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Abstract 

Background The associations of movement behaviours (physical activity [PA], sedentary behaviour [SB], and sleep) 
with body composition and physical fitness from pre-school to childhood, as well as the direction of the associations, 
could provide important information for healthy lifestyle promotion in children. This study investigated the longitudi-
nal and bidirectional associations of movement behaviours with body composition and physical fitness measured at 4 
and 9 years of age.

Methods This longitudinal study included baseline (n = 315, 4.5 [SD = 0.1] years) and follow-up data (n = 231, 9.6 
[SD = 0.1] years) from the MINISTOP study. Movement behaviours were measured for 7 days using wrist-worn accel-
erometers, body composition with air-displacement plethysmography, and physical fitness with the ALPHA health-
related fitness test battery. Cross-lagged panel models and mediation analyses were performed in combination with 
compositional data analysis.

Results We did not observe direct associations of the movement behaviours at 4 years with either body composi-
tion or physical fitness at 9 years (all P > 0.05). However, fat mass index at 4 years was negatively associated with 
vigorous PA (VPA), relative to remaining behaviours (VPA, β = − 0.22, P = 0.002) and light PA (LPA), relative to SB and 
sleep (β = − 0.19, P = 0.016) at 9 years. VPA (relative to remaining), moderate PA (MPA) (relative to LPA, SB, and sleep), 
and SB (relative to sleep) tracked from 4 to 9 years (all β ≥ 0.17, all P < 0.002), and these behaviours shared variance 
with fat mass index (all|β| ≥ 0.19, all P < 0.019), and aerobic, motor, and muscular fitness (all|β| ≥ 0.19, all P < 0.014) at 
9 years. Mediation analysis suggested that the tracking of VPA (relative to remaining behaviours) from 4 to 9 years was 
negatively associated with fat mass index (β ≥ − 0.45, P = 0.012), and positively with aerobic fitness at 9 years (β ≥ 1.64, 
P = 0.016).
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Conclusion PA and SB tracked from the pre-school years into childhood. Fat mass index at 4 years of age was nega-
tively associated with VPA (relative to remaining behaviours) and LPA (relative to SB and sleep) at 9 years of age. The 
tracking of VPA was associated with lower fat mass index and higher aerobic fitness at 9 years of age. These findings 
suggest that higher levels of VPA in pre-school age, if maintained throughout childhood, may support the develop-
ment of healthy body composition and aerobic fitness levels in later childhood.

Introduction
Daily time is spent across the movement behaviours of 
physical activity (PA), sedentary behaviour (SB), and 
sleep. Current evidence indicate that more time spent in 
PA is related to improved cognitive, mental, and physi-
cal health outcomes [1], while more time spent in SB and 
less time spent sleeping are associated with adverse men-
tal and physical health outcomes in children and youth 
[2, 3]. However, to date, most studies have focused on a 
single movement behaviour (i.e., physical activity (PA), 
sedentary behaviour (SB), or sleep) without consider-
ing the interplay with the others (i.e., more daily time in 
one behaviour directly reduces the time in at least one of 
the other behaviours). There is also a lack of studies on 
how movement behaviours in the pre-school years (i.e., 
3–5 years of age [1]) track into later childhood, and how 
they interact in their relationship with health outcomes 
such as body composition and physical fitness, which 
are known to be important indicators for children’s cur-
rent and future health [2, 3]. A recent systematic review 
by Rollo et al. [4] investigating the composition of move-
ment behaviours over 24-hours concluded that there 
is a need for high-quality longitudinal studies utilizing 
accelerometer assessed movement behaviours with a 
range of health behaviours across the lifespan. Interest-
ingly, using compositional data analysis, which lowers 
the risk of multi-collinearity and considers the interplay 
between time spent in different behaviours, we have 
previously observed that more time spent in VPA, and 
less time spent in SB, light PA (LPA), and moderate PA 
(MPA) at 4 years of age was associated with benefits for 
body composition and physical fitness at 5 years of age 
[5]. However, it is unknown whether such associations 
are sustained later in childhood.

Accelerometers are commonly used to assess move-
ment behaviours across the lifespan, and they are valid 
and feasible in pre-school and school-aged children [6, 
7]. Few studies have examined longitudinal associations 
between accelerometer-assessed PA in pre-school aged 
children with body composition and physical fitness. In 
pre-schoolers, only three longitudinal studies are avail-
able with two of them reporting no association between 
PA and adiposity [6, 8]; whereas the third study found a 
positive association between moderate-to-vigorous PA 
(MVPA) and vigorous PA (VPA) with fat-free mass index 

[7]. With regards to physical fitness in pre-school chil-
dren, positive longitudinal associations have been found 
between VPA and cardiorespiratory fitness [7, 8] as well 
as with muscular strength and motor fitness [7] in previ-
ous longitudinal studies. In school-aged children, longi-
tudinal studies have found inverse associations between 
MVPA and adiposity [9, 10]; whereas another study 
reported a negative association between MVPA and fat-
free mass index [11]. With regards to physical fitness in 
school-aged children a longitudinal study by Reisberg 
et  al. [11] found positive associations between VPA at 
6.6 years of age and cardiorespiratory fitness as well as 
upper- and lower-body muscular strength 1 year later. 
Thus, this demonstrates that more longitudinal studies 
assessing the interplay between movement behaviours 
with body composition and physical fitness are war-
ranted spanning from pre-school to school-age children.

Although longitudinal associations between accel-
erometer-assessed PA and body composition in child-
hood have been reported, more studies are needed to 
reach conclusive statements on the directionality of the 
association. Cross-lagged panel models have the poten-
tial to elucidate the direction of such associations [12, 
13]. Therefore, the aim of this study is to assess the bidi-
rectional associations of movement behaviours with 
body composition and physical fitness from pre-school 
(4 years) to childhood (9 years) utilizing cross-lagged 
panel models. To the best of our knowledge, this is the 
first study investigating the longitudinal associations 
between accelerometer-assessed PA with body com-
position and physical fitness spanning from pre-school 
to school-aged children, and the first study combining 
cross-lagged panel models with compositional data anal-
yses. We hypothesize a bidirectional association between 
the movement behaviours and body composition and 
physical fitness throughout childhood.

Methods
Study design and participants
This longitudinal cohort study used baseline (January 
to September 2014) and follow-up (February to Sep-
tember 2019) data from the MINISTOP trial (a popu-
lation-based randomized controlled trial to promote 
PA and diet among 315 Swedish pre-schoolers) [14, 
15]. In brief, MINISTOP was a two-arm, randomized 
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controlled parallel population-based trial. Using Sta-
tistics Sweden’s population register, invitation letters 
for the MINISTOP trial were sent out to a popula-
tion-based sample including parents of all 4-year-old 
children born between July 2009 and February 2010, 
residing in the county of Östergötland, Sweden. The 
6-month mHealth intervention intended to help par-
ents promote healthy eating and PA in their children 
[15]. The outcomes of the trial have been previously 
published with no effectiveness on the children’s PA 
levels [14]. Parents were included in the study if they 
had a healthy 4-year-old child, had the possibility 
to have their child measured at baseline (approxi-
mately at 4.5 years), and for at least one parent to able 
to speak and read Swedish sufficiently well to benefit 
from a mHealth app. In total, 315 children completed 
the baseline measures and were enrolled in the inter-
vention study. Additionally, the children’s PA, body 
composition, and physical fitness were measured at 
a follow-up when the children were 9 years old. Out 
of the 231 children who accepted the invitation to the 
follow-up measurement, children without sufficient 
accelerometer data (n = 9), without complete body 
composition (n = 12) or physical fitness (n = 9) data 
were excluded from analyses, resulting in a final ana-
lytical sample of 201 children. Informed consent from 
parents were obtained. This study was approved by 
the Research Ethics Committee, Stockholm, Sweden 
(2013/1607–31/5;2013/2250–32;2018/220–32).

Data collection
Movement behaviours
PA, SB, and sleep were continuously monitored with 
non-dominant wrist-worn accelerometers (ActiGraph 
GT3X+, Pensacola, FL, USA) for 7 days (24 h/day). 
Devices recorded accelerations at 50 Hz, and partici-
pants were instructed to only remove accelerometers 
for water-based activities. Children wearing the accel-
erometers for at least 16 hours during at least 1 day 
were included. Sensitivity analyses were conducted 
including only children who provided ≥3 valid days of 
accelerometer data (n = 190); as the results remained 
unchanged, the data including all participants were 
reported. The GGIR R package [16] was used to process 
the accelerometer data. In brief, the Euclidean Norm 
of the raw accelerations Minus One G was calculated 
over 5-s epochs; non-wear time periods were identified 
from the magnitude and variability of the raw accelera-
tions measured at each accelerometer axis [17]; sleep 
and awake periods were identified using an automated 
algorithm [18, 19]; and awake time was subsequently 
classified into SB (< 35 mg), or PA of light (35–199 mg), 

moderate (200–699 mg), or vigorous (≥700 mg) inten-
sity [20, 21].

Body composition
Body weight and height were measured using a standing 
stadiometer and a weight scale. Body mass index was cal-
culated as kg/m2 and used to determine the weight status 
of the participants using the World Obesity Federation 
cut-points for age- and sex [22, 23]. Body composition 
was assessed using air-displacement plethysmography 
(www. cosmed. com) [24]. Body fatness was calculated 
from body volume applying appropriate densities for 
fat and fat-free mass [25]. Body composition outcomes 
included fat mass index (kg/m2) and fat-free mass index 
(kg/m2).

Physical fitness
Cardiorespiratory, motor, and muscular fitness were 
assessed with the PREFIT fitness test battery for pre-
schoolers at the 4-year-old measurement [26], and the 
ALPHA fitness test battery at the 9-year-old timepoint 
[27]. The 20-m shuttle run test was used for cardiorespi-
ratory fitness, the 4 × 10-m shuttle run test for motor fit-
ness, the handgrip strength test for upper-body strength, 
and the standing long jump test for lower-body strength. 
The best of two attempts was recorded, except for the 
20-m shuttle run test that was performed once [7, 28]. 
A relative measure of upper-body strength was obtained 
from dividing the kg squeezed in the handgrip test by 
body weight. As participants carry their own body weight 
in the performance for the standing long jump test, 
lower-body strength is originally relative to body weight. 
Then, a single measure of the muscular fitness was cal-
culated as the average of the z-scores for the upper- and 
lower-body strength as relative indicators and used in the 
analyses.

Statistics
Descriptive characteristics of the participants were 
reported as mean and standard deviation (SD) or fre-
quencies as appropriate. We performed a structural 
equation model delineating concurrent relationships 
(zero-order correlations) between the movement 
behaviours and body composition outcomes, as well 
as cross-lagged effects of the movement behaviours at 
baseline on body composition at follow-up and vice 
versa. A similar model was performed for the physi-
cal fitness outcomes. This approach is widely used in 
the analysis of longitudinal data to test longitudinal 
predictive effects between variables while account-
ing for auto-regressive effects of past behaviour on 
future respective behaviour [29, 30]. Based on previous 
studies [5, 7, 28] in the same participants, sex, age (at 

http://www.cosmed.com
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baseline and follow-up), maternal education (univer-
sity level or below) and group allocation (intervention 
or control) were included as covariates in the models. 
Sensitivity analyses were performed including energy 
intake at 4 and 9 years of age derived from a food-
frequency questionnaire. The Satorra-Bentler scaled 
chi-square test statistic assessed goodness-of-fit of the 
model (P > 0.05), and approximate model fit was exam-
ined using the recommendations of Hu and Bentler 
[31], i.e., comparative fit index (CFI) ≥ 0.95; root mean 
square error of approximation (RMSEA) ≤ 0.06, stand-
ardized root mean square residual (SRMR) ≤ 0.08. 
Additionally, mediation analysis was used to investi-
gate whether the tracking of the movement behaviours 
from 4 to 9 years old were associated with body com-
position and physical fitness. The movement behav-
iours at 4 years were included as explanatory variables, 
the movement behaviours at 9 years as mediator, and 
the body composition and physical fitness outcomes 
at 9 years as dependent variables. Although the media-
tor and outcome were both measured at the same time 
point, our causal model depicted the movement behav-
iours as preceding the body composition and physical 
fitness outcomes. Mediation models were also adjusted 
for sex and age (at baseline and follow up), maternal 
education, and group allocation. Standardized beta-
coefficients (β) were examined for significance, magni-
tude, and direction of the relationships. Modelling was 
performed using the lavaan R package (version 0.6.11).

In line with a recent expert consensus on the analyti-
cal approaches for accelerometer-assessed movement 
behaviours [32], we followed the compositional data 
analysis standards [33, 34] in combination with structural 
equation modelling and mediation analysis. Compo-
sitional data analysis accounts for the relative nature of 
device-assessed movement behaviours by quantifying the 
effect of increasing a specific behaviour while reducing at 
least one of the others. As such, compositional descrip-
tive statistics consisted of the geometric mean (normal-
ized mean to the average day duration) and the variation 
matrix. The variation matrix summarizes the variability 
structure of the data by means of log-ratio variances, 
the lower the values the higher the inter-dependence 
between that pair of behaviours.

For the regression models, the movement behaviours 
were expressed as a set of isometric log-ratio (ILR) coor-
dinates [33] as follows:

(1)

ilr1 =

√

4

5
ln

Vigorous
(

Moderate · Light · Sedentary · Sleep
)1/4

The ILR coordinates represent the effect of increas-
ing a behaviour while decreasing the rest of behaviours, 
accounting for the relative nature between behaviours 
and the time constrain of the 24-hour day, to allocate 
time across behaviours (i.e., at least one behaviour should 
decrease to increase another). For example,  ilr1 repre-
sents the effect of increasing VPA while proportionally 
decreasing MPA, LPA, SB, and sleep time.

Results
Descriptive sociodemographic, body composition, and 
physical fitness characteristics of participants are sum-
marized in Table  1. The movement behaviour compo-
sitions at 4 years and 9 years are graphically presented 
in ternary plots in Fig.  1. The geometric mean of the 

(2)ilr2 =
3

4
ln

Moderate

Light · Sedentary · Sleep
1/3

(3)ilr3 =

√

2

3
ln

Light
(

Sedentary · Sleep
)1/2

(4)ilr4 =

√

1

2
ln
Sedentary

Sleep

Table 1 Characteristics of participating children at 4 and at 
9 years of age

Data presented as mean (SD) unless otherwise stated

4 years old 9 years old

n Value n Value

Age (yrs) 315 4.5 (0.1) 231 9.6 (0.1)

Height (cm) 315 107.6 (4.2) 231 139.7 (6.3)

Weight (kg) 315 18.3 (2.5) 231 33.5 (7.1)

Weight status n (%) 315 231

 Underweight 27 (8.6) 22 (9.5)

 Normal weight 260 (82.5) 176 (76.6)

 Overweight 24 (7.6) 29 (12.6)

 Obesity 4 (1.3) 4 (1.7)

Mother education level n (%) 315

 University or higher 223 (70.8)

 Below university 92 (29.2)

Body composition

 FFMI (kg/m2) 303 11.6 (1.0) 230 13.5 (1.1)

 FMI (kg/m2) 303 4.1 (0.9) 230 3.6 (1.9)

Physical fitness

 Aerobic (laps) 315 15.8 (1.4) 231 17.1 (2.5)

 Speed-Agility (s) 303 11.6 (1.0) 230 13.5 (1.1)

 Upper-body strength (kg) 303 26.0 (4.4) 230 20.0 (7.4)

 Lower-body strength (cm) 303 4.1 (0.9) 230 3.6 (1.9)
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movement behaviours investigated at 4 years old was 
10 min of VPA, 55 min of MPA, 346 min of LPA, 512 min 
of SB and 518 min of sleep per day. Correspondingly, the 
geometric mean at 9 years old was 13 min of VPA, 54 min 
of MPA, 294 min of LPA, 537 min of SB, and 543 min of 
sleep per day. The covariance matrices for the movement 
behaviours at 4 and 9 years old are presented in Table S1 
(Supplementary material). The children who were not 
included in this study (n = 114) showed similar baseline 
characteristics to those included in the analysis (n = 201) 
(Supplementary material, Table S2 and Fig. S1). Of the 
children included in the analysis, 96% (n = 193) provided 
valid accelerometer data for at least 3 days at 4 years and 
99% (n = 198) at 9 years. Mean (SD) daily wear time was 
22.4 (2.1) hours per day at 4 years and 23.6 (1.0) hours per 
day at 9 years.

Cross‑lagged panel models
Figure 2 shows the cross-lagged panel model for the lon-
gitudinal associations between the movement behaviours 
and the body composition outcomes (i.e., fat mass index 
and fat-free mass index). This model reported a good fit 
(χ2 = 20.19, df = 12, p = 0.064; RMSEA = 0.058 [CI: 0.099–
0.335]; CFI = 0.989). None of the movement behaviours 
at 4 years old were associated with body composition at 
9 years old directly. However, higher fat mass index at 
4 years old was associated with lower VPA relative to the 

remaining behaviours (β = − 0.22, P = 0.002) and lower 
LPA relative to SB and sleep (β = − 0.19, P = 0.016). The 
 ILR1 (VPA relative to the remaining behaviours),  ILR2 
(MPA relative to LPA, SB, and sleep), and  ILR4 (SB rela-
tive to sleep) at 4 years old were positively associated 
with the corresponding variables at 9 years old (β = 0.19, 
P < 0.001; β = 0.21, P < 0.001; and β = 0.17, P = 0.001, 
respectively). Likewise, the  ILR1,  ILR2, and  ILR4 at 9 years 
old shared variance with fat mass index at the same time-
point (β = − 0.32, P < 0.001; β = − 0.19, P = 0.019; and 
β = 0.23, P = 0.001, respectively). Finally, the body com-
position outcomes at 4 years old were associated with the 
body composition outcomes at 9 years old (all β’s > 0.14, 
all P’s < 0.006).

The longitudinal associations between the movement 
behaviours and the physical fitness outcomes (i.e., aero-
bic, motor, and muscular fitness) are shown in Fig. 3. This 
model reported a good fit (χ2 = 14.73, df = 12, p = 0.256; 
RMSEA = 0.034 [CI: 0.000–0.082]; CFI = 0.996). None 
of the movement behaviours at 4 years old were associ-
ated with physical fitness at 9 years old directly. However, 
higher aerobic fitness at 4 years old was associated with 
lower  ILR3 (representing LPA relative to SB and sleep; 
β = − 0.22, P = 0.008). Furthermore, the  ILR1,  ILR2 and 
 ILR4 at 4 years old were positively associated with the 
corresponding variables at 9 years old (β = 0.18, P = 0.001; 
β = 0.20, P < 0.001; and β = 0.17, P = 0.001, respectively). 

Fig. 1 Ternary plots for the daily time-use in the movement behaviours at 4 years old (A), 9 years old (B) (n = 217). The crosshair marks represent the 
geometric mean of the awake time behaviours at (A) 4 years old (i.e., VPA: 10 min/day, MPA: 55 min/day, LPA: 346 min/day, SB: 512 min/day, Sleep: 
518 min/day) and (B) 9 years old (i.e., VPA: 13 min/day, MPA: 54 min/day, LPA: 294 min/day, SB: 537 min/day, Sleep: 543 min/day). Concentric rings 
represent the 25, 50 and 75% confidence regions. MVPA: moderate-to-vigorous physical activity, VPA: Vigorous physical activity, MPA: Moderate 
physical activity, LPA: light physical activity, SB: sedentary behaviour
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The  ILR1,  ILR2 and  ILR4 coordinates at 9 years old shared 
variance with at least one physical fitness component at 
the same timepoint (all P < 0.014). Finally, aerobic, and 
muscular fitness at 4 years old were associated with aero-
bic, motor, and muscular fitness at 9 years old (all β > 0.16, 
all P < 0.048).

Mediation analysis
Mediation analyses were conducted to investigate the 
indirect association of the ILR coordinates at 4 years old 
with body composition and physical fitness outcomes 
using the ILR coordinates at 9 years old as a mediator. 
We observed statistically significant mediation paths 
for the association of VPA relative to the remaining 
behaviours with fat mass index (β = − 0.45, P = 0.012) 
and aerobic fitness (β = − 1.64, P = 0.016) (Fig.  4). The 
change in fat mass index and aerobic fitness estimated 
from these models after manipulating VPA relative to 
the remaining behaviours at 4 years old can be visualized 
in a shiny app (https:// jhmig ueles. shiny apps. io/ MINIS 
TOP/, code available at https:// github. com/ jhmig ueles/ 
MINIS TOP) (Fig. 5). The total and direct effect in these 
mediation analyses were not statistically significant. The 

rest of the ILRs (movement behaviours) were not associ-
ated with any of the outcomes in the mediation analyses 
performed.

Sensitivity analysis
Results remained virtually the same after additional 
adjustment for average energy intake at 4 and 9 years of 
age derived from a food-frequency questionnaire (Sup-
plementary material, Figs. S2 and S3).

Discussion
In the present study, more VPA (relative to MPA, LPA, 
SB, and sleep) at 4-years of age was indirectly associ-
ated (i.e., the behaviour tracks from 4 to 9 years) with 
better body composition and physical fitness at 9-years 
of age. There was no evidence of LPA (relative to SB and 
sleep) being associated with body composition or phys-
ical fitness throughout childhood. Likewise, a lower fat 
mass index at 4 years was associated with higher VPA 
(relative to the remaining behaviours) and LPA (rela-
tive to SB and sleep) at 9 years of age. A shiny app [35] 
(https:// jhmig ueles. shiny apps. io/ MINIS TOP/) was 
built to visualize the estimated change in the outcomes 

Fig. 2 Lagged associations of the 24-h movement behaviour composition with body composition and concurrent relationships at 9 years old 
(n = 201). The model is adjusted for sex and age at baseline and follow up, group allocation, and maternal education. Gray lines indicate shared 
covariance. Only statistically significant paths (P < 0.05) are shown. Model fit indices: CFI: 0.99, RMSA: 0.05, SRMR: 0.025. Data presented are 
standardized coefficients (standard error). ILR: isometric log ratio, VPA: vigorous physical activity, MPA: moderate physical activity, LPA: light physical 
activity, SB: sedentary behaviour, CFI: comparative fit index, RMSA: root mean square error of approximation, SRMR: standardized root mean square 
residual

https://jhmigueles.shinyapps.io/MINISTOP/
https://jhmigueles.shinyapps.io/MINISTOP/
https://github.com/jhmigueles/MINISTOP
https://github.com/jhmigueles/MINISTOP
https://jhmigueles.shinyapps.io/MINISTOP/
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at 9 years old as a result of manipulating VPA relative 
to the remaining behaviours (code available at https:// 
github. com/ jhmig ueles/ MINIS TOP). The only purpose 
of this shiny app is for the communication/visualiza-
tion of the model statistics presented in the mediation 
analysis as minutes per day, and how this change in the 
minutes per day is associated with fat mass index and 
aerobic fitness.

A recent systematic review concluded that there is a 
need for high-quality longitudinal studies investigat-
ing movement behaviours and health indices [4]. To the 
authors knowledge, this is the first study investigating 
the longitudinal associations between movement behav-
iours with body composition and physical fitness span-
ning from pre-school to school-aged children; as well as 
the first study using compositional data transformations 
(ILRs) in combination with structural equation model-
ling and mediation analyses. The longitudinal design, the 
referent measurement methods, and the novel analytical 
approach make this study unique.

In the present study we found that movement behav-
iours, body composition, and physical fitness track from 
pre-school to childhood. Our results are in line with 
previous studies who have found evidence of moder-
ate tracking and moderate-to-large tracking of PA and 
SB, respectively from early childhood to middle child-
hood [36]. Furthermore, we observed direct associations 
between fat mass index and fat-free mass index as well as 
cardiorespiratory fitness and muscular strength between 
4 and 9 years of age. To the best of our knowledge no 
studies have investigated the tracking of body composi-
tion and physical fitness from the pre-school years into 
childhood. With regards to body composition, a previ-
ous study in Swedish children found positive associations 
between fat and fat-free mass index measured using air 
displacement plethysmography at 12 weeks of age and 
at 4 years of age [37]. Furthermore, tracking of adiposity 
indicators (i.e., body mass index or skinfolds) have been 
observed in school-aged children [38–41]. Aerobic fitness 
has also been found to track in the pre-school years [42], 
in school aged-children [40, 41], and from childhood to 

Fig. 3 Lagged associations of the 24-h movement behaviour composition with physical fitness and concurrent relationships at 9 years old 
(n = 201). The model is adjusted for sex and age at baseline and follow up, group allocation, and maternal education. Gray lines indicate shared 
covariance. Only statistically significant paths (P < 0.05) are shown. Model fit indices: CFI: 0.99, RMSA: 0.03, SRMR: 0.02. Data presented are 
standardized coefficients (standard error). ILR: isometric log ratio, VPA: vigorous physical activity, MPA: moderate physical activity, LPA: light physical 
activity, SB: sedentary behaviour, CFI: comparative fit index, RMSA: root mean square error of approximation, SRMR: standardized root mean square 
residual

https://github.com/jhmigueles/MINISTOP
https://github.com/jhmigueles/MINISTOP
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adolescence [43], whereas muscular strength has previ-
ously been found to track in school-aged children [40, 
41]. Thus, the positive longitudinal associations observed 

in the current study demonstrate the importance for 
health promotion interventions in the pre-school years 
to create and support healthy movement behaviours, 

Fig. 4 Simple mediation analysis of VPA at 4 years of age with fat mass index (A) and aerobic fitness (B) via VPA at 9 years of age (n = 201). The 
model is adjusted for sex and age at baseline and follow up, group allocation, maternal education, and the other isometric log ratios to account for 
the 24-hour time-use composition. Equation 1 * Eq. 2 shows the natural indirect effect pathway, and Eq. 3’ shows the natural direct effect pathway. 
VPA: vigorous physical activity, MPA: moderate physical activity, LPA: light physical activity, SB: sedentary behaviour
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body composition, and physical fitness levels in later 
childhood.

To date, the majority of longitudinal studies in pre-
school and school-aged children have not considered the 
interplay between movement behaviour with body com-
position and physical fitness [6–11]. Using compositional 
analysis, we found indirect associations between more 
VPA relative to all the other behaviours at 4-years of age 
with better fat mass index and aerobic fitness at 9-years 
of age. These associations were fully mediated by the VPA 
performed at 9 years of age, which suggests that the pro-
motion of VPA should start early (in pre-school age) and 
be maintained throughout childhood in order to impact 
later body composition and physical fitness in children. 
Previous cross-sectional studies in school-aged children 
using compositional data analysis have shown the impor-
tance of MVPA in relation to body composition and/or 
aerobic fitness [44–47]. Thus, these results further high-
light the importance of the promotion of creating healthy 
movement behaviours in the pre-school years.

Furthermore, we found that a higher fat mass index at 
4-years of age was directly associated with lower VPA 
relative to the other behaviours (ILR1), and LPA relative 
to SB and sleep (ILR3) at 9-years of age. In school-aged 
children contrasting results have been found regarding 

prospective bidirectional relationships between objec-
tively measured PA and adiposity. In a study by Tanaka 
et  al. [48] a negative association was observed between 
adiposity at 7-years of age with MVPA at 9-years of age, 
but not vice versa. Similar results were also observed in 
a study in 8- to 11-year-old children where a higher fat 
mass index at baseline was associated with a decrease 
in MVPA, but not the opposite [49]. Two other studies 
in school-aged children found no prospective associa-
tions between fat mass index and MVPA [9, 50]; however, 
Marques et al. [50] observed an inverse longitudinal rela-
tionship between MVPA and fat mass index. Our study 
is the first to use compositional data analyses to investi-
gate the prospective bidirectional associations of objec-
tively measured PA and body composition. Furthermore, 
the aforementioned studies have all utilized standard 
analytical approaches which could bias the findings due 
to multicollinearity [51, 52]. Thus, in order to lower the 
risk of multicollinearity, compositional data analysis has 
been suggested in order to accurately assess the realloca-
tion of time across movement behaviours [33, 34]. There-
fore, more prospective studies starting in the pre-school 
years utilizing compositional data analysis are needed to 
further elucidate the bidirectional relationships between 
objectively assessed PA and body composition. One 

Fig. 5 Estimated change in fat mass indez at 9 years of age upon reallocating daily time to VPA from MPA, LPA, SB, and sleep at 4 years of age. The 
visualization of the app can be visited at: https:// jhmig ueles. shiny apps. io/ MINIS TOP/. VPA: vigorous physical activity, MPA: moderate physical activity, 
LPA: light physical activity, SB: sedentary behaviour

https://jhmigueles.shinyapps.io/MINISTOP/
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limitation to compositional data analysis is the difficulty 
of interpreting ILRs in a meaningful way and we have 
demonstrated how this can be overcome by use of an 
interactive shiny app which enables the user to interpret 
the movement behaviours ILRs in minutes/day.

Interestingly, in the present study we found a direct 
association between fat mass index at 4-years of age with 
PA  (ILR1) at 9-years of age; however, we did not find a 
direct association between PA at 4-years of age with fat 
mass index at 9-years of age. A possible reason for this 
is that fat mass is defined by a combination of genetic 
and environmental factors, thus it may be hypothesized 
that the genetic factors defining fat mass may also predis-
pose children to perform less PA from the pre-school to 
school years. With regards to PA, we are only measuring 
an environmental factor, thus the association with later 
body composition may appear weaker as we may be miss-
ing part of the information. However, in this study we 
observed an indirect relationship between VPA relative 
to the other behaviours at 4-years of age with a lower fat 
mass index at 9-years of age. This suggests that the pro-
motion of VPA should be effectively maintained through-
out childhood, starting as early as the pre-school years. 
This is promising as PA is an environmental factor which 
is modifiable and future health promotion initiatives and 
interventions should focus on increasing VPA through-
out childhood. In this respect, it is relevant to note our 
previously reported results from interviews with pre-
school teachers [53]. Our findings showed that the pre-
school teachers perceived children’s VPA as low in their 
daily work and agreed that PA of higher intensities (e.g., 
climbing, running) could be offered more often. How-
ever, they expressed that environmental and structural 
barriers such as sub-optimal facilities or time constraints 
refrained them from doing so. Targeting such barriers 
could be important for future interventions to promote 
VPA in pre-school aged children.

Strengths and limitations
Strengths of this study include: the longitudinal design, 
relatively long follow-up period (5 years) spanning 
from the pre-school years into mid childhood, accu-
rate and reliable measures of body composition (i.e., 
air displacement plethysmography) [54] and physical 
fitness [27]. This study is further strengthened through 
the advanced processing techniques for the ActiGraph 
data [16, 32, 55] as well as the use of compositional data 
analysis in combination with structural equation mod-
els and mediation analyses [32]. This study is limited 
through the relatively small sample size as well as the 
fact that MINISTOP was originally a randomized con-
trolled trial. However, it is important to highlight that 
the intervention took place between 4.5 to 5 years of age 

and that the intervention was multicomponent with the 
major focus on diet with no effect on PA or SB observed 
using accelerometry at either the 5- or 5.5-year follow-
ups [14, 15]. Furthermore, the allocation group was used 
as confounder in the analyses of this study. There might 
be residual confounding not considered in the analyses, 
e.g., dietary information, however, adjusting for energy 
intake at 4 and 9 years collected using a food-frequency 
questionnaire did not change our estimates (Supple-
mentary Material, Figs. S2 and S3). For the mediation 
analyses, our causal framework considered movement 
behaviours at 9 years to precede the body composition/
physical fitness outcomes which were measured at the 
same time point. Thus, the mediation effects should be 
considered as cross-sectional associations. Notewor-
thy, we also had a large variation in movement behav-
iours as well as body composition and physical fitness 
variables which is essential when investigating associa-
tions. Nevertheless, the generalizability of the results 
may be limited by the fact that, although efforts were 
made to recruit a representative sample, participating 
parents had a slightly higher educational status than 
the general population [56]. A further limitation is that 
the algorithm used to estimate sleep in this study is 
validated only in adults, which might compromise the 
validity of the measure for children. However, we did 
not find any open-source algorithm to detect sleep from 
wrist-worn accelerometers in pre-school and school-
aged children [57]. The slightly less time spent sleep-
ing in 4 years vs 9 years should be interpreted as more 
occurrence of postural changes in preschoolers than in 
older children, whether this indicate actual lower sleep 
remains to be investigated. Similarly, we used cut-points 
for PA intensities validated in children at both time 
points, even though there are other alternatives specific 
for pre-schoolers [57]. It is important to note that the 
algorithms for wrist-worn accelerometer data in chil-
dren have not been cross-validated, and the evidence 
for their use is compromised. Therefore, we decided to 
be consistent in the methods used at both time points 
and avoid any source of error originating from different 
algorithms. As a result, caution is advised when com-
paring the sleep and PA estimates (min/day) calculated 
at 4 years and 9 years of age. Although the absolute val-
ues for the estimates are not comparable across cut-
points [58], the association with body composition and 
physical fitness in school-aged children [59] and pre-
schoolers [60] is consistent across different cut-points.

Conclusion
PA and SB were found to track from the pre-school 
years into childhood. Fat mass index at 4 years of age was 
negatively associated with VPA (relative to remaining 
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behaviours) and LPA (relative to SB and sleep) at 9 years 
of age. Furthermore, the tracking of VPA was associated 
with lower fat mass index and higher aerobic fitness at 
9-years of age. These findings suggest that higher levels of 
VPA in pre-school age, if maintained throughout child-
hood, may support the development of healthy body 
composition and aerobic fitness levels in later childhood.

Abbreviations
CFI  Comparative fit index
ILR  Isometric log-ratio
LPA  Light physical activity
MPA  Moderate physical activity
MVPA  Moderate-to-vigorous physical activity
PA  Physical activity
RMSEA  Root mean square error of approximation
SB  Sedentary behaviour
SD  Standard deviation
SRMR  Standardized root mean square residual
VPA  Vigorous physical activity

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12966- 023- 01417-1.

Additional file 1: Table S1. Covariance matrices for the daily time-use in 
movement behaviours. Table S2. Comparison of baseline demographic 
characteristics (4 years old) of children included and not included in 
this study. Fig. S1. Ternary plots for the daily time-use in the movement 
behaviours at 4 years old in the included children (A) and the dropouts 
(B). The crosshair marks represent the geometric mean of the awake time 
behaviours at 4 years old in the (A) included children (i.e., VPA: 10 min/day, 
MPA: 55 min/day, LPA: 348 min/day, SB: 512 min/day, Sleep: 515 min/day) 
and (B) 9 years old (i.e., VPA: 8.4 min/day, MPA: 51 min/day, LPA: 272 min/
day, SB: 562 min/day, Sleep: 645 min/day). Concentric rings represent 
the 25, 50 and 75% confidence regions. The difference in the time-use 
composition of VPA, MPA, LPA, SB, and sleep is not significantly different 
between the included children and the dropouts (P = 0.628). Fig. S2. 
Lagged associations of the 24-h movement behaviour composition with 
body composition and concurrent relationships at 9 years old (n = 196). 
The model is adjusted for sex and age at baseline and follow up, group 
allocation, maternal education, and energy intake at baseline and follow 
up. Gray lines indicate shared covariance. Only statistically significant 
paths (P < 0.05) are shown. Model fit indices: CFI: 0.99, RMSA: 0.05, SRMR: 
0.025. Data presented are standardized coefficients (standard error). Fig. 
S3. Lagged associations of the 24-h movement behaviour composition 
with physical fitness and concurrent relationships at 9 years old (n = 196). 
The model is adjusted for sex and age at baseline and follow up, group 
allocation, maternal education, and energy intake at baseline and follow 
up. Gray lines indicate shared covariance. Only statistically significant 
paths (P < 0.05) are shown. Model fit indices: CFI: 0.99, RMSA: 0.05, SRMR: 
0.025. Data presented are standardized coefficients (standard error).

Acknowledgements
The authors thank the participating families as well as Eva Flinke Carlsson, 
Gunilla Hennermark, Birgitta Jensen, Johanna Sandborg, Maria Henström, 
Emmie Söderström, Ellinor Nilsson, and Martina Johansson for their help 
regarding recruitment and data collection.

Authors’ contributions
ML is the principal investigator of the MINISTOP trial. JHM and DD designed 
and conducted the analyses, JHM and CDN drafted the manuscript. All the 
authors commented on the analysis plan, contributed to the interpretation 
of results, and critically reviewed the final manuscript. The authors read and 
approved the final manuscript.

Funding
Open access funding provided by Karolinska Institute. The MINISTOP project 
was funded by the Swedish Research Council (project no. 2012–2883, Marie 
Löf ), the Swedish Research Council for Health, Working Life and Welfare 
(2012–0906, Marie Löf; 2021–00036, Jairo H Migueles), Bo and Vera Axson 
Johnsons Foundation and Karolinska Institutet (Marie Löf, Jairo H Migueles), 
and the Joanna Cocozza Foundation (Marie Löf ). Dorothea Dumuid was 
supported by the Australian National Health and Medical Research Council 
(NHMRC) Early Career Fellowship (APP1162166). The funders had no role in 
study design, data collection and analysis, decision to publish, or preparation 
of the manuscript.

Availability of data and materials
The datasets generated and/or analyzed during the current study are not 
publicly available but are available from the corresponding author on reason-
able request.

Declarations

Ethics approval and consent to participate
This study was approved by the Research Ethics Committee, Stockholm, Swe-
den (2013/1607–31/5;2013/2250–32;2018/220–32). Parents provided written 
informed consent for their child’s participation in the study.

Consent for publication
Not applicable.

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

Author details
1 Department of Biosciences and Nutrition, Karolinska Institutet, 141 52 Hud-
dinge, Sweden. 2 PROFITH “PROmoting FITness and Health through physical 
activity” research group, Department of Physical Education and Sports, Faculty 
of Sport Sciences, University of Granada, Granada, Spain. 3 Alliance for Research 
in Exercise, Nutrition and Activity, Allied Health & Human Performance, Univer-
sity of South Australia, Adelaide, SA, Australia. 4 University of South Australia, 
Adelaide, SA, Australia. 5 Faculty of Sport and Health Sciences, University 
of Jyväskylä, Jyväskylä, Finland. 6 Folkhälsan Research Center, Helsinki, Finland. 
7 Department of Health, Medicine and Caring Sciences, Linköping University, 
581 83 Linköping, Sweden. 

Received: 20 June 2022   Accepted: 27 January 2023

References
 1. Organization WH. Guidelines on physical activity, sedentary behaviour 

and sleep for children under 5 years of age. Geneva: World Health Organi-
zation; 2019. p. 36. Available from: https:// apps. who. int/ iris/ bitst ream/ 
handle/ 10665/ 325147/ WHO- NMH- PND- 2019.4- eng. pdf? seque nce= 1& 
isAll owed=y% 0Ahtt p:// www. who. int/ iris/ handle/ 10665/ 311664% 0Ahtt 
ps:// apps. who. int/ iris/ handle/ 10665/ 325147.

 2. Kumar S, Kelly AS. Review of childhood obesity: from epidemiology, 
etiology, and comorbidities to clinical assessment and treatment. Mayo 
Clin Proc. 2017;92:251–65. https:// doi. org/ 10. 1016/j. mayocp. 2016. 09. 017 
Mayo Foundation for Medical Education and Research.

 3. Ortega FB, Ruiz JR, Castillo MJ, Sjöström M. Physical fitness in child-
hood and adolescence: a powerful marker of health. Int J Obes. 
2008;32:1–11.

 4. Rollo S, Antsygina O, Tremblay MS. The whole day matters: understanding 
24-hour movement guideline adherence and relationships with health 
indicators across the lifespan. J Sport Health Sci. 2020;9:493–510. https:// 
doi. org/ 10. 1016/j. jshs. 2020. 07. 004 Elsevier BV.

 5. Migueles JH, Delisle Nyström C, Leppänen MH, Henriksson P, Löf M. 
Revisiting the cross-sectional and prospective association of physical 
activity with body composition and physical fitness in preschoolers: a 
compositional data approach. Pediatr Obes. 2022;17:e12909 Available 
from: https:// onlin elibr ary. wiley. com/ doi/ 10. 1111/ ijpo. 12909.

https://doi.org/10.1186/s12966-023-01417-1
https://doi.org/10.1186/s12966-023-01417-1
https://apps.who.int/iris/bitstream/handle/10665/325147/WHO-NMH-PND-2019.4-eng.pdf?sequence=1&isAllowed=y%0Ahttp://www.who.int/iris/handle/10665/311664%0Ahttps://apps.who.int/iris/handle/10665/325147
https://apps.who.int/iris/bitstream/handle/10665/325147/WHO-NMH-PND-2019.4-eng.pdf?sequence=1&isAllowed=y%0Ahttp://www.who.int/iris/handle/10665/311664%0Ahttps://apps.who.int/iris/handle/10665/325147
https://apps.who.int/iris/bitstream/handle/10665/325147/WHO-NMH-PND-2019.4-eng.pdf?sequence=1&isAllowed=y%0Ahttp://www.who.int/iris/handle/10665/311664%0Ahttps://apps.who.int/iris/handle/10665/325147
https://apps.who.int/iris/bitstream/handle/10665/325147/WHO-NMH-PND-2019.4-eng.pdf?sequence=1&isAllowed=y%0Ahttp://www.who.int/iris/handle/10665/311664%0Ahttps://apps.who.int/iris/handle/10665/325147
https://doi.org/10.1016/j.mayocp.2016.09.017
https://doi.org/10.1016/j.jshs.2020.07.004
https://doi.org/10.1016/j.jshs.2020.07.004
http://dx.doi.org/10.1111/ijpo.12909


Page 12 of 13Migueles et al. Int J Behav Nutr Phys Act           (2023) 20:11 

 6. Metcalf BS, Voss LD, Hosking J, Jeffery AN, Wilkin TJ. Physical activity at the 
government-recommended level and obesity-related health outcomes: a 
longitudinal study (early bird 37). Arch Dis Child. 2008;93:772–7.

 7. Leppänen MH, Henriksson P, Delisle Nyström C, Henriksson H, Ortega FB, 
Pomeroy J, et al. Longitudinal physical activity, body composition, and 
physical fitness in preschoolers. Med Sci Sports Exerc. 2017;49:2078–85.

 8. Bürgi F, Meyer U, Granacher U, Schindler C, Marques-Vidal P, Kriemler S, 
et al. Relationship of physical activity with motor skills, aerobic fitness and 
body fat in preschool children: a cross-sectional and longitudinal study 
(Ballabeina). Int J Obes. 2011;35:937–44.

 9. Schwarzfischer P, Gruszfeld D, Socha P, Luque V, Closa-Monasterolo R, 
Rousseaux D, et al. Longitudinal analysis of physical activity, sedentary 
behaviour and anthropometric measures from ages 6 to 11 years. Int J 
Behav Nutr Phys Act. 2018;15:1–9.

 10. Dowda M, Taverno Ross SE, McIver KL, Dishman RK, Pate RR. Physical 
activity and changes in adiposity in the transition from elementary to 
middle school. Child Obes. 2017;13:53–62.

 11. Reisberg K, Riso EM, Jürimäe J. Associations between physical activity, 
body composition, and physical fitness in the transition from preschool 
to school. Scand J Med Sci Sports. 2020;30:2251–63.

 12. Mund M, Nestler S. Beyond the cross-lagged panel model: next-gen-
eration statistical tools for analyzing interdependencies across the life 
course. Adv Life Course Res. 2019;41:100249. https:// doi. org/ 10. 1016/j. 
alcr. 2018. 10. 002 Elsevier.

 13. Usami S, Murayama K, Hamaker EL. A unified framework of longitudinal 
models to examine reciprocal relations. Psychol Methods. 2019;24:637–57 
Available from: http:// www. ncbi. nlm. nih. gov/ pubmed/ 30998 041.

 14. Nyström CD, Sandin S, Henriksson P, Henriksson H, Trolle-Lagerros Y, 
Larsson C, et al. Mobile-based intervention intended to stop obesity in 
preschool-aged children: the MINISTOP randomized controlled trial. Am J 
Clin Nutr. 2017;105:1327–35.

 15. Delisle Nyström C, Sandin S, Henriksson P, Henriksson H, Maddison R, Löf 
M. A 12-month follow-up of a mobile-based (mHealth) obesity preven-
tion intervention in pre-school children: the MINISTOP randomized 
controlled trial. BMC Public Health. 2018;18:1–7.

 16. Migueles JH, Rowlands AV, Huber F, Sabia SS, van Hees VT. GGIR: A 
Research Community–Driven Open Source R Package for Generating 
Physical Activity and Sleep Outcomes From Multi-Day Raw Accelerom-
eter Data. J Meas Phys Behav. 2019;2:188–96.

 17. van Hees VT, Renström F, Wright A, Gradmark A, Catt M, Chen KY, 
et al. Estimation of daily energy expenditure in pregnant and non-
pregnant women using a wrist-worn tri-axial accelerometer. PLoS One. 
2011;6:e22922.

 18. Van Hees VT, Sabia S, Anderson KN, Denton SJ, Oliver J, Catt M, et al. A 
novel, open access method to assess sleep duration using a wrist-worn 
accelerometer. PLoS One. 2015;10:1–13.

 19. van Hees VT, Sabia S, Jones SE, Wood AR, Anderson KN, Kivimäki M, et al. 
Estimating sleep parameters using an accelerometer without sleep 
diary. Sci Rep. 2018;8:1–11 Available from: http:// www. ncbi. nlm. nih. gov/ 
pubmed/ 30154 500.

 20. Hildebrand M, Van Hees VT, Hansen BH, Ekelund U. Age group compa-
rability of raw accelerometer output from wrist- and hip-worn monitors. 
Med Sci Sports Exerc. 2014;46:1816–24 Available from: http:// www. ncbi. 
nlm. nih. gov/ pubmed/ 24887 173.

 21. Hildebrand M, Hansen BH, van Hees VT, Ekelund U. Evaluation of raw 
acceleration sedentary thresholds in children and adults. Scand J Med Sci 
Sports. 2017;27:1814–23 Available from: http:// www. ncbi. nlm. nih. gov/ 
pubmed/ 27878 845.

 22. Cole TJ, Lobstein T. Extended international (IOTF) body mass index cut-
offs for thinness, overweight and obesity. Pediatr Obes. 2012;7:284–94.

 23. Bervoets L, Massa G. Defining morbid obesity in children based on BMI 
40 at age 18 using the extended international (IOTF) cut-offs. Pediatr 
Obes. 2014;9:e94–8.

 24. Fields DA, Allison DB. Air-displacement plethysmography pediatric 
option in 2-6 years old using the four-compartment model as a criterion 
method. Obesity. 2012;20:1732–7.

 25. Lohman TG. Assessment of body composition in children. Pediatr Exerc 
Sci. 1989;1:19–30 Available from: https:// journ als. human kinet ics. com/ 
view/ journ als/ pes/1/ 1/ artic le- p19. xml.

 26. Ortega FB, Cadenas-Sánchez C, Sánchez-Delgado G, Mora-González J, 
Martínez-Téllez B, Artero EG, et al. Systematic review and proposal of a 

field-based physical fitness-test battery in preschool children: the PREFIT 
battery. Sports Med. 2015;45:533–55.

 27. Ruiz JR, Castro-Piñero J, España-Romero V, Artero EG, Ortega FB, Cuenca 
MAM, et al. Field-based fitness assessment in young people: the ALPHA 
health-related fitness test battery for children and adolescents. Br J Sports 
Med. 2011;45:518–24.

 28. Leppänen MH, Nyström CD, Henriksson P, Pomeroy J, Ruiz JR, Ortega FB, 
et al. Physical activity intensity, sedentary behavior, body composition 
and physical fitness in 4-year-old children: results from the ministop trial. 
Int J Obes. 2016;40:1126–33.

 29. Zyphur MJ, Allison PD, Tay L, Voelkle MC, Preacher KJ, Zhang Z, et al. From 
data to causes I: building a general cross-lagged panel model (GCLM). 
Organ Res Methods. 2020;23:651–87. https:// doi. org/ 10. 1177/ 10944 
28119 847278.

 30. Martinez SM, Blanco E, Tschann JM, Butte NF, Grandner MA, Pasch LA. 
Sleep duration, physical activity, and caloric intake are related to weight 
status in Mexican American children: a longitudinal analysis. Int J Behav 
Nutr Phys Act. 2021;18:1–12.

 31. Hu LT, Bentler PM. Cutoff criteria for fit indexes in covariance structure 
analysis: conventional criteria versus new alternatives. Struct Equ Model. 
1999;6:1–55.

 32. Migueles JH, Aadland E, Andersen LB, Brønd JC, Chastin SF, Hansen BH, 
et al. GRANADA consensus on analytical approaches to assess associa-
tions with accelerometer-determined physical behaviours (physical 
activity, sedentary behaviour and sleep) in epidemiological studies. Br 
J Sports Med. 2022;56:376–84 Available from: http:// www. ncbi. nlm. nih. 
gov/ pubmed/ 33846 158.

 33. Chastin SFM, Palarea-Albaladejo J, Dontje ML, Skelton DA. Combined 
effects of time spent in physical activity, sedentary behaviors and sleep 
on obesity and cardio-metabolic health markers: a novel compositional 
data analysis approach. PLoS One. 2015;10:e0139984.

 34. Dumuid D, Stanford TE, Martin-Fernández JA, Pedišić Ž, Maher CA, Lewis 
LK, et al. Compositional data analysis for physical activity, sedentary time 
and sleep research. Stat Methods Med Res. 2018;27:3726–38.

 35. Chang W, Cheng J, Allaire J, Sievert C, Schloerke B, Xie Y, et al. Shiny: web 
application framework for R. R package version 1.7.1. 2021. Available 
from: https:// cran.r- proje ct. org/ web/ packa ges/ shiny

 36. Jones RA, Hinkley T, Okely AD, Salmon J. Tracking physical activity and 
sedentary behavior in childhood: a systematic review. Am J Prev Med. 
2013;44:651–8. https:// doi. org/ 10. 1016/j. amepre. 2013. 03. 001 Elsevier.

 37. Forsum E, Eriksson B, Flinke E, Henriksson H, Henriksson P, Löf M. Fat and 
fat-free mass of healthy Swedish children show tracking during early life, 
but there are differences. Acta Paediatr. 2019;108:1704–8 Available from: 
http:// www. ncbi. nlm. nih. gov/ pubmed/ 30830 968.

 38. Ronque ERV, Werneck AO, Bueno MRO, Cyrino ES, Stanganelli LCR, Arruda 
M. Tracking of body adiposity indicators from childhood to adolescence: 
mediation by BMI. PLoS One. 2018;13:1–11.

 39. Toselli S, Brasili P, Di Michele R. Tracking of weight status and body fatness 
in Italian children. Eat Weight Disord. 2013;18:383–8.

 40. McMillan CS, Erdmann LD. Tracking adiposity and health-related physical 
fitness test performances from early childhood through elementary 
school. Pediatr Exerc Sci. 2010;22:231–44.

 41. Roth A, Schmidt SCE, Seidel I, Woll A, Bös K. Tracking of physical fitness of 
primary school children in trier: a 4-year longitudinal study. Biomed Res 
Int. 2018;2018:7231818.

 42. Caldwell HAT, Proudfoot NA, King-Dowling S, Di Cristofaro NA, Cairney 
J, Timmons BW. Tracking of physical activity and fitness during the early 
years. Appl Physiol Nutr Metab. 2016;41:504–10.

 43. Werneck AO, Silva DR, Agostinete RR, Fernandes RA, Valente-Dos-Santos 
J, Coelho-E-Silva MJ, et al. Tracking of cardiorespiratory fitness from child-
hood to early adolescence: moderation effect of somatic maturation. Rev 
Paul Pediatr. 2019;37:338–44.

 44. Carson V, Tremblay MS, Chaput J-P, Chastin SFM. Associations between 
sleep duration, sedentary time, physical activity, and health indicators 
among Canadian children and youth using compositional analyses. Appl 
Physiol Nutr Metab. 2016;41:S294–302 Canada.

 45. Dumuid D, Wake M, Cliffor S, Burgner D, Carlin JB, Mensah FK, et al. The 
Association of the Body Composition of children with 24-hour activity 
composition. J Pediatr. 2019;208:43+.

 46. Fairclough SJ, Dumuid D, Taylor S, Curry W, McGrane B, Stratton G, et al. 
Fitness, fatness and the reallocation of time between children’s daily 

https://doi.org/10.1016/j.alcr.2018.10.002
https://doi.org/10.1016/j.alcr.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30998041
http://www.ncbi.nlm.nih.gov/pubmed/30154500
http://www.ncbi.nlm.nih.gov/pubmed/30154500
http://www.ncbi.nlm.nih.gov/pubmed/24887173
http://www.ncbi.nlm.nih.gov/pubmed/24887173
http://www.ncbi.nlm.nih.gov/pubmed/27878845
http://www.ncbi.nlm.nih.gov/pubmed/27878845
https://journals.humankinetics.com/view/journals/pes/1/1/article-p19.xml
https://journals.humankinetics.com/view/journals/pes/1/1/article-p19.xml
https://doi.org/10.1177/1094428119847278
https://doi.org/10.1177/1094428119847278
http://www.ncbi.nlm.nih.gov/pubmed/33846158
http://www.ncbi.nlm.nih.gov/pubmed/33846158
https://cran.r-project.org/web/packages/shiny
https://doi.org/10.1016/j.amepre.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30830968


Page 13 of 13Migueles et al. Int J Behav Nutr Phys Act           (2023) 20:11  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

movement behaviours: an analysis of compositional data. Int J Behav 
Nutr Phys Act. 2017;14:64 England.

 47. Dumuid D, Stanford TE, Pedišić Ž, Maher C, Lewis LK, Martín-Fernández 
J-A, et al. Adiposity and the isotemporal substitution of physical activity, 
sedentary time and sleep among school-aged children: a compositional 
data analysis approach. BMC Public Health. 2018;18:311 Available from: 
http:// www. ncbi. nlm. nih. gov/ pubmed/ 29499 689.

 48. Tanaka C, Janssen X, Pearce M, Parkinson K, Basterfield L, Adamson A, 
et al. Bidirectional associations between adiposity, sedentary behavior, 
and physical activity: a longitudinal study in children. J Phys Act Health. 
2018;15:918–26.

 49. Hjorth MF, Chaput JP, Ritz C, Dalskov SM, Andersen R, Astrup A, et al. Fat-
ness predicts decreased physical activity and increased sedentary time, 
but not vice versa: support from a longitudinal study in 8- to 11-year-old 
children. Int J Obes. 2014;38:959–65.

 50. Marques A, Minderico C, Martins S, Palmeira A, Ekelund U, Sardinha LB. 
Cross-sectional and prospective associations between moderate to vigor-
ous physical activity and sedentary time with adiposity in children. Int J 
Obes. 2016;40:28–33 Nature Publishing Group.

 51. Mekary RA, Willett WC, Hu FB, Ding EL. Isotemporal substitution paradigm 
for physical activity epidemiology and weight change. Am J Epidemiol. 
2009;170:519–27.

 52. Pedišić Ž. Measurement issues and poor adjustments for physical activity 
and sleep undermine sedentary behaviour research - the focus should 
shift to the balance between sleep, sedentary behaviour, standing and 
activity. Kinesiology. 2014;46:135–46.

 53. Ek A, Sandborg J, Nyström CD, Lindqvist AK, Rutberg S, Löf M. Physical 
activity and mobile phone apps in the preschool age: perceptions of 
teachers and parents. JMIR mHealth uHealth. 2019;7:e12512.

 54. Fields DA, Goran MI, McCrory MA. Body-composition assessment via 
air-displacement plethysmography in adults and children: a review. Am J 
Clin Nutr. 2002;75:453–67.

 55. Migueles JH, Cadenas-Sanchez C, Ekelund U, Delisle Nyström C, Mora-
Gonzalez J, Löf 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;47:1821–45 Avail-
able from: http:// www. ncbi. nlm. nih. gov/ pubmed/ 28303 543.

 56. Populations’s education. Statistics Sweden. 2020. Available from: https:// 
www. scb. se/ hitta- stati stik/ stati stik- efter- amne/ utbil dning- och- forsk ning/ 
befol kning ens- utbil dning/ befol kning ens- utbil dning/ pong/ stati stikn yhet/ 
befol kning ens- utbil dning- 2020/

 57. Lettink A, Altenburg TM, Arts J, van Hees VT, Chinapaw MJM. Systematic 
review of accelerometer-based methods for 24-h physical behavior 
assessment in young children (0–5 years old). Int J Behav Nutr Phys Act. 
2022;19:116.

 58. Migueles JH, Cadenas-Sanchez C, Tudor-Locke C, Löf M, Esteban-Cornejo 
I, Molina-Garcia P, et al. Comparability of published cut-points for the 
assessment of physical activity: implications for data harmonization. 
Scand J Med Sci Sports. 2018;29:sms.13356 Available from: https:// onlin 
elibr ary. wiley. com/ doi/ 10. 1111/ sms. 13356.

 59. Leppänen MH, Migueles JH, Cadenas-Sanchez C, Henriksson P, Mora-
Gonzalez J, Henriksson H, et al. Hip and wrist accelerometers showed 
consistent associations with fitness and fatness in children aged 8-12 
years. Acta Paediatr. 2020;109:995–1003 Available from: http:// www. ncbi. 
nlm. nih. gov/ pubmed/ 31583 747.

 60. Leppänen MH, Migueles JH, Engberg E, Ortega FB, Abdollahi AM, Roos E. 
Comparing estimates of physical activity in children across different cut-
points and the associations with weight status. Scand J Med Sci Sports. 
2022;32:71–983.

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

http://www.ncbi.nlm.nih.gov/pubmed/29499689
http://www.ncbi.nlm.nih.gov/pubmed/28303543
https://www.scb.se/hitta-statistik/statistik-efter-amne/utbildning-och-forskning/befolkningens-utbildning/befolkningens-utbildning/pong/statistiknyhet/befolkningens-utbildning-2020/
https://www.scb.se/hitta-statistik/statistik-efter-amne/utbildning-och-forskning/befolkningens-utbildning/befolkningens-utbildning/pong/statistiknyhet/befolkningens-utbildning-2020/
https://www.scb.se/hitta-statistik/statistik-efter-amne/utbildning-och-forskning/befolkningens-utbildning/befolkningens-utbildning/pong/statistiknyhet/befolkningens-utbildning-2020/
https://www.scb.se/hitta-statistik/statistik-efter-amne/utbildning-och-forskning/befolkningens-utbildning/befolkningens-utbildning/pong/statistiknyhet/befolkningens-utbildning-2020/
http://dx.doi.org/10.1111/sms.13356
http://dx.doi.org/10.1111/sms.13356
http://www.ncbi.nlm.nih.gov/pubmed/31583747
http://www.ncbi.nlm.nih.gov/pubmed/31583747

	Longitudinal associations of movement behaviours with body composition and physical fitness from 4 to 9 years of age: structural equation and mediation analysis with compositional data
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design and participants
	Data collection
	Movement behaviours
	Body composition
	Physical fitness

	Statistics

	Results
	Cross-lagged panel models
	Mediation analysis
	Sensitivity analysis

	Discussion
	Strengths and limitations

	Conclusion
	Acknowledgements
	References


