity, and 2)
accumulated time spent in different types of movement
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behaviours, which constitute a 24-h day in total. Linear
regression models were employed to report the distribu-
tion of these four movement behaviours by demographic
characteristics after adjusting for age, sex, and study
region, with the marginal means reported. Considering
the positively skewed distribution of MVPA, the loga-
rithmic transformation was utilized in the regression
for MVPA. For the linear trend test, the medians of each
group were included in the regression model as a con-
tinuous variable. For temporal variables (i.e., time of day,
day of the week across the 7-day period), the mean and
standard error were directly reported without adjust-
ment, and the difference was investigated using one-way
repeated-measures ANOVA. For these variables, unad-
justed medians with IQR of movement behaviours were
calculated. Additionally, we also ran the CKB movement
behaviour type classification model on the UKB popula-
tion to compare the patterns of movement behaviours in
both populations.

Statistical analyses were performed using R (version
4.2.1).

Results

Study population

Between August 2020 and December 2021, 25,087 partic-
ipants provided written informed consent to participate
in the 3™ resurvey of the CKB, of whom 22,918 (91.4%)
agreed to wear the accelerometer for seven days and
22,511(89.7%) returned the accelerometer. The cumula-
tive distribution of recruitment into the study is shown
in supplementary figure 2. In total, 1850 devices were
repeatedly used on a median number of 10 occasions
(IQR: 9-17), and 21,956 files were received after exclud-
ing 555 unreadable datasets. According to the exclusion
criteria mentioned above, two datasets were removed
from the analysis as they could not be calibrated using
the previous/next same device by different participants.
After excluding 60 participants with incomplete ques-
tionnaire information, 21,894 remained for demographic
and wear-time compliance analysis. Furthermore, 1511
participants had insufficient wear-time, and 13 had
implausible acceleration data. Ultimately, 20,370 par-
ticipants were left in the movement behaviours analysis
(Fig. 1).

The characteristics of the study participants by sex
are summarised in supplementary table 1. Among
them, 35.4% were men, and the mean age was
65.4+9.1 years. Most had been in full-time education
for <12 years (95.4%), and a third were retired (33.2%).
Demographic characteristics by participation were
shown in supplementary table 2 and were generally
similar among responders and non-responders.
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Wear-time analysis

Among the total of 21,894 participants eligible for
wear-time compliance analysis, the median wear-time
was 6.9 days (IQR: 6.1-7.0), and 20,383 (93.1%) par-
ticipants had sufficient wear-time. In general, the wear-
time was similar across basic characteristics, although
some regional variations exist, with participants from
Haikou wearing the least (i.e. 6.2 days on median and
91.5% had sufficient wear-time). In addition, younger
(40-49, 50-59 years) and older (80- years) aged groups
had marginally lower levels of compliance (Fig. 2). No
gender difference was observed (P=0.712), but married
participants had a slightly longer wear-time of 6.9 days
(P<0.001) as compared to 6.8 days in non-married par-
ticipants. People from rural regions generally showed
higher participation rates than those from urban regions.
Office workers were marginally less compliant than indi-
viduals of other occupations, with a median wear-time
of 6.7 days (Supplementary table 3). Differences in wear-
time distribution were also minimal across time-of-day
and day-of-week (Supplementary table 4).

Movement behaviours analysis

Among the 20,370 participants with valid accelerometer
data, the daily overall activity (i.e., overall acceleration)
level averaged 31.1 mg, and the average sleep duration
accumulated 7.7 h per day. During the recorded wak-
ing time, participants spent 8.8 h/d (54%) being seden-
tary, 35% of waking time engaged in LIPA (5.7 h/d), and
11% (104.4 min/d) in MVPA (Table 1). Medians of these
movement behaviours were also calculated and were
similar to the mean except for MVPA, due to the positive
skewed distribution (Supplementary table 5).

Overall activity levels were generally highest in the
younger group and progressively lower with age (Table 1
and Fig. 3A), with an average of 5.4 mg/day (17.4%) lower
activity by decade of aging. In particular, time spent on
MVPA decreased 23.4 min/day (9.0%), LIPA decreased
29.2 min/day (8.5%) but sedentary time increased
55.8 min/day (10.6%) on average between individuals for
every ten years of age increase (for all movement behav-
iours, Ppipear trend < 0-001, Supplementary figure 3). Par-
ticipants aged 80 years or older had the longest (8.1 h/d)
sleep time. For every decade older of age, total sleep time
was 7.0 min/day (1.5%) higher (Table 1).

Women showed a higher activity level than men
(Fig. 3B), with a longer time of physical activ-
ity (65.6 min/d longer for LIPA, 19.3 min/d longer
for MVPA), and shorter time of sedentary behaviour
(79.8 min/d shorter) (Table 1 and Supplementary fig-
ure 4, all P<0.001). Married people tended to have a
higher level of overall activity than those living without
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25,087 participated in 3™ resurvey

A

2169 refused the movement behaviour
monitoring
407 devices not returned

A

22,511 responded (89.73%)

555 unreadable datasets

A

21,956 datasets received (87.52%)

| 60 incomplete questionnaires
2 datasets not calibrated”

analysis (87.27%)

21,894 for demographic and wear time

y

1511 with insufficient wear time

| 13 with implausibly low (<1.5mg) or
high (>100mg) average of acceleration

y

(81.20%)

20,370 for physical behavior analyses

Fig. 1 Participant flow chart of the China Kadoorie Biobank accelerometer data collection from 2020-2021. *507 participants with insufficient
stationary data, 505 of whom were recalibrated using the previous/next same device by other participants and 2 datasets cannot be calibrated

a partner (P<0.001, Table 1), and this is the case in both
men and women (data not shown).

Results indicated a marked disparity in the overall
activity level and time allocation of movement behav-
iours among people across different regions (Figs. 3C
and 4A). There was heterogeneity in the proportion of
participants who engaged in daytime naps and the dura-
tion of these naps across the ten regions (Supplementary
figure 5). People from urban regions had a lower overall
activity, MVPA, LIPA, and sleep duration. However, they
spent much more time on sedentary behaviour compared
to those from rural regions (Supplementary table 6, all
P<0.001). Movement behaviour patterns differed signifi-
cantly among different occupations, where rural farm-
ers and factory workers had the highest level of MVPA
(108.9 min/d and 94.8 min/d, respectively on average),
much more than office workers. In addition, people with
normal BMI were on average more likely to have higher
overall activity levels and were more frequently involved

in physical activity (both MVPA and LIPA). A decrease
of 3.7 mg/day (11.8%) in average acceleration and an
increase of 74.1 min/d (14.1%) in sedentary time were
also observed by 10 units higher BMI (P, car treng < 0-001
for all movement behaviours).

Time spent in MVPA and sleep was slightly longer on
weekdays than during weekends (Supplementary table 7,
P<0.002). As shown in the Fig. 3, the most active period
of day was around 6:00-10:00 and 16:00-18:00, with
an apparent lower activity level at noon (12:00-14:00),
in accordance with a higher proportion of napping
(Fig. 4B). Daily activity among participants tended to ini-
tiate between 5:00 and 7:00. Two peaks for MVPA were
around 8:00 and 18:00. There were three peaks for LIPA
with 2 major peaks at 7:00 and 17:00 as well as a minor
peak at 11:00 (Supplementary figure 3). The time pattern
of overall activity level was similar across all age groups
(Fig. 3A) and sex (Fig. 3B), with a minor lag in women
and the youngest age group (40—49 yrs) in the evening.
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Fig. 2 The cumulative distribution function of accelerometer wear-time compliance during the China Kadoorie Biobank accelerometer data
collection from 2020-2021. The percent represents what proportion of participants are below the given wear-time criteria. (n=21,894)

Regarding the comparison between our study (CKB)
and the UK Biobank (UKB), participants in UKB were
approximately three years younger than those in CKB
and the sex distribution was more balanced (Supplemen-
tary table 8). Using our validated model, the UKB popula-
tion had an overall activity level of 27.1 mg, accumulated
7.8 h/d of sleep time, 10.2 h/d sedentary, 4.3 h/d in LIPA,
and 88.1 min/d in MVPA (Supplementary table 9). Com-
paring supplementary tables 5 and 9, younger CKB
participants appeared more active than younger UKB
participants. For example, comparing those aged 40 to
49, CKB participants appeared to have higher median
acceleration (35.5 vs 30.5 mg), LIPA (5.7 vs 4.1 h/d) and
MVPA (129 vs 106 min/d). However older UKB partici-
pants appeared to have higher median MVPA time than
older CKB participants. When considering those aged
70 to 79, acceleration medians appeared similar (24.9 vs
24.2 mg), UKB participants were more sedentary (10.5
vs 9.5 h/day), CKB participants spent more time in LIPA
(5.3 vs 4.4 h/day), and UKB participants were observed to
have slightly more MVPA time (69 vs 59 min/d).

Discussion

In this large-scale epidemiological study of device-meas-
ured movement behaviours in Chinese adults, we found
very high response (89.7%) and adherence (93.1%) rates
with most participants having sufficient wear-time to
support epidemiological analysis. Using separate free-liv-
ing ‘ground truth’ data, we developed machine-learning
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methods to reliably classify movement behaviours from
wrist-worn accelerometer data in Chinese adults. By
applying these methods, we were able to accurately
describe movement behaviours in 20,370 China Kadoorie
Biobank participants.

Generally, participants in this study showed high com-
pliance with the instruction in participation and wear-
time. The response rate for the CKB was notably higher
than that of the UKB, with rates of 89.7% and 44.2% [12],
respectively. This discrepancy may be partially attributed
to the fact that CKB participants were provided with
their devices in person, rather than via mail in UKB dur-
ing the deployment phase. We found that demographic
characteristics were similar between responders and
non-responders, suggesting that selection bias is likely to
be negligible.

Compared with results from previous study on UKB
used the same device [23], we found longer MVPA
and LIPA, but shorter sleep and sedentary time in the
CKB. When we updated the UKB results with our CKB
model, the results in MVPA and sleep time were simi-
lar, but differences in LIPA and sedentary time were
more prominent (5.7 vs 4.3 h/d for LIPA, 8.7 vs 10.2 h/d
for sedentary). And a more pronounced age trend was
observed as well in CKB participants where younger peo-
ple spent more time in MVPA and older people spent
slightly less time in MVPA than equivalently aged par-
ticipants in the UK Biobank (Supplementary table 5 and
9). These differences could be partly attributed to the
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Table 1 Distribution of movement behaviours by demographic characteristics [Mean (SE)]
Variables® N (%) Average MVPA® (min/d) LIPA (h/d) Sedentary (h/d) Sleep (h/d)
acceleration
(mg/d)
Age©
40-49 381(1.9) 36.8(0.55) 122.0(0.04) 7(0.10) 8.2(0.13) 6(0.07)
50-59 6346 (31.2) 35.9(0.13) 112.9 (0.01) .0(0.02) .1(0.03) 7.6 (0.02)
60-69 7225 (35.5) 9(0.13) 84.4(0.01) .0(0.02) 5(0.03) 7(0.02)
70-79 5143 (25.2) 264 (0.15) 495 (0.01) 4(0.03) 9.5 (0.04) 7.9 (O 02)
80- 1275 (6.3) 19.6 (0.30) 20.1(0.02) 4(0.05) 10.9(0.07) 8.1(0.04)
Sex
Men 7079 (34.8) 28.8(0.13) 67.0(0.01) .0(0.02) 6(0.03) . 2)
Women 13291 (65.2) 323(0.09) 78.8(0.01) 6.1 (0.02) 8.3(0.02) 7.7 (0.01)
Marital Status
Married 16721 (82.1) 31.3(0.08) 75.8(0.01) 5.8(0.02) 8.7 (0.02) (0.01)
Others 3649 (17.9) 30.2(0.18) 68.7 (0.01) 5.5(0.03) 9.1 (0.04) 02)
Education
Primary school or below 10371 (50.9) 31.6(0.12) 75.9(0.01) 5.9(0.02) 8.5 (0.03) 7.8(0.02)
Middle school 9071 (44.5) 30.7 (0.12) 73.2(0.01) 5.7 (0.02) 9.0 (0.03) 7.7 (0.02)
College or above 928 (4.6) 29.6 (0.38) 71.5(0.03) 5.2(0.07) 9.5 (0.09) 7.7 (0.05)
Household Income Level (yuan/year)
< 20,000 3141 (154) 30.9(0.20) 72.3(0.02) 5.7 (0.04) 8.8 (0.05) 7.8 (0.03)
20,000-75000 9022 (44.3) 31.1(0.11) 74.1(0.01) 5.7 (0.02) 8.8(0.03) 7.7 (0.01)
> 75,000 8207 (40.3) 31.1(0.13) 75.8 (0.01) 5.8(0.02) 8.8 (0.03) 7.7 (0.02)
Occupation
Farmers 2542 (12.5) 36.2(0.24) 108.9 (0.02) 3(0.04) 7.7 (0.06) 7.7 (0.03)
Factory worker 1520 (7.5) 35.8(0.29) 94.8 (0.02) 4(0.05) 7.6 (0.07) 7.6 (0.04)
Office workers 651(3.2) 28.6(042) 63.8 (0.03) 1(0.08) 9.7 (0.10) 7.6 (0.06)
Retired 6751 (33.1) 29.2(0.18) 65.9 (0.01) 54 (0.03) 9.3(0.04) 7.7 (0.02)
House wife/husband 6198 (30.4) 30.2(0.16) 726 (0.01) 7(0.03) 8.8(0.04) 79(0.02)
Service workers/Self-employed 1695 (8.3) 32.8(0.27) 82.9(0.02) 1(0.05) 8.3 (0.06) 7.7 (0.04)
Unemployed & others 1013 (5.0) 27.9(0.34) 486 (0.03) 0(0.06) 9.7 (0.08) 7.8 (0.04)
BMI (kg/m?)
<185 623 (3.1) 6(042) 71.5(0.03) 6 (0.08) 86(0.10) 7.9(0.06)
18.5-23.9 8589 (42.2) 323(0.11) 81.1(0.01) 5.8(0.02) 84 (0.03) 7.8(0.02)
24-279 8042 (39.5) 30.8(0.12) 74.0 (0.01) 5.7 (0.02) 8.8 (0.03) 7.7 (0.02)
>28 3106 (15.3) 285 (0.19) 60.4 (0.01) 4(0.04) 9.6 (0.05) 7.5(0.03)

MVPA Moderate-to-vigorous physical activity, LIPA Light physical activity, mg/d milli-gravity units per day, h/d hours per day

?Values were adjusted for age, sex, and region (where appropriate)
P Level of MVPA was reported based on logarithmic transformation

€ For all movement behaviours, Py car treng < 0.001

different socio-demographic characteristic, such as age
and occupation of the study sample. More than a half of
the CKB participants were rural residents (58.6%) and
20% of participants were still engaged in manufactory
work (farmers or factory workers). Moreover, our results
showed that in CKB there was a “napping window” dur-
ing 12:00—15:00, where levels of activity were apparently
lower and the proportions of sleep were high. These
results were in agreement with the information extracted

from the questionnaire in our previous work that some
people in China are used to taking extra daytime napping
at noon [19].

The decreases in overall acceleration, moderate, and
light activity, as well as the increase in sedentary and total
sleep time by older age group in our study were similar
to those previously reported in studies from both east-
ern [25] and western countries [26]. The sex-difference
in overall activity level observed in our study (i.e. higher
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Fig. 3 24-h profile of average acceleration in 20,370 China Kadoorie Biobank participants in 2020-2021 by A) sex; B) age group, and C) region.

Values were adjusted for age, sex and region (where appropriate). Ribbon represents the 95% confidence interval
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Fig. 4 Time composition of different movement behaviour types in 20,370 China Kadoorie Biobank participants in 2020-2021 by A) different
regions and B) hour-of-day. Time spent in four types of movement behaviour, which constitute a 24-h day in total, are represented by colour
shading. The white point (4A) represents the level of average acceleration (mg). Values by region were adjusted for age and sex. The level of MVPA

was reported based on logarithmic transformation

in women than in men) was in contrast to the subjective
findings from the questionnaire-based studies in Chinese
[27] and other populations [28]. However, it was in agree-
ment with results in the UK Biobank and some other
studies using the accelerometer to assess movement
behaviours in Western [29] and Asian countries [30]. This
difference was mainly driven by light activity, including a
large proportion of household activities which are usually
undertaken by women and are hard to be recalled [10].
Detailed comparisons are still needed to better under-
stand the extent of mis-reporting on physical activity
amounts in Chinese men and women [31]. Besides, our
results showed that there was a great variety in move-
ment behaviours across 10 study regions. This variability
is likely due to a range of factors, including seasonal dif-
ferences at measuring, as well as geographical variations
in weather patterns, sunshine duration, temperature, and
lifestyle factors. As such, later investigations should con-
sider these geographical variation and seasonal difference
when associating accelerometer data with incident dis-
ease in the future.

The strengths of this study include a large sample size,
high response rate, great wear-time compliance and
population-specific validation process which ensured
the reliability and validity of this data. However, some
limitations need to be accounted for. First, the COVID-
19 pandemic posed a challenge for our field work during
the 3" resurvey. To minimize the impact of the pandemic
on the activity of the participants, we had to adjust the
investigation periods differently according to the local
situation of each region. This resulted in different seasons

for the fieldwork in different regions, which may have
confounded the geographical variations with the sea-
sonal variations. Second, a 7-day measurement period
may not represent longer-term habitual movement
behaviours throughout the year. However, a previous
study has shown relatively low within-person variation
and good reproducibility in Western populations, where
intraclass correlation coefficients ranged from 0.67 for
bouted-MVPA to 0.82 for total daily counts [32]. Third,
objectively measured movement behaviours in this study
were based on wrist-worn accelerometers, which may
have limitations on detecting certain postures or efforts
that require greater energy expenditure, such as carry-
ing loads. Fourth, the study cohort was not designed to
be nationally representative. However, within each study
region, the participants were relatively unselected.

Conclusions

In conclusion, we have described device-measured
movement behaviours in a prospective Chinese cohort
study. We found very high response and adherence rates
and subsequent data analysis showed good face validity.
As follow-up data becomes available, the China Kadoorie
Biobank is well placed to contribute to improvements
in our understanding of how movement behaviours
are associated with health outcomes in older Chinese
adults. We hope that this study will inspire cohort stud-
ies in other LMIC:s to collect device-measured movement
behaviours at scale.



Chen et al. Int J Behav Nutr Phys Act (2023) 20:138

Abbreviations

BMI Body mass index

CKB China Kadoorie Biobank study

LIPA Light intensity physical activity

LMICs  Low- and middle-income countries
MVPA  Moderate-to-vigorous physical activity
UKB UK Biobank study

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512966-023-01537-8.

Additional file 1: Supplementary: Members of the China Kadoorie
Biobank collaborative group. Supplementary Note. Model development
and validation. Supplementary Table 1. Characteristics of the China
Kadoorie Biobank accelerometer data collection from 2020-2021 [N(%)].
Supplementary Table 2. Demographics of those who participated
versus those who did not [N(%)]. Supplementary Table 3. Wear-time
compliance of the study population by demographic characteristics
(N=21,894). The maximum possible wear time is 7.0 days. Supplementary
Table 4. Wear-time compliance of the study population by temporal
characteristics (N=21,894). Supplementary Table 5. Median (IQR) levels
of movement behaviours (N=20,370). Supplementary Table 6. Mean (SE)
levels of movement behaviours by regions # (N=20,370). Supplementary
Table 7. Mean (SE) levels of movement behaviours by temporal charac-
teristics (N=20,370). Supplementary Table 8. Characteristics of the UK
Biobank accelerometer dataset [N(%)]. Supplementary Table 9. Median
(IQR) levels of movement behaviours in the UK Biobank accelerometer
dataset (N=96,313). Supplementary Table 10. Confusion matrices of

the machine learning classifier in free-living environments: the CAPTURE-
24CN and CAPTURE-24 studies. Minutes shown in brackets. Supple-
mentary Figure 1. Flowchart of the process of the accelerometer data
collection. Supplementary Figure 2. Start/end date of fieldwork across
10 study regions*. Supplementary Figure 3. 24-h profile of four move-
ment behaviours by age group”. Supplementary Figure 4. 24-h profile of
four movement behaviours by sex. Supplementary Figure 5. 24-h profile
of different movement behaviours by region”. Supplementary Figure 6.
The process of model development, validation and deployment.

Acknowledgements

The most important acknowledgment is to the participants in the study and
the members of the survey teams in each of the 10 regional centers and the
project development and management teams based in Beijing, Oxford, and
the 10 regional centers. A component of this research has been conducted
using the UK Biobank Resource under Application Number 59070.

The members of steering committee and collaborative group are listed in the
online-only supplemental material.

Authors’ contributions

YYC and SC are joint first authors. Conceptualization: LL, JC, ZC, HD, DB, AD.
Data curation: XC, XW, PP, DS, CY, LY. Data extraction, statistical analysis, and
visualization: YYC, with advice from CY, HD, DB and AD. Analysis validation:

YK. CAPTURE-24CN data assessment and verification: SC, AD. Development of
machine-learning models for behaviour classification: SC, AD. Writing—original
draft: YYC. Writing—review & editing: CY, HD, DB, AD and SC. Funding acquisi-
tion: JL, CY, LL, AD. Project administration: LY, YPC. Supervision: CY, LL. All
authors have read and agreed to the published version of the manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(82192904, 82192901, 82192900). The China Kadoorie Biobank baseline survey
and the first resurvey were supported by a grant from the Kadoorie Charitable
Foundation in Hong Kong. The long-term follow-up is supported by grants
from the UK Wellcome Trust (212946/7/18/7, 202922/7/16/Z,104085/2/14/Z,
088158/7/09/7), grants (2016YFC0900500) from the National Key R&D
Program of China, National Natural Science Foundation of China (81390540,
91846303, 81941018), and Chinese Ministry of Science and Technology
(2011BAI09BO1). AD is supported by the Wellcome Trust [223100/2/21/Z],

Page 10 of 11

Swiss Re and the British Heart Foundation Centre of Research Excellence
(grant number RE/18/3/34214). AD and SC receive research support from
Novo Nordisk. The funders had no role in the study design, data collection,
data analysis and interpretation, writing of the report, or the decision to
submit the article for publication. For the purpose of open access, the authors
have applied a Creative Commons Attribution (CC BY) licence to any Author
Accepted Manuscript version arising.

Availability of data and materials

Data are available upon reasonable request. Details of how to access China
Kadoorie Biobank data and details of the data release schedule are available
from www.ckbiobank.org/site/Data+Access.

Declarations

Ethics approval and consent to participate

The project was approved by the ethical committee and research council

of the Chinese Center for Disease Control and Prevention (Beijing, China,
005/2004) and the Oxford Tropical Research Ethics Committee at the Univer-
sity of Oxford (UK, 025-04), and informed written consent was obtained from
each participant.

Consent for publication
Not applicable.

Competing interests
The authors declared no competing interests.

Author details

'Department of Epidemiology and Biostatistics, School of Public Health,
Peking University Health Science Center, Beijing, China. 2Nuffield Department
of Population Health, University of Oxford, Oxford, UK. 3Big Data Institute, Li
Ka Shing Centre for Health Information and Discovery, University of Oxford,
Oxford, UK. “National Institute of Health Research Oxford Biomedical
Research Centre, Oxford University Hospitals NHS Foundation Trust, Oxford,
UK. >Department of Epidemiology and Statistics, Chengdu Medical College,
Chengdu, Sichuan, China. ®Sichuan Center for Disease Control and Prevention,
Chengdu, Sichuan, China. ’Key Laboratory of Epidemiology of Major Diseases
(Peking University), Ministry of Education, Beijing, China. ®Center for Public
Health and Epidemic Preparedness & Response, Peking University, Beijing,
China. °Medical Research Council Population Health Research Unit, University
of Oxford, Oxford, UK. "°Clinical Trial Service Unit & Epidemiological Studies
Unit (CTSU), Nuffield Department of Population Health, University of Oxford,
Oxford, UK. ' China National Center for Food Safety Risk Assessment, Beijing,
China.

Received: 12 July 2023 Accepted: 7 November 2023
Published: 24 November 2023

References

1. Daskalopoulou C, Stubbs B, Kralj C, Koukounari A, Prince M, Prina AM.
Physical activity and healthy ageing: A systematic review and meta-
analysis of longitudinal cohort studies. Ageing Res Rev. 2017,38:6-17.

2. Leel, Shiroma EJ, Evenson KR, Kamada M, Lacroix AZ, Buring JE. Acceler-
ometer-Measured Physical Activity and Sedentary Behavior in Relation to
All-Cause Mortality. Circulation. 2018;137:203-5.

3. Ekelund U, Tarp J, Steene-Johannessen J, Hansen BH, Jefferis B, Fagerland
MW, Whincup P, Diaz KM, Hooker SP, Chernofsky A, Larson MG, Spartano
N, Vasan RS, Dohrn IM, Hagstrémer M, Edwardson C, Yates T, Shiroma E,
Anderssen SA, Lee IM. Dose-response associations between accelerome-
try measured physical activity and sedentary time and all cause mortality:
systematic review and harmonised meta-analysis. BMJ (Clinical research
ed.). 2019;366:14570. https://doi.org/10.1136/bmj.l4570.

Physical Activity Guidelines Advisory Committee. 2018 Physical Activity
Guidelines Advisory Committee Scientific Report. Washington, DC: U.S.
Department of Health and Human Services; 2018.


https://doi.org/10.1186/s12966-023-01537-8
https://doi.org/10.1186/s12966-023-01537-8
http://www.ckbiobank.org/site/Data+Access
https://doi.org/10.1136/bmj.l4570

Chen et al. Int J Behav Nutr Phys Act (2023) 20:138

20.

21.

22.

23.

24.

Xie J, Li'Y, Zhang Y, Vgontzas AN, Basta M, Chen B, et al. Sleep duration
and metabolic syndrome: An updated systematic review and meta-
analysis. Sleep Med Rev. 2021;59: 101451.

LiuT, Xu C, Rota M, Cai H, Zhang C, Shi M, et al. Sleep duration and risk of
all-cause mortality: A flexible, non-linear, meta-regression of 40 prospec-
tive cohort studies. Sleep Med Rev. 2017,32:28-36.

Shephard RJ, Aoyagi Y. Measurement of human energy expenditure, with
particular reference to field studies: an historical perspective. Eur J Appl
Physiol. 2012;112:2785-815.

World Health Organization. Regional Office for Europe. Review of physical
activity surveillance data sources in European Union Member States.
Copenhagen: WHO Regional Office for Europe; 2011. Report No.: EUR/10/
EUDHP1003693/ 8.1/6. Available from: https://apps.who.int/iris/handle/
10665/108041.

Shephard RJ, Tudor-Locke C, editors. The Objective Monitoring of Physical
Activity: Contributions of Accelerometry to Epidemiology, Exercise Sci-
ence and Rehabilitation. Cham: Springer International Publishing; 2016
[cited 2022 Jul 23]. Available from: https://link.springercom/10.1007/
978-3-319-29577-0.

Dohrn |, Gardiner PA, Winkler E, Welmer A. Device-measured sedentary
behavior and physical activity in older adults differ by demographic and
health-related factors. Eur Rev Aging Phys Act. 2020; 17:8.

. Berkemeyer K, Wijndaele K, White T, Cooper AJM, Luben R, Westgate K,

et al. The descriptive epidemiology of accelerometer-measured physical
activity in older adults. Int J Behav Nutr Phys Act. 2016;13:2.

Doherty A, Jackson D, Hammerla N, Plotz T, Olivier P, Granat MH, et al.
Large Scale Population Assessment of Physical Activity Using Wrist Worn
Accelerometers: The UK Biobank Study. PLoS ONE. 2017;12: e0169649.
Peters TM, Moore SC, Xiang YB, Yang G, Shu XO, Ekelund U, et al.
Accelerometer-Measured Physical Activity in Chinese Adults. Am J Prev
Med. 2010;38:583-91.

Wu Z-J, Wang Z-Y, Hu B-Q, Zhang X-H., Zhang F, Wang H-L, et al. Relation-
ships of accelerometer-based measured objective physical activity and
sedentary behaviour with cognitive function: a comparative cross-sec-
tional study of China’s elderly population. BMC Geriatr. 2020; 20:149.
Cerin E, Sit CHP, Zhang CJP, Barnett A, Cheung MMC, Lai P, et al. Neigh-
bourhood environment, physical activity, quality of life and depressive
symptoms in Hong Kong older adults: a protocol for an observational
study. BMJ Open. 2016;6: €010384.

Hsueh M, Rutherford R, Huang Y, Chang Chien H, Chang C, Park J, et al.
Are Older Adults without a Healthy Diet Less Physically Active and More
Sedentary? Nutrients. 2019;11:1119.

Rosengren A, Smyth A, Rangarajan S, Ramasundarahettige C, Bangdiwala
Sl, Alhabib KF, et al. Socioeconomic status and risk of cardiovascular dis-
ease in 20 low-income, middle-income, and high-income countries: the
Prospective Urban Rural Epidemiologic (PURE) study. Lancet Glob Health.
2019;7:e748-60.

Bauman A, Ainsworth BE, Sallis JF, Hagstromer M, Craig CL, Bull FC, et al.
The Descriptive Epidemiology of Sitting. Am J Prev Med. 2011;41:228-35.
Zheng B, Lin LL, Yu CQ, Lyu J, Guo Y, Bian Z, et al. Distributions and
associations between duration of sleep, daytime naps and insomnia
symptoms among Chinese adults. Zhonghua Liu Xing Bing Xue Za Zhi.
2021;7:452-6.

Chen Z, Lee L, Chen J, Collins R, Wu F, Guo Y, et al. Cohort Profile: The
Kadoorie Study of Chronic Disease in China (KSCDC). Int J Epidemiol.
2005;34:1243-9.

LiL, LvJ, GuoY, Collins R, Chen J, Peto R, et al. The China Kadoorie
Biobank: related methodology and baseline characteristics of the partici-
pants. Chin J Epidemiol. 2012;33:249-55.

GuoY,YuC, Lv J,Yu M, Qian P, Han X, et al. Progress and achievements of
large natural population cohort demonstration study. Chin J Epidemiol.
2023;44:1-6.

Walmsley R, Chan S, Smith-byrne K, Ramakrishnan R, Woodward M,
Rahimi K, et al. Reallocation of time between device-measured move-
ment behaviours and risk of incident cardiovascular disease. Br J Sports
Med. 2022;56:1008-17.

Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR, Tudor-
locke C, et al. 2011 Compendium of Physical Activities. Med Sci Sports
Exerc. 2011;43:1575-81.

Page 11 of 11

25. Han X, Wang X, Wang C, Wang P, Han X, Zhao M, et al. Accelerometer-
assessed sedentary behaviour among Chinese rural older adults: Patterns
and associations with physical function. J Sports Sci. 2022;0:1-10.

26. Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, Mcdowell M. Physical
Activity in the United States Measured by Accelerometer. Med Sci Sports
Exerc. 2008;40:181-8.

27. Fan M, Lyu J, GuoYY, Bian Z, Yu C, Du H, et al. Regional differences on
patterns of physical activity and leisure sedentary time: findings from
the China Kadoorie Biobank study, including a million people from 10
regions. Zhonghua Liu Xing Bing Xue Za Zhi Zhonghua Liuxingbingxue
Zazhi. 2015;36:779-85.

28. Sun F, Norman IJ, While AE. Physical activity in older people: a systematic
review. BMC Public Health. 2013;13:449.

29. Hansen BH, Kolle E, Dyrstad SM, Holme |, Anderssen SA. Accelerometer-
Determined Physical Activity in Adults and Older People. Med Sci Sports
Exerc. 2012;44:266-72.

30. Amagasa S, Inoue S, Shibata A, Ishii K, Kurosawa S, Owen N, et al. Differ-
ences in Accelerometer-Measured Physical Activity and Sedentary Behav-
jor Between Middle-Aged Men and Women in Japan: A Compositional
Data Analysis. J Phys Act Health. 2022;19:500-8.

31. Prince SA, Adamo KB, Hamel M, Hardt J, Connor Gorber S, Tremblay M. A
comparison of direct versus self-report measures for assessing physical
activity in adults: a systematic review. Int J Behav Nutr Phys Act. 2008;5:56.

32. Keadle SK, Shiroma EJ, Kamada M, Matthews CE, Harris TB, Lee I. Repro-
ducibility of Accelerometer-Assessed Physical Activity and Sedentary
Time. Am J Prev Med. 2017;52:541-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://apps.who.int/iris/handle/10665/108041
https://apps.who.int/iris/handle/10665/108041
https://link.springer.com/10.1007/978-3-319-29577-0
https://link.springer.com/10.1007/978-3-319-29577-0

	Device-measured movement behaviours in over 20,000 China Kadoorie Biobank participants
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study population
	Data collection
	Data processing
	Classification of movement behaviours
	Statistical analysis

	Results
	Study population
	Wear-time analysis
	Movement behaviours analysis

	Discussion
	Conclusions
	Acknowledgements
	References


