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Abstract
Background
Further research is required to explore the associations between 24-h movement behaviours and health outcomes in the paediatric population. Therefore, this study aimed to examine the associations between novel data-driven 24-h activity metrics and adiposity among children and adolescents.

Methods
The sample included 382 children (8–13 years) and 338 adolescents (14–18 years). The average acceleration (AvAcc) of activity, intensity gradient (IG), and metrics representing the initial acceleration for the most active time periods of the 24-h cycle were calculated from raw acceleration data. Adiposity measures included body mass index z-score, fat mass percentage (FM%), and visceral adipose tissue (VAT). Data analysis was performed using multiple linear regression adjusted for wear time, sex, maternal education level, and maternal overweight and obesity.

Results
Children demonstrated higher values in all 24-h activity metrics than did adolescents (p < 0.001 for all). For children, the initial acceleration for the most active 2, 5, 15, and 30 min of the 24-h cycle were negatively associated with FM% (p ≤ 0.043 for all) and VAT (p <0.001 for all), respectively. For adolescents, the IG was negatively associated with FM% (p = 0.002) and VAT (p = 0.007). Moreover, initial acceleration for the most active 2, 5, 15, 30, 60, and 120 min were associated with FM% (p ≤ 0.007 for all) and with VAT (p ≤ 0.023 for all).

Conclusions
The intensity distribution of activity and initial acceleration for the most active 2, 5, 15, 30, 60, and 120 min within the 24-h cycle are beneficial for the prevention of excess adiposity in the paediatric population.
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Background
Childhood obesity is associated with several health outcomes [1, 2], social disadvantages [3], and long-term implications later in life [4]. According to the World Health Organization, the global prevalence of overweight and obesity has risen from 4% in 1975 to 18% in 2016 among children and adolescents [5]. Although there is evidence of a favourable trend in some countries in the recent years [5], the worldwide prevalence of childhood obesity is expected to increase, highlighting the necessity for effective multi-level and multi-sector prevention strategies [6].
In recent decades, evidence of non-modifiable and modifiable risk factors contributing to childhood obesity has rapidly increased. Research suggests that lack of sleep, excessive sedentary behaviour, and insufficient physical activity (PA) are independent risk factors for childhood obesity [7, 8]. Moreover, recent evidence has highlighted that these 24-h movement behaviours interact with each other and have cumulative effects on health [9, 10]. However, the simplification of 24-h activities to a few intensity categories leads to loss of information from continuous and complex human movement behaviours [11] and may affect their associations with health outcomes.
A new approach in data processing leads to the establishment of novel continuous data-driven analytical metrics (e.g., average acceleration (AvAcc), intensity gradient (IG), and metrics representing the initial acceleration for the most active X minutes (MX metrics) of the 24-h cycle) [12–14], which may provide unique insights into the role of 24-h movement behaviours in obesity prevention. The evaluation of movement behaviour using these metrics is not affected by decision of age- and sex-specific cut points for various intensities of PA and represent standardised, meaningful, and comparable acceleration metrics [13]. These new metrics are applicable only to multi-day high-resolution raw accelerometer data collected by new generations of research-grade accelerometers. Owing to recent technological progress (e.g., lower price, increasing battery capacity, and memory size), such types of accelerometers are gaining popularity even in large-sample studies under free-living conditions [11, 15].
Although previous studies have revealed that AvAcc, IG, and MX metrics are associated with several health indicators, including adiposity [16–19], no research has investigated these associations in a large sample of children and adolescents. Moreover, most previous studies used only body mass index (BMI) as an indicator of obesity, which has low sensitivity in identifying individuals with excess adiposity [20, 21]. Thus, the objective of this study was to analyse the cross-sectional associations between the novel 24-h accelerometer-derived metrics and directly measured adiposity in children and adolescents.
Methods
Participants
Children and adolescents aged 8–18 years from Czech Republic participated in this study. The procedure of data collection has been described previously in detail [10, 22]. In brief, data collection was conducted at school sites between 2018 and 2019. The main inclusion criteria were participant age and good health condition, as reported by their parents. Accelerometer data from 862 participants were available for data processing, regarding which 69 failed to meet the accelerometer wear-time inclusion criteria, and 73 did not undertake adiposity measurements. Thus, the final study sample comprised 720 participants.
Accelerometer-derived 24-h activity metrics
ActiGraph accelerometers (GT9X Link or wGT3X-BT; ActiGraph LLC, Pensacola, FL, USA) were used to measure movement behaviours. Children and adolescents were instructed to wear a device on the non-dominant wrist for 24 h a day over 7 consecutive days, except for any activity that would involve its submergence in water for a prolonged period (such as bathing or swimming). The ActiLife software (ActiGraph LLC, Pensacola, FL, USA) was used to perform the following: (1) initialise devices to collect data on three axes at a frequency of 100 Hz, (2) download raw data in the GT3X format, and (3) convert data from the GT3X file to the .csv file format. These .csv files were analysed using the R package GGIR (v2.1-0, https://​cran.​r-project.​org/​web/​packages/​GGIR/​). This procedure is described in detail elsewhere [23]. The default setting of R package GGIR and outputs only from ‘Part 2’ were used in this study.
The following 24-h movement behaviour metrics were obtained: AvAcc, IG, and the MX metrics, specifically the most active 2, 5, 15, 30, 60, and 120 min (M2, M5, M15, M30, M60, and M120, respectively) and the most active 8 h (M1/3Day) of the 24-h cycle [14, 24]. The AvAcc (expressed in milli-gravitational units (mg)) reflects directly measured dynamic acceleration over the 24-h cycle and presents a single metric for a total volume of activity. The IG reflects the distribution of acceleration intensity across the 24-h cycle and has been described in detail elsewhere [12, 14]; briefly, it illustrates the negative curvilinear relationship between the PA intensity and the time accumulated at that intensity during the 24-h cycle. All metrics were calculated separately for weekdays and weekend days and subsequently averaged (weighted) per day. Participants with at least 4 valid days (≥16 h/day, including at least 1 weekend day) [25], valid data available for all 15-min windows per 24-h cycle, and accelerometer post-calibration error (≤0.01 g) were included in the analysis [23].
Adiposity indicators
The adiposity indicators used in this study were BMI z-score, fat mass percentage (FM%), and visceral adipose tissue (VAT). Body weight was measured using the InBody 720 device (InBody 720; Biospace Co, Ltd, ‘InBody’, Seoul, South Korea) to the nearest 0.1 kg and body height using Anthropometer P-375 (Trystom, Olomouc, Czech Republic) to the nearest 0.1 cm following standard measurement procedure. Based on sex- and age-specific BMI z-scores [26], children and adolescents were classified as follows: (1) underweight and normal weight (BMI z-score <1 standard deviation (SD)) and (2) overweight and obese (BMI z-score ≥1 SD). FM% and VAT were measured using the multi-frequency bioelectrical impedance method (InBody 720, 1–1 000 kHz) following the standard measurement protocol. The validity of multi-frequency bioimpedance analysis for assessing adiposity in the paediatric population has been confirmed [27].
Covariates
In line with previous research [28] and based on stepwise preliminary analysis, we selected several covariates to control for potential confounding factors. The set of covariates included participant sex, accelerometer wear time (minutes per day), maternal education level, and maternal weight status. Maternal education level was recorded in 8 categories and dichotomized (0 = non-university level, 1 = university level) for the analysis. Maternal overweight/obesity was defined as a BMI ≥25 kg/m2, which was calculated using self-reported weight and height. Missing maternal education level (n = 25) and maternal height (n = 49) data were obtained by multiple imputations using the following predictor variables: maternal and paternal education levels (dummy variables), school location (dummy variables), BMI, BMI z-score, FM%, fat mass index, and fat-free mass index.
Statistical analyses
Prior to all analyses, data were examined to detect extreme values and winsorized to reduce their influence. As there was an interaction between age and 24-h activity metrics for adiposity (p < 0.05), children and adolescents were analysed separately. Descriptive statistics were calculated for each variable and presented as mean (SD) for linear variables and frequencies for categorical variables. The chi-square test and Student’s t-test were used to calculate the differences between age categories. Means for MX metrics were plotted on a radar plot to visualise and interpret differences between children and adolescents [13]. Associations between the 24-h activity metrics and adiposity markers were assessed using linear regressions adjusted for all covariates. Multicollinearity was tested using pairwise correlation, tolerance, and variance inflation factor. There was no multicollinearity for models that included AvAcc and IG. A high risk of multicollinearity was identified for models with the MX metrics. Thus, the relationship between 24-h activity metrics and adiposity was analysed using (1) models that included both AvAcc and IG and (2) models in which each of MX metrics was included as a single independent variable. Such an approach is in the line with the GRANADA Consensus Statement which has been published recently [14]. Analyses were conducted using IBM SPSS Statistics version 25 (IBM, Armonk, NY, USA), and the level of significance was set at p < 0.05. The sample sizes of both age categories were sufficient to detect at least medium effect sizes and ensure a statistical power of ≥ 95% and an alpha error of 0.05 for regression models with five covariates [29].
Results
Table 1 presents the characteristics of the study participants and shows how they vary across age categories. Children achieved significantly higher AvAcc (by 9.1 mg) and IG (by 0.23) units (p < 0.001 for all) than did adolescents. All MX metrics were significantly higher (p < 0.001 for all) in children than those in adolescents. Relative differences in the MX metrics between the age groups decreased with the duration of the most active period (Fig. 1). The mean M2 value demonstrated that acceleration in children was higher by 70.6% than that in adolescents, whilst the mean M1/3Day value was higher by 16.6%. In all adiposity indicators, only difference (p < 0.001) in VAT between children and adolescents was found. Participants included in the analysis each wore an accelerometer for 23.6 h and for a median of 7 days. Approximately 39% of the mothers reported a high education level, and 37% were classified as overweight or having obesity.
Table 1Characteristics of all the participants, children, and adolescents and the differences between them


	 	All (n = 720)
	Children (n = 382)
	Adolescents (n = 338)
	p-value

	Age (years)
	13.9 (2.8)
	11.7 (1.6)
	16.4 (1.3)
	<0.001

	Girls (% of n)
	56.2
	56.2
	55.9
	0.866

	Anthropometric variables

	 Height (cm)
	160.5 (14.2)
	151.6 (12.1)
	170.5 (8.7)
	<0.001

	 Weight (kg)
	53.1 (15.4)
	43.8 (11.5)
	63.7 (12.0)
	<0.001

	 BMI z-score
	0.25 (1.09)
	0.27 (1.15)
	0.23 (1.02)
	0.691

	 Overweight and obesity prevalence (% of n)
	23.6
	25.4
	21.6
	0.231

	 FM%
	20.1 (8.7)
	19.5 (8.2)
	20.7 (9.2)
	0.065

	 Visceral adipose tissue (cm2)
	49.2 (31.5)
	43.5 (27.8)
	55.6 (34.2)
	<0.001

	24-h activity metrics

	 AvAcc (mg)
	37.3 (10.9)
	41.6 (11.2)
	32.5 (8.2)
	<0.001

	 IG
	–2.19 (0.20)
	–2.09 (0.16)
	–2.31 (0.18)
	<0.001

	 MX metrics (mg)

	  M2
	951.0 (448.2)
	1180.3 (434.4)
	691.8 (297.0)
	<0.001

	  M5
	665.8 (315.7)
	817.6 (322.0)
	494.3 (199.5)
	<0.001

	  M15
	398.7 (174.0)
	472.2 (189.2)
	315.6 (105.2)
	<0.001

	  M30
	275.0 (98.7)
	312.8 (108.8)
	232.3 (63.1)
	<0.001

	  M60
	158.3 (51.3)
	202.7 (55.5)
	165.7 (37.5)
	<0.001

	  M120
	116.1 (30.0)
	124.9 (30.8)
	106.0 (25.6)
	<0.001

	  M1/3Day
	20.3 (6.3)
	21.8 (6.5)
	18.7 (5.7)
	<0.001

	Accelerometer wear

	 Wear time (min/day)
	1413.7 (41.1)
	1414.1 (39.0)
	1413.3 (43.4)
	0.784

	 Valid days
	6.9 (0.2)
	6.9 (0.2)
	7.0 (0.1)
	<0.001


BMI, body mass index; FM%, fat mass percentage; AvAcc, average acceleration; IG, intensity gradient; M2, M5, M15, M30, M60, M120, and M1/3Day, the acceleration above which the most active 2, 5, 15, 30, 60, 120 and min, and 8 h are accumulated, respectively
Values are presented as mean (SD) or percentage. The differences between children and adolescents were evaluated using the chi-square test and Student’s t-test for categorical and continuous variables, respectively. Boldfaced values: p < 0.05
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Fig. 1Radar plots illustrating differences in MX metrics between children and adolescents. MX metrics representing the acceleration (mg) above which the most active 2 min (M2), 5 min (M5), 15 min (M15), 30 min (M30), 60 min (M60), 120 min (M120), and 8 h (M1/3DAY) of the day are accumulated; PA, physical activity; *p < 0.05


The associations of 24-h activity metrics with BMI z-score, FM%, and VAT adjusted for sex, wear time, maternal education level, and weight status are presented for children in Table 2 and for adolescents in Table 3. In children, the M2, M5, M15, and M30 metrics were negatively associated with FM% (p ≤ 0.043 for all) and VAT (p <0.001 for all). For example, increasing M30 values by 100 mg was associated with a decrease in FM% by 0.9% points, and with a decrease in VAT by 5.1 cm2, respectively. In adolescents, IG and all MX metrics were negatively associated with FM% (p ≤ 0.007 for all) and with VAT (p ≤ 0.007 for all), except for M1/3Day. For example, increasing M30 metrics by 100 mg was associated with a decrease in FM% by 2.3% points, and with a decrease in VAT by 9.1 cm2, respectively. Similarly, an increase in IG by 0.05 units was associated with a 0.4% decrease in FM% and with a 1.6 cm2 decrease in VAT. No significant associations were observed between the 24-h activity metrics and BMI z-scores in both children and adolescents.
Table 2Linear regression analysis of associations between 24-h activity metrics and adiposity indicators among children (n = 382)


	 	BMI z-score
	FM%
	VAT

	 	B
	(95% CI)
	p-value
	B
	(95% CI)
	p-value
	B
	(95% CI)
	p-value

	24-h activity metrics

	 AvAcc (mg)
	0.00
	(−0.01, 0.02)
	0.940
	−0.06
	(−0.16, 0.04)
	0.214
	−0.29
	(−0.62, −0.04)
	0.086

	 IG
	−0.19
	(−1.22, 0.85)
	0.720
	−2.06
	(−9.07, 4.95)
	0.564
	−18.73
	(−43.15, 5.69)
	0.132

	MX metrics (mg)

	 M2
	0.000
	(0.00, 0.00)
	0.591
	−0.002
	(0.00, 0.00)
	0.043
	−0.014
	(−0.20, −0.01)
	<0.001

	 M5
	0.000
	(0.00, 0.00)
	0.276
	−0.004
	(−0.01, −0.00)
	0.006
	−0.021
	(−0.03, −0.01)
	<0.001

	 M15
	0.000
	(0.00, 0.00)
	0.263
	−0.006
	(−0.01, −0.00)
	0.007
	−0.034
	(−0.05, −0.02)
	<0.001

	 M30
	0.000
	(0.00, 0.00)
	0.577
	−0.009
	(−0.02, −0.00)
	0.025
	−0.051
	(−0.08, −0.03)
	<0.001

	 M60
	0.000
	(0.00, 0.00)
	0.983
	−0.013
	(−0.03, 0.00)
	0.074
	−0.080
	(−0.13, −0.03)
	0.002

	 M120
	0.001
	(0.00, 0.00)
	0.753
	−0.023
	(−0.05, 0.00)
	0.086
	−0.122
	(−0.21, −0.03)
	0.008

	 M1/3Day
	0.003
	(−0.01, 0.02)
	0.721
	−0.063
	(−0.19, 0.06)
	0.308
	−0.419
	(−0.85, 0.01)
	0.055


BMI, body mass index; FM%, fat mass percentage; VAT, visceral adipose tissue; B, unstandardized beta; CI, confidence interval; AvAcc, average acceleration; IG, intensity gradient; MX metrics (M2, M5, M15, M30, M60, M120, and M1/3Day), the acceleration above which the most active 2, 5, 15, 30, 60, and 120 min, and 8 h are accumulated, respectively
Analyses were adjusted for sex, maternal education level, maternal overweight and obesity, and wear time. The model with average acceleration was in addition adjusted for intensity gradient and vice versa. Boldfaced values: p < 0.05


Table 3Linear regression analysis of associations between 24-h activity metrics and adiposity indicators among adolescents (n = 338)


	 	BMI z-score
	FM%
	VAT

	B
	(95% CI)
	p-value
	B
	(95% CI)
	p-value
	B
	(95% CI)
	p-value

	24-h activity metrics

	 AvAcc (mg)
	0.00
	(−0.01, 0.02)
	0.822
	−0.04
	(−0.16, 0.07)
	0.469
	−0.17
	(−0.68, 0.35)
	0.522

	 IG
	−0.25
	(−0.99, 0.49)
	0.512
	−8.35
	(−13.61, −3.09)
	0.002
	−32.5
	(−55.98, −8.92)
	0.007

	MX metrics (mg)

	 M2
	0.000
	(0.00, 0.00)
	0.524
	−0.006
	(−0.01, −0.00)
	<0.001
	−0.025
	(−0.04, −0.01)
	<0.001

	 M5
	0.000
	(0.00, 0.00)
	0.655
	−0.008
	(−0.01, −0.00)
	<0.001
	−0.033
	(−0.05, −0.02)
	<0.001

	 M15
	0.000
	(0.00, 0.00)
	0.633
	−0.014
	(−0.02, −0.01)
	<0.001
	−0.059
	(−0.09, −0.03)
	<0.001

	 M30
	0.000
	(0.00, 0.00)
	0.717
	−0.023
	(−0.03, −0.01)
	<0.001
	−0.091
	(−0.15, −0.04)
	<0.001

	 M60
	0.000
	(0.00, 0.00)
	0.934
	−0.034
	(−0.05, −0.01)
	0.001
	−0.132
	(−0.22, −0.04)
	0.005

	 M120
	0.001
	(0.00, 0.01)
	0.753
	−0.041
	(−0.07, −0.01)
	0.007
	−0.156
	(−0.29, −0.02)
	0.023

	 M1/3Day
	0.005
	(−0.01, 0.02)
	0.604
	−0.073
	(−0.21, 0.06)
	0.292
	−0.282
	(−0.89, −0.32)
	0.358


BMI, body mass index; FM%, fat mass percentage; VAT, visceral adipose tissue; B, unstandardized beta; CI, confidence interval; AvAcc, average acceleration; IG, intensity gradient; MX metrics (M2, M5, M15, M30, M60, M120, and M1/3Day), the acceleration above which the most active 2, 5, 15, 30, 60, and 120 min, and 8 h are accumulated, respectively
Analyses were adjusted for sex, maternal education level, maternal overweight and obesity, and wear time. The model with average acceleration was in addition adjusted for intensity gradient and vice versa. Boldfaced values: p < 0.05



Discussion
This is the first study to explore the associations between novel continuous data-driven analytical metrics and direct measures of adiposity in a large sample of children and adolescents. Our findings suggest that children have better 24-h activity profiles than adolescents. The M2, M5, M15, and M30 values were negatively (favourable) associated with FM% and VAT in both children and adolescents. Although IG was found to be negatively associated with FM% and VAT in adolescents, this was not observed in children.
In accordance with previous research [30, 31], our study found that children are more physically active than adolescents. Children achieved higher values in volume and intensity distribution of activity within a 24-h cycle. Similarly, children achieved higher acceleration in all MX metrics. The PA level of adolescents could be considered insufficient, as their mean value of the M60 metric did not exceed the 201 mg threshold, which is an alternative representation of the 60 min of the moderate-to-vigorous PA recommended for children and adolescents [32]. Similarly, our results also indicated that adolescents did not spend a substantial amount of time on vigorous PA because they did not achieve the estimated threshold of 707 mg [32], even in the most active 2 min of the day. It appears that children’s movement behaviours are characterised by a higher number of brief bouts of vigorous PA [33] such as spontaneous running or very fast movements during active play, than those of adolescents.
The independent negative associations between the IG and adiposity indicators were found among adolescents, but not children. This suggests that intensity distribution of activity is probably more important in the prevention of excess adiposity for adolescents than for children. It is known that the IG is designed to be sensitive to even very small amounts of high-intensity PA [34]. Sporadic high-intensity PA is considered to be higher in younger ages [31]. This may indicate that IG does not properly characterise the intensity distribution among highly active individuals. Our assumption needs to be confirmed by further research using various methods, such as multivariate pattern analysis [19], for assessing the PA intensity spectrum among groups with various intensity levels.
Our results suggest that the volume of activity represented by AvAcc did not predict adiposity in both age groups. Although this finding is in the line with the previous studies [17, 34], Rowlands et al. [34] suggest that AvAcc is an important contributor to adiposity only in 13–14 years girls. The inconsistency in the findings appears primarily due to variations in sex and age groups that have been investigated. We studied two age groups with both sexes, whilst Rowlands et al. [34] split the sample into groups with narrower age range and without boys in two of three age groups. Further studies allowing splitting the sample into several age categories and to analysing boys and girls separately is needed to understand the role of age and gender in the association between 24-h accelerometer-derived metrics with adiposity. Moreover, as AvAcc represents the average volume of activities accumulated per 24 h, it is naturally affected by acceleration occurring predominantly in activities such as sedentary behaviour and light PA. The patterns and context of these low-intensity activities and their associations with adiposity are currently the subject of intense research efforts [35–37]. The contextual role of AvAcc (e.g., AvAcc accumulated during wake-up or school-time periods) in association with adiposity should be further investigated in future studies to provide more evidence.
We are not aware of previous studies that have used MX metrics for investigating the associations between movement behaviour and adiposity among the paediatric population. Our study found a negative (favourable) association between MX metrics up to 30 min and FM% in both children and adolescents; these associations but for MX metrics up to 120 min were also observed for VAT. The MX metrics are easier to interpret in comparison with AvAcc or IG and have potential for public health messages [13]. For example, the values for M30 metrics were close to the thresholds for fast walking (~300 mg; 6.5 km/h) [32, 38] and brisk walking (~200 mg; 5 km/h) [32, 38] in children and adolescents, respectively. Thus, increasing the minimal acceleration of M30 by 100 mg is achievable for both children and adolescents, as this intensity still represents a moderate PA. From these results, it may be concluded that higher intensities, even performed in short periods of time, are more associated with adiposity than longer, less-intense periods in children and adolescents. This could also partially explain the non-association between IG and adiposity in children.
No significant associations were found between 24-h activity metrics and BMI z-scores in both children and adolescents. This is an unexpected finding, as other cross-sectional studies have shown a negative association of AvAcc and IG with BMI z-score [16, 19, 39, 40]. A plausible explanation for this finding may be that BMI has low sensitivity in identifying individuals with excess adiposity, especially in youth [20, 21].
The strengths of the present study are the application of multi-day high-resolution raw accelerometer data, the use of novel continuous data-driven analytical metrics, and the large sample size of children and adolescents. This study had several limitations. The cross-sectional design of the study precluded our ability to infer a causal relationship between 24-h activity metrics and adiposity in children and adolescents. Longitudinal and interventional studies are required to confirm the associations observed in this study. Our study was also limited by the lack of data on screen time and socioeconomic status, which might have affected the associations.
Conclusion
In conclusion, the higher initial acceleration in MX metrics up to 30 and up to 120 min is beneficial for the prevention of excess adiposity among children and adolescents, respectively. The intensity distribution of activity for adolescents rather than the volume of activity may be more important for adiposity. Our findings contribute to the growing evidence supporting the use of novel data-driven accelerometer analysis and translation metrics in movement-behaviour research, especially in studies using wrist-worn accelerometers. Future studies employing longitudinal data are required to confirm the direction of causality.
Acknowledgements
The authors are grateful to all the participants who were involved in this study.

Authors’ contributions
JD, MM, and AG wrote the draft and the final version of the manuscript with input from PMG, LR, LJ, and DJ. JD and MM analysed the data. MM and AG interpreted the data. The authors read and approved the final version of the manuscript.

Funding
This work was supported by Czech Science Foundation grant number 18-09188S and 22-02392S. MM and PMG were supported by Mobility Support at UP II. (CZ.02.2.69/0.0/0.0/18_053/0016919). The funding organisation played no role in the study design, data collection, analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
The dataset analysed during the current study is available in the Figshare repository, https://​doi.​org/​10.​6084/​m9.​figshare.​14153312.

Declarations
Ethics approval and consent to participate
Ethical approval was obtained from the Ethics Committee of the Faculty of Physical Culture, Palacký University Olomouc (Reference No.: 19/2017). The study was conducted in accordance with the ethical principles of the 1964 Declaration of Helsinki and its later amendments. Parents or guardians provided a written consent for their children’s participation in the study.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Han JC, Lawlor DA, Kimm SYS. Childhood obesity. Lancet. 2010;375(9727):1737–48. https://​doi.​org/​10.​1016/​S0140-6736(10)60171-7.CrossrefPubMedPubMedCentral

	2.
Weihrauch-Blüher S, Wiegand S. Risk factors and implications of childhood obesity. Curr Obes Rep. 2018;7(4):254–9. https://​doi.​org/​10.​1007/​s13679-018-0320-0.CrossrefPubMed

	3.
Lindberg L, Hagman E, Danielsson P, Marcus C, Persson M. Anxiety and depression in children and adolescents with obesity: a nationwide study in Sweden. BMC Med. 2020;18(1):30. https://​doi.​org/​10.​1186/​s12916-020-1498-z.CrossrefPubMedPubMedCentral

	4.
Lindberg L, Danielsson P, Persson M, Marcus C, Hagman E. Association of childhood obesity with risk of early all-cause and cause-specific mortality: a Swedish prospective cohort study. PLoS Med. 2020;17(3):e1003078. https://​doi.​org/​10.​1371/​journal.​pmed.​1003078.CrossrefPubMedPubMedCentral

	5.
Abarca-Gómez L, Abdeen ZA, Hamid ZA, Abu-Rmeileh NM, Acosta-Cazares B, Acuin C, et al. Worldwide trends in body-mass index, underweight, overweight, and obesity from 1975 to 2016: a pooled analysis of 2416 population-based measurement studies in 128.9 million children, adolescents, and adults. Lancet. 2017;390(10113):2627–42. https://​doi.​org/​10.​1016/​S0140-6736(17)32129-3.Crossref

	6.
Lobstein T, Jackson-Leach R. Planning for the worst: estimates of obesity and comorbidities in school-age children in 2025. Pediatr Obes. 2016;11(5):321–5. https://​doi.​org/​10.​1111/​ijpo.​12185.CrossrefPubMed

	7.
Lin Y, Tremblay MS, Katzmarzyk PT, Fogelholm M, Hu G, Lambert EV, et al. Temporal and bi-directional associations between sleep duration and physical activity/sedentary time in children: an international comparison. Prev Med. 2018;111:436–41. https://​doi.​org/​10.​1016/​j.​ypmed.​2017.​12.​006.CrossrefPubMed

	8.
Chaput JP, Saunders TJ, Carson V. Interactions between sleep, movement and other non-movement behaviours in the pathogenesis of childhood obesity. Obes Rev. 2017;18(Suppl 1):7–14. https://​doi.​org/​10.​1111/​obr.​12508.CrossrefPubMed

	9.
Saunders TJ, Gray CE, Poitras VJ, Chaput JP, Janssen I, Katzmarzyk PT, et al. Combinations of physical activity, sedentary behaviour and sleep: relationships with health indicators in school-aged children and youth. Appl Physiol Nutr Metab. 2016;41(6 Suppl 3):283–93. https://​doi.​org/​10.​1139/​apnm-2015-0626.Crossref

	10.
Jakubec L, Gába A, Dygrýn J, Rubín L, Šimůnek A, Sigmund E. Is adherence to the 24-hour movement guidelines associated with a reduced risk of adiposity among children and adolescents? BMC Public Health. 2020;20(1):1119. https://​doi.​org/​10.​1186/​s12889-020-09213-3.CrossrefPubMedPubMedCentral

	11.
Troiano RP, Stamatakis E, Bull FC. How can global physical activity surveillance adapt to evolving physical activity guidelines? Needs, challenges and future directions. Br J Sports Med. 2020;54(24):1468–73. https://​doi.​org/​10.​1136/​bjsports-2020-102621.CrossrefPubMedPubMedCentral

	12.
Rowlands AV, Edwardson CL, Davies MJ, Khunti K, Harrington DM, Yates T. Beyond cut points: accelerometer metrics that capture the physical activity profile. Med Sci Sports Exerc. 2018;50(6):1323–32. https://​doi.​org/​10.​1249/​MSS.​0000000000001561​.CrossrefPubMed

	13.
Rowlands AV, Dawkins NP, Maylor B, Edwardson CL, Fairclough SJ, Davies MJ, et al. Enhancing the value of accelerometer-assessed physical activity: meaningful visual comparisons of data-driven translational accelerometer metrics. Sports Med Open. 2019;5(1):47. https://​doi.​org/​10.​1186/​s40798-019-0225-9.CrossrefPubMedPubMedCentral

	14.
Migueles JH, Aadland E, Andersen LB, Brønd JC, Chastin SF, Hansen BH, et al. GRANADA consensus on analytical approaches to assess associations with accelerometer-determined physical behaviours (physical activity, sedentary behaviour and sleep) in epidemiological studies. Br J Sports Med. 2021. https://​doi.​org/​10.​1136/​bjsports-2020-103604.

	15.
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(2):e0169649. https://​doi.​org/​10.​1371/​journal.​pone.​0169649.CrossrefPubMedPubMedCentral

	16.
Fairclough SJ, Taylor S, Rowlands AV, Boddy LM, Noonan RJ. Average acceleration and intensity gradient of primary school children and associations with indicators of health and well-being. J Sports Sci. 2019;37(18):2159–67. https://​doi.​org/​10.​1080/​02640414.​2019.​1624313.CrossrefPubMed

	17.
Donnelly S, Buchan DS, McLellan G, Arthur R. Relationship between parent and child physical activity using novel acceleration metrics. Res Q Exerc Sport. 2020:1–9. https://​doi.​org/​10.​1080/​02701367.​2020.​1817295.

	18.
Marshall ZA, Mackintosh KA, Lewis MJ, Ellins EA, McNarry MA. Association of physical activity metrics with indicators of cardiovascular function and control in children with and without type 1 diabetes. Pediatr Diabetes. 2020;22(2):320–8. https://​doi.​org/​10.​1111/​pedi.​13159.CrossrefPubMed

	19.
Aadland E, Nilsen AKO, Andersen LB, Rowlands AV, Kvalheim OM. A comparison of analytical approaches to investigate associations for accelerometry-derived physical activity spectra with health and developmental outcomes in children. J Sports Sci. 2021;39(4):430–8. https://​doi.​org/​10.​1080/​02640414.​2020.​1824341.CrossrefPubMed

	20.
Javed A, Jumean M, Murad MH, Okorodudu D, Kumar S, Somers VK, et al. Diagnostic performance of body mass index to identify obesity as defined by body adiposity in children and adolescents: a systematic review and meta-analysis. Pediatr Obes. 2015;10(3):234–44. https://​doi.​org/​10.​1111/​ijpo.​242.CrossrefPubMed

	21.
Karchynskaya V, Kopcakova J, Klein D, Gaba A, Madarasova-Geckova A, van Dijk JP, et al. Is BMI a valid indicator of overweight and obesity for adolescents? Int J Environ Res Public Health. 2020;17(13). https://​doi.​org/​10.​3390/​ijerph17134815.

	22.
Gába A, Dygrýn J, Štefelová N, Rubín L, Hron K, Jakubec L, et al. How do short sleepers use extra waking hours? A compositional analysis of 24-h time-use patterns among children and adolescents. Int J Behav Nutr Phys Act. 2020;17(1):104. https://​doi.​org/​10.​1186/​s12966-020-01004-8.CrossrefPubMedPubMedCentral

	23.
Migueles JH, Rowlands AV, Huber F, Sabia S, van Hees VT. GGIR: A research community–driven open source R package for generating physical activity and sleep outcomes from multi-day raw accelerometer data. J Meas Phys Behav. 2019;2(3):188–96. https://​doi.​org/​10.​1123/​jmpb.​2018-0063.Crossref

	24.
Rowlands AV. Moving forward with accelerometer-assessed physical activity: two strategies to ensure meaningful, interpretable, and comparable measures. Pediatr Exerc Sci. 2018;30(4):450–6. https://​doi.​org/​10.​1123/​pes.​2018-0201.CrossrefPubMed

	25.
Migueles JH, Cadenas-Sanchez C, Ekelund U, Delisle Nystrom C, Mora-Gonzalez J, Lof M, et al. Accelerometer data collection and processing criteria to assess physical activity and other outcomes: a systematic review and practical considerations. Sports Med. 2017;47(9):1821–45. https://​doi.​org/​10.​1007/​s40279-017-0716-0.CrossrefPubMedPubMedCentral

	26.
Group WHOMGRS. WHO child growth standards based on length/height, weight and age. Acta Paediatr Suppl. 2006;450:76–85. https://​doi.​org/​10.​1111/​j.​1651-2227.​2006.​tb02378.​x.Crossref

	27.
Lim JS, Hwang JS, Lee JA, Kim DH, Park KD, Jeong JS, et al. Cross-calibration of multi-frequency bioelectrical impedance analysis with eight-point tactile electrodes and dual-energy X-ray absorptiometry for assessment of body composition in healthy children aged 6-18 years. Pediatr Int. 2009;51(2):263–8. https://​doi.​org/​10.​1111/​j.​1442-200X.​2008.​02698.​x.CrossrefPubMed

	28.
Rubín L, Gába A, Dygrýn J, Jakubec L, Materová E, Vencálek O. Prevalence and correlates of adherence to the combined movement guidelines among Czech children and adolescents. BMC Public Health. 2020;20(1):1692. https://​doi.​org/​10.​1186/​s12889-020-09802-2.CrossrefPubMedPubMedCentral

	29.
Cohen J. A power primer. Psychological Bulletin. 1992;112(1):155–9. https://​doi.​org/​10.​1037/​0033-2909.​112.​1.​155.CrossrefPubMed

	30.
Farooq A, Martin A, Janssen X, Wilson MG, Gibson AM, Hughes A, et al. Longitudinal changes in moderate-to-vigorous-intensity physical activity in children and adolescents: a systematic review and meta-analysis. Obes Rev. 2020;21(1):e12953. https://​doi.​org/​10.​1111/​obr.​12953.CrossrefPubMed

	31.
Reilly JJ. When does it all go wrong? Longitudinal studies of changes in moderate-to-vigorous-intensity physical activity across childhood and adolescence. J Exerc Sci Fit. 2016;14(1):1–6. https://​doi.​org/​10.​1016/​j.​jesf.​2016.​05.​002.CrossrefPubMedPubMedCentral

	32.
Hildebrand M, VAN Hees VT, Hansen BH, Ekelund U. Age group comparability of raw accelerometer output from wrist- and hip-worn monitors. Med Sci Sports Exerc. 2014;46(9):1816–24. https://​doi.​org/​10.​1249/​MSS.​0000000000000289​.CrossrefPubMed

	33.
Stamatakis E, Huang BH, Maher C, Thogersen-Ntoumani C, Stathi A, Dempsey PC, et al. Untapping the health enhancing potential of vigorous intermittent lifestyle physical activity (VILPA): rationale, scoping review, and a 4-Pillar research framework. Sports Med. 2021;51(1):1–10. https://​doi.​org/​10.​1007/​s40279-020-01368-8.CrossrefPubMed

	34.
Rowlands AV, Fairclough SJ, Yates T, Edwardson CL, Davies M, Munir F, et al. Activity intensity, volume, and norms: utility and interpretation of accelerometer metrics. Med Sci Sports Exerc. 2019;51(11):2410–22. https://​doi.​org/​10.​1249/​MSS.​0000000000002047​.CrossrefPubMed

	35.
Ensenyat A, Serra-Paya N, Sagarra-Romero L. Objectively measured sedentary behaviour in overweight and obese prepubertal children: challenging the school. Int J Environ Health Res. 2020;30(5):533–44. https://​doi.​org/​10.​1080/​09603123.​2019.​1609656.CrossrefPubMed

	36.
Jones MA, Skidmore PM, Stoner L, Harrex H, Saeedi P, Black K, et al. Associations of accelerometer-measured sedentary time, sedentary bouts, and physical activity with adiposity and fitness in children. J Sports Sci. 2020;38(1):114–20. https://​doi.​org/​10.​1080/​02640414.​2019.​1685842.CrossrefPubMed

	37.
Gába A, Dygrýn J, Štefelová N, Rubín L, Hron K, Jakubec L. Replacing school and out-of-school sedentary behaviors with physical activity and its associations with adiposity in children and adolescents: a compositional isotemporal substitution analysis. Environ Health Prev Med. 2021;26(1):16. https://​doi.​org/​10.​1186/​s12199-021-00932-6.CrossrefPubMedPubMedCentral

	38.
Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR Jr, Tudor-Locke C, et al. 2011 Compendium of physical activities: a second update of codes and MET values. Med Sci Sports Exerc. 2011;43(8):1575–81. https://​doi.​org/​10.​1249/​MSS.​0b013e31821ece12​.CrossrefPubMed

	39.
Buchan DS, McLellan G, Donnelly S, Arthur R. The use of the intensity gradient and average acceleration metrics to explore associations with BMI z-score in children. J Sports Sci. 2019;37(23):2751–8. https://​doi.​org/​10.​1080/​02640414.​2019.​1664536.CrossrefPubMed

	40.
Fairclough SJ, Rowlands AV, Taylor S, Boddy LM. Cut-point-free accelerometer metrics to assess children’s physical activity: an example using the school day. Scand J Med Sci Sports. 2020;30(1):117–25. https://​doi.​org/​10.​1111/​sms.​13565.CrossrefPubMed



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


OEBPS/navigation.xhtml

    
      Contents


      
        		Associations of novel 24-h accelerometer-derived metrics with adiposity in children and adolescents


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12199_2021_987_Fig1_HTML.png





OEBPS/css/envelope.png





OEBPS/css/sidebar.gif





