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Abstract 

Background  Sleep, sedentary behaviour, physical activity, and the composition of these movement behaviours 
across the 24-h day are associated with cognitive function in early years children. This study used a Goldilocks day composi-
tional data analysis approach to identify the optimal duration of sleep, sedentary behaviour, light physical activity, and mod-
erate-to-vigorous physical activity associated with desired cognitive function outcomes in early years children.

Methods  This cross-sectional study included 858 children aged 2.8–5.5 years from the Sleep and Activity Database 
for the Early Years. 24-h movement behaviours (sleep, sedentary behaviour, light physical activity, moderate-to-vigor-
ous physical activity) were measured using ActiGraph accelerometers. Cognitive function was measured using three 
tasks from the Early Years Toolbox: visual-spatial working memory, response inhibition, and expressive vocabulary. 
A Goldilocks day compositional data analysis approach was used in R software to identify the optimal time-use com-
positions associated with the best 10% of the cognitive function scores.

Results  The movement behaviour composition and the relative time spent in sleep and sedentary behaviour but not dif-
ferent intensities of physical activity were significantly associated with working memory (P ≤ 0.01). The movement behaviour 
composition and relative time spent in sleep, sedentary behaviour, and different intensities of physical activity were not sig-
nificantly associated with response inhibition or expressive vocabulary (P > 0.2). Therefore, optimal time use was only deter-
mined for working memory. Optimal daily durations for working memory were observed with 11:00 (hr:min) of sleep, 5:42 
of sedentary behaviour, 5:06 of light physical activity, and 2:12 of moderate-to-vigorous physical activity.

Conclusion  Working memory was the only cognitive function outcome related to the 24-h movement behaviour 
composition. Optimal sleep for working memory was consistent with current recommended durations, while optimal 
moderate-to-vigorous physical activity greatly exceeded minimal recommended levels. Optimal sedentary behaviour 
was longer and light physical activity was shorter than the sample average.
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Introduction
The early years, defined here as the first 6 years of life, 
are a critical period for the development of cognitive 
function [1, 2]. An important component of cognitive 
function is executive function, which refers to a collec-
tion of cognitive processes crucial for self-control and 
achieving goals in the early years [3]. These cognitive 
processes include working memory (ability to hold and 
manipulate information over short periods), response 
inhibition (capacity to suppress impulsive behaviours 
and resist distractions), and cognitive flexibility (adap-
tation of thinking in response to fluctuating environ-
ments) [1–3]. Additionally, executive functions involve 
emotional regulation and vocabulary development [1, 
2].  Early cognitive function predicts a range of later-
life outcomes including school readiness, academic 
achievement, behavioural issues, and quality of life [2, 
4, 5]. Therefore, it is important to optimize cognitive 
function in the early years.

Systematic reviews have concluded that adequate 
sleep, high levels of physical activity (PA), and low 
levels of some sedentary behaviours (SED), particu-
larly screen time, are associated with better cognitive 
function in the early years [6–8].The proposed neuro-
biological pathways by which movement behaviours 
influence cognitive function in the early years differ for 
sleep, PA, and SED. Sleep positively influences physi-
ological mechanisms that improve neuroplasticity and 
aid in consolidating memory skills [9]. A cohort study 
found that early years children who sleep within the 
recommended range of 11 to 14 h have better cogni-
tive function than children who sleep less or more [10]. 
PA is positively associated with brain angiogenesis, 
synaptogenesis, neurogenesis, and the regulation of 
neurotrophic factors [11]. For example, a clustered ran-
domized-control study found significant improvements 
in word recall after physical activity interventions [12]. 
Excessive SED, namely sitting time, may impact neu-
rogenesis (a critical process for learning and memory) 
via increased activation of stress systems and impaired 
synaptic plasticity [13]. Screen time is proposed to 
have a negative association with cognitive processes 
by impacting brain white matter [14]. A longitudinal 
cohort study of 2,441 children examined at ages 2, 3, 
and 5 years found that children who spent more time 
using screens at ages 2 and 3 years showed significantly 
lower scores on developmental tests when they were 
3 and 5-years-old, respectively. Specifically, increased 
screen time at 2 years of age was associated with 
decreased performance on developmental assessments 
at 3 years of age (β = -0.06, 95% CI: -0.10 to -0.01) [15].

Recent research suggests that the composition of move-
ment behaviours across the 24-h day influences cognitive 

function in early years children [16, 17]. Furthermore, 
substituting time across movement behaviours may influ-
ence cognitive function. For example, a study of 135 pre-
schoolers found that substituting sleep or SED with an 
equivalent duration of MVPA was associated with a posi-
tive changes in cognitive flexibility [16]. Another study of 
426 preschoolers observed that increasing time in MVPA 
at the expense of decreasing time in SED or sleep was 
associated with improved inhibitory control [18]. Pub-
lic health guidelines for movement behaviours from the 
World Health Organization [19] and several individual 
countries (e.g., Canada [20], Australia [21], New Zealand 
[22], and South Africa [23]) recommend that 3-to 4-year-
olds get 10–13 h/day of sleep, limit their daily screen time 
to 60 min or less, and accumulate at least 180 min/day of 
PA including at least 60 min/day of moderate-to-vigorous 
PA (MVPA). Although these recommendations take an 
integrated approach and address movement across the 
full day, they are primarily based on evidence from stud-
ies that examined individual movement behaviours [24, 
25]. Because movement behaviours are co-dependent 
variables constrained to 24 h a day, they should be exam-
ined simultaneously when studying their health benefits 
[24, 25]. Furthermore, the guideline recommendations 
do not provide information on the optimal duration for 
these behaviours. Rather, they suggest a healthy range 
for sleep, a minimum amount of PA, and a maximum 
allowable screen time. The optimal amount of time that 
a preschooler should spend in each movement behav-
iour is unknown and should be investigated using anal-
ysis approaches that take their combined influence into 
account.

Compositional data analysis (CoDA) can be used to 
determine the optimal time-use composition of all move-
ment behaviours [24–26]. Dumuid and colleagues have 
coined the optimal CoDA zone as the "Goldilocks day"; 
the movement behaviour composition that is just right 
for different health outcomes [26, 27]. A study of 11-to 
12-year-olds suggested that the Goldilocks day that 
equally weights physical, mental and cognitive health 
outcomes is comprised of 10:21 (hr:min) of sleep, 9:44 of 
SED, 2:26 of light PA (LPA), and 1:29 of MVPA [27].

To the best of our knowledge, the Goldilocks day or 
optimal time use CoDA approach has not been used in 
early years children. Therefore, the objective of this study 
was to use this approach to identify the optimal duration 
of sleep, SED, LPA, and MVPA related to desired cogni-
tive function indicators in the early years.

Methods
Study design and participants
The data used in this study were obtained from the Sleep 
and Activity Database for the Early Years (SADEY), 
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which is a consortium of pooled accelerometer-meas-
ured movement behaviour data in children aged 7 years 
or younger [28]. Informed consent to participate was 
obtained from a parent or legal guardian in each of the 
contributing studies. The initial wave of SADEY data con-
tains waist-worn Actigraph accelerometer data collected 
on ~ 8000 children from 14 studies conducted in 7 coun-
tries between 2009 and 2019 [28]. Ethics approval was 
obtained for all contributing studies and SADEY [28]. 
Raw or epoch-level accelerometer data were obtained for 
all contributing studies and re-processed in a harmonized 
manner, further details of which are provided below and 
in a previous publication [28]. Additionally, measures of 
several health and developmental outcomes were pooled, 
although the availability of these measures varied across 
the studies that are part of SADEY [28].

For the current paper, cross-sectional data from four 
SADEY studies were included: the Preschool Activ-
ity Technology, Health, Adiposity, Behaviour and 
Cognition (PATH-ABC) study conducted in Wollon-
gong, Australia [29]; baseline data from the childcare-
based intervention to promote physical activity in 
pre-schoolers (Jump start) study conducted in Wol-
longong, Australia [30]; the Active Learning Norwe-
gian Preschool(er)s (ACTNOW) study conducted in 
Sogndal, Norway [31]; and the Movement behaviours 
and physical, cognitive, and social-emotional devel-
opment in preschool (ProxDev) study conducted in 

Edmonton, Canada [17]. Data from other SADEY stud-
ies were excluded as they did not include the cogni-
tive outcomes examined in the current paper. After the 
removal of participants with insufficient accelerometer 
data and missing data for other study variables, a total 
of 858 children aged 2.8 to 5.5 years were included 
(Fig. 1). Chi-square tests determined that key sociode-
mographic characteristics (age, sex, parental marital 
status, parental education) did not differ between those 
included and excluded from the analyses (P > 0.05, see 
supplementary materials Table  S1). A post-hoc power 
analysis conducted in G*power using an alpha of 0.05 
and an effect size of 0.15 indicated that our study of 858 
children achieved a 100% power.

Movement behaviours
Movement behaviours were measured using ActiGraph 
GT3X + or wGT3X-BT accelerometers (ActiGraph Cor-
poration, Pensacola FL) that were worn on the right hip 
using a 24-h wear protocol. Accelerometer data were 
processed using R software R 4.2.2 [32]. Data reduction 
entailed reprocessing the original raw activity files from 
ActiGraph (.gt3x) or, if raw files were not available, count-
based files with 15-s epochs (.agd) from each study. This 
process involved applying standardized, evidence-based 
guidelines [28]. Accelerometer data from all SADEY stud-
ies were collapsed into 60-s epochs for the processing of 
sleep data and 15-s epochs for the processing of SED and 

Fig. 1  Flow chart illustrating exclusion of participants with missing data. PATH-ABC: the Preschool Activity Technology, Health, Adiposity, Behaviour 
and Cognition study; Jump start: the childcare-based intervention to promote physical activity in pre-schoolers study; ACTNOW: the Active 
Learning Norwegian Preschool(er)s study; ProxDev: the Movement behaviours and physical, cognitive, and social-emotional development 
in preschool study; SED: sedentary behaviour; LPA: light physical activity; MVPA: moderate-to-vigorous physical activity; EYT: Early Years Toolbox
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PA data during waking hours [28]. This approach allows 
for more detailed capture of PA patterns while maintaining 
compatibility with sleep analysis methods. Accelerometer 
data processing started with the PhyActBedRest package, 
which identified the start and end points of each nighttime 
sleep period and each nap [33]. This package uses a deci-
sion-tree approach to determine bedrest, was developed 
and validated amongst preschoolers, and has good sensi-
tivity (0.94), specificity (0.97), and accuracy (0.95) when 
compared to visual identification of sleep periods [33]. 
Non-wear time during sleep was defined as at least 90 min 
of consecutive zero counts with up to 2 min of non-zero 
interruptions [34]. There is no consensus in the literature 
about the minimum wear time for accurate sleep estima-
tion. The validation study for the PhyActBedRest package 
used ≥ 3 or more nights with ≥ 6 h of wear time [33], which 
is the criteria we used for inclusion in the present analy-
sis. The average daily time spent in nighttime sleep and 
naps were summed (midnight-to-midnight) and averaged 
across valid days to determine total sleep duration.

After sleep periods were identified, the remaining 
accelerometer data were processed using the PhysicalAc-
tivity package to determine the average daily time spent 
in SED, LPA, and MVPA [35]. In general, when estimat-
ing the consistency of accelerometer estimates of PA, 
SED, and sleep across days from a single measurement 
period (i.e., the internal consistency), the ActiGraph 
shows acceptable validity and reliability in young children 
[36, 37]. However, when comparing separate measure-
ment periods (i.e., test–retest reliability) over the course 
of 2 weeks separated by up to a year, the ActiGraph 
shows moderate reliability [38]. Non-wear time during 
waking hours was identified as ≥ 20 min of consecutive 
zero counts [39]. At least 6 h of wear time during waking 
hours was required for a day to be considered valid and 
participants were required to have ≥ 3 valid days to be 
included in the analysis. The cut-points we used to distin-
guish SED from LPA (≤ 25 counts per 15-s, see Evenson 
et al. [40]) and LPA from MVPA (≥ 420 per 15 s, see Pate 
et  al. [41]) are more accurate at classifying movement 
intensity among young children than other cut-points 
used in the literature [42].

Average sleep duration (including nighttime sleep 
and naps) was expressed as a proportion of 24 h. The 
remaining proportion of 24 h was used to normalize time 
spent in SED, LPA, and MVPA so that the total time in 
all movement behaviours for each participant summed 
to exactly 24 h. Sleep duration was not normalized for 
non-wear time because we assumed that children either 
wore or did not wear the accelerometer while sleeping 
and that non-wear time on valid 24-h periods would have 
occurred during waking hours. The average ± SD imputed 
time for waking non-wear time was 2:41 ± 1:22 (hr:min).

Cognitive function
Cognitive function was measured using the standardized 
Early Years Toolbox (EYT) protocol in all studies. The 
EYT is a battery of 5 tasks completed by children on a 
tablet computer while being supervised by a researcher 
[43]. Each task takes approximately 5–8 min to complete. 
In this study, three EYT tasks were used: 1) visual-spa-
tial working memory (Mr. Ant), 2) response inhibition 
(Go/No-Go), and 3) expressive vocabulary [43]. Note 
that the vocabulary sub-outcome of the EYT was lim-
ited to 711 participants as only 3 of 4 studies (PATH-
ABC, ACTNOW, and ProxDev) included it. The EYT 
response inhibition and expressive vocabulary scores 
have good to excellent internal consistency (Cronbach’s 
alpha range: 0.84–0.95) [43]. The visual-spatial working 
memory, response inhibition, and expressive vocabulary 
scores have moderate to strong criterion validity (r range: 
0.40–0.60) when compared with other validated meas-
ures from the National Institutes of Health’s Toolbox and 
British Ability Scales [43].

For the Mr. Ant working memory task, children were 
asked to remember the locations of stickers placed on a 
cartoon ant and subsequently identify these locations 
after a short retention interval. The task progressed in 
difficulty across levels with three trials for each level to 
a maximum of eight levels. The task ended if a failure 
occurred on all three trials within a level, or if all eight 
levels were completed successfully. Scores were calcu-
lated as 1 point for each level in which at least 2 of 3 tri-
als were completed correctly, plus an additional 1/3 of a 
point for every correct trial thereafter [43]. Scores for this 
task can range from 0 to 4; higher scores represent better 
working memory.

For the Go/No-Go inhibition task, children were asked 
to tap the tablet screen if they saw a fish, which occurred 
80% of the time (Go), but avoid taping the screen when 
they see a shark, which occurred 20% of the time (No-Go). 
There are 25 fish or shark stimuli in each block/trial, add-
ing to 75 stimuli if the whole test is completed. Scores were 
calculated as the proportion of correct Go stimuli multi-
plied by the proportion of omitted No-Go stimuli, with 
values closer to 1 reflecting better response inhibition [43].

For the expressive vocabulary task, children were asked 
to correctly label up to 45 pictures. If the child labeled a 
picture incorrectly, a researcher asked what else it could 
be named. This process continued until the child cor-
rectly identified the picture or until the researcher deter-
mined that the child could not provide the correct word. 
The test ended after six consecutive inaccurate descrip-
tions. Scores were calculated by adding the total number 
of correctly labeled pictures [43]. Scores for this task can 
range from 0 to 45; higher scores represent better lan-
guage ability.
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Covariates
Age in months, sex (male or female), study (PATH-ABC, 
ACTNOW, Jump-Start, or ProxDev), highest parental 
education (< high school, high school, or > high school), 
and marital status (single parent or dual parent house-
hold) were controlled for as confounding variables in 
regression analyses. The selection of confounding varia-
bles was informed by the existing literature [44–48], lim-
ited to those collected across all contributing studies, and 
variables that could be meaningfully harmonized. The 
harmonization process for the marital status and educa-
tion variables is provided in Table S2.

Statistical analysis
 Statistical analyses were performed in R 4.2.2 [32] using 
the Compositions [49], zComposition [50], robComposi-
tions [51], and robustbase [52] packages. Conventional 
descriptive statistics were determined for the variables of 
interest. Geometric means for time spent in each move-
ment behaviour were adjusted to sum to exactly 24 h and 
calculated. No participants had zero values for any of the 
movement behaviour variables.

The Goldilocks day or optimal time use CoDA 
approach involved seven data analysis steps [27].

Step 1: Multiple linear regression models were used 
to examine the relationships between the movement 
behaviour composition and the three cognitive function 
outcomes (working memory, response inhibition, and 
vocabulary). Separate regression model was created for 
each of the three cognitive function outcomes. The inde-
pendent variables in the models were sleep, SED, LPA, 
and MVPA (after they were transformed using an iso-
metric log-ratio coordinate system) and the confound-
ing variables (age, sex, study, parental education, and 
parental marital status) [53]. Regarding the isometric 
log-ratio coordinate system, since the composition con-
sists of four parts (sleep, SED, LPA, and MVPA), three ilr 
transformed variables [zi1, zi2, zi3] for each movement 
behaviour were created based on sequential partition. As 
an example, the isometric log ratio coordinate system for 
MVPA was:

zi1 = 
√

3

4
In MVPA

3
√

LPA×SED×sleep
 , zi2 =  2

3
In LPA

2
√

SED×sleep
 , and 

zi3 = 
√

1

2
In SED

1
√

sleep

The regression coefficient and standard error related to 
the first ilr coordinate variable were used to examine if 
that specific movement behaviour (MVPA in this exam-
ple) was significantly associated with the given outcome 
relative to time spent in the remaining movement behav-
iours. The R2 was used to determine the goodness-of-fit 
of the models. The residuals of these linear regression 
models were normally distributed. Polynomial terms 
for the set of isometric log ratios were considered for 

all models and compared with the non-squared mod-
els. Because quadratic relationships were not indicated 
(P > 0.1), the non-squared models were used. Age and sex 
interaction terms were also explored. Because the p-val-
ues for these interaction terms were not significant, they 
were removed. Therefore, the independent variables in 
the final regression models were limited to the three vari-
ables in the isometric log-ratio coordinate system and the 
five confounding variables.

Step 2: A grid of predictive time-use compositions were 
generated. These predictive-time-use compositions repre-
sented every possible combination (in 10 min/day incre-
ments) of movement behaviours within the typical daily 
ranges observed in the study sample. This process started 
by creating a 4-demensional grid where the movement 
behaviour values were in 10-min increments and where 
the ranges for each of the movement behaviours extended 
beyond the ranges observed in our study sample (440–
1000 min/day for sleep, 90–400 min/day for SED, 50–450 
min/day for LPA, 0–175 min/day for MVPA). Next, we 
deleted all values from the grid where the combination 
of movement behaviours did not add up to exactly 24-h 
(1440 min). We then removed values from the grid if the 
sleep (521–883 min/day), SED (194–360 min/day), LPA 
(196–399 min/day), and MVPA (23–169 min/day) all did 
not fall within ± 3 SDs from the sample mean. This trunca-
tion was performed to trim the grid to values observed in 
the sample. This ensured that we would avoid making pre-
dictions (see Step 3) that were beyond the observed values 
in the sample. After removing values in the grid where all 
four movement behaviours did not fall with ± 3 SDs from 
the sample mean, the ranges of the movement behav-
iours were 540–880 min/day for sleep, 200–350 min/day 
for SED, 200–390 min/day for LPA, and 30–160 min/day 
for MVPA. The result was a 3D grid of 4,025 predictive 
time-use composition data points representing hypotheti-
cal children within the movement behaviour composition 
footprint of our dataset.

Step 3: The linear regression models developed in 
Step 1 were used to estimate each of the cognitive func-
tion outcomes for each of the 4,025 predictive time-use 
compositions developed in Step 2. None of the predicted 
values exceeded the range of data observed in our study 
sample.

Step 4: The “best” time-use zone was defined for each 
cognitive function outcome as the predictive time-use 
compositions associated with the best 10% of the cog-
nitive function scores of the sample. Dumuid et  al. [26] 
defined the best time-use zone based on the best 5%; 
however, because our sample was much smaller than 
theirs (858 vs. 1874 participants), we used the best 10% 
to increase the overlapping area between the “best” time-
use zones of the individual cognitive function outcomes.
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Step 5: The “optimal” time-use composition for each 
cognitive function outcome was defined as the centre 
(compositional mean) of the “best” time-use zone.

Step 6: The “best of the best” time-use zone was identi-
fied as the overlapping areas of the “best” time-use zones 
for the individual cognitive function outcomes. Only the 
cognitive function outcomes that were statistically sig-
nificantly associated with movement behaviour composi-
tion in Step 1 were included in this step of the analysis.

Step 7: The centre of the overlapping “best of the best” 
time-use zones was identified and hereafter referred to as 
the “optimal” (Goldilocks day) composition.

Sensitivity analyses were performed to determine if the 
accelerometer processing decision influenced the find-
ings. This included rerunning the analyses after changing 
the valid day criteria from ≥ 6 h to ≥ 8 h, the number of 
valid days from ≥ 3 to ≥ 4, and using the Trost et al. [54] 
cut-points to distinguish SED, LPA, and MVPA.

Results
The demographic characteristics of the sample are in 
Table 1. The mean age was 4.3 ± 0.7 years and 44.6% were 
girls. The geometric means indicate that sleep accounted 
for 48.7%, SED 21.0%, LPA 23.5%, and MVPA 6.7% of the 
24-h day. The arithmetic means for the movement behav-
iours are in Table S3.

Associations between movement behaviours and cognitive 
function outcomes
Regression estimates for time spent in each movement 
behaviour relative to time spent in the remaining move-
ment behaviours as they related to each of the cognitive 
function outcomes are shown in Table  2. The move-
ment behaviour composition was significantly associ-
ated with working memory (P = 0.03) but not response 
inhibition (P = 0.55) or expressive vocabulary (P = 0.44). 
Relative time spent in sleep was negatively associated 
with working memory (P = 0.01), and relative time 
spent in SED was positively associated with working 
memory (P = 0.01). Relative time spent in the individ-
ual movement behaviours was not significantly associ-
ated with response inhibition or expressive vocabulary 
(P > 0.2).

Optimal time‑use composition for individual cognitive 
function outcomes
Optimal time use was only determined for working 
memory since it was the only cognitive function out-
come associated with the movement behaviours com-
position and/or at least one of the individual movement 
behaviours. Because optimal time use could only be 

determined for one outcome, we were not able to con-
duct the Goldilocks day analysis.

The centre (compositional mean) and range (min, 
max) of the set of predictive time-use compositions 
associated with the best 10% working memory scores 
were observed with 11:00 (9:00, 13:12) of sleep, 5:42 
(5:12, 5:48) of SED, 5:06 (3:18, 6:30) of LPA, and 2:12 ( 
1:18, 2:42) of MVPA.

Sensitivity analysis
Table  S3 presents the compositional and the arithmetic 
mean of the movement behaviours when the accelerome-
ter processing decisions for number of valid hours, num-
ber of valid days, and the cut-points used to distinguish 
different intensities of movement were changed. Table S4 
presents the associations between the movement behav-
iour composition and cognitive function outcomes after 
these accelerometer processing decisions were changed. 
Table S5 shows the corresponding optimal time use val-
ues. When the valid day criterion was changed from ≥ 6 
h to ≥ 8 h, the associations were comparable to those of 
the original analysis and the differences in optimal time 
use was ≤ 12 min/day for all movement behaviours When 
the number of valid days criterion was changed from ≥ 3 
to ≥ 4 days, neither the composition nor the relative 

Table 1  Participant characteristics

a Vocabulary was limited to 711 participants as only 3 of 4 studies assessed this 
outcome
b Presented as compositional centre in hr:min. Calculated as the geometric 
means of each activity adjusted so that together all means sum to exactly 24 h

Variable n (%) or mean (SD)

Age, mean (SD) 4.2 (0.7)

Sex, n (%)

  Boys 474 (55.1)

  Girls 387 (44.9)

Parental education, n (%)

  < high school 53 (6.2)

  high school 125 (14.5)

  > high school 622 (72.2)

Marital status, n (%)

  Dual parent 720 (83.6)

  Single parent 78 (9.1)

Cognitive outcome measures, mean (SD)

  Working memory (range: 0–4) 1.37 (.97)

  Inhibition (range: 0–1) 0.53 (0.24)

  Vocabularya (range: 0–45) 26.3 (9.48)

Movement behavioursb

  Sleep 11:42

  Sedentary time 5:03

  Light physical activity 5:38

  Moderate-to-vigorous physical activity 1:37
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time spent in sleep or SED were associated with work-
ing memory. Therefore, the optimal time use for work-
ing memory based on having at least ≥ 4 valid days of 
accelerometer data was not conducted. When the Trost 
et al. [54] cut-points were used in instead of the Evenson 
et al. [40] and Pate et al. [41] cut-points, the associations 
between the movement behaviour composition, indi-
vidual movement behaviours, and the cognitive function 
outcomes were similar to those of the original analyses. 
However, the optimal time use was lower for LPA (-78 
min/day) and higher for sleep (+ 36 min/day), SED (+ 30 
min/day), and MVPA (+ 12 min/day).

Discussion
This study used CoDA to identify the optimal duration 
of sleep, SED, LPA, and MVPA related to measures of 
cognitive function in the early years. Working memory, 
but not the remaining cognitive function outcomes, was 
associated with the movement behaviour composition 
in this study. The best 10% working memory scores were 
observed with 11:00 (hr:min) of sleep, 5:42 of SED, 5:06 
of LPA, and 2:12 of MVPA. Because working memory 
was the only cognitive function outcome associated with 
the movement behaviour composition, we were not able 
to perform the Goldilocks day analysis across all cogni-
tive function outcomes.

We are aware of three previous studies that used 
CoDA to examine the association between the move-
ment behaviour composition and cognitive functions in 
early years  children. The first was conducted on a sam-
ple of 95 preschoolers with an average age of 4.5 years 
[17]. In that study, the movement behaviour composition 
was significantly associated with working memory and 
vocabulary but not response inhibition. Furthermore, 
relative time spent in SED was positively associated with 
vocabulary and response inhibition; associations were 

non-significant for sleep and PA. In the second study, 
which was conducted in a sample of 123 children aged 
3 to 5 years, the 24-h movement behaviour composi-
tion was associated with overall executive functions [55]. 
That study did not report if the relative contribution of 
individual movement behaviours was associated with 
executive function [55]. The third study investigated how 
different combinations of PA, SED, and sleep affected 
cognitive functions in 135 children aged 3 to 5 years. It 
found that the overall 24-h movement behaviour compo-
sition was linked to executive function outcomes, with 
MVPA showing a positive correlation with cognitive flex-
ibility [16]. Collectively, the mixture of significant and 
non-significant findings from the previous three studies 
and our study implies that associations between the 24-h 
movement behaviour composition and individual move-
ment behaviours with cognitive outcomes are inconsist-
ent. Because the methods and participant age ranges 
were comparable across these studies, the  inconsistency 
in the results may be due to the small sample sizes which 
increase the likelihood of random sampling error. Small 
sample sizes can reduce the statistical power of the analy-
sis, making it harder to detect true associations.

To our knowledge, ours is the first study to use the opti-
mal time-use CoDA approach in a sample of early years 
children. Dumuid and colleagues used this approach 
in 11- to 12-year-olds and concluded that the optimal 
duration for movement behaviours varies substantially 
depending on the health outcome [27]. For example, the 
optimal durations for cognitive and academic outcomes 
were observed with 9:00 to 11:00 (hr:min) of sleep, 10:30 
to 12:12 of SED, 1:42 to 2:30 of LPA, and 0:18 to 1:00 of 
MVPA [27]. The optimal time use values for these ado-
lescents were very different from the values that we 
observed for working memory in early years children. 
Although this might reflect methodological differences 
in the way that these behaviours were measured, it seems 

Table 2  Compositional linear regression model estimates for cognitive function

All estimates are adjusted for age, sex, parental education, parental marital status, and study. Adjusted R-squared for full models: working memory = 0.282, response 
inhibition = 0.388, Vocabulary = 0.458

Each regression coefficient and standard error [b (SE)] represents the association between the given outcome and the first z term of the correspondingly rotated 
behaviour composition

SED Sedentary behaviour, LPA Light physical activity, MVPA Moderate-to-vigorous physical activity
*  Statistically significant results (P < 0.05)
a Analyses for the vocabulary outcomes was limited to 711 participants

Model
P value

Adjusted R2 ilrs Sleep, SED, LPA, MVPA,
b (SE) b (SE) b (SE) b (SE)

Working memory 0.03* 0.060 -0.423 (0.17)* 0.500 (0.21)* -0.139 (0.26) 0.060 (0.15)

Response inhibition 0.55 0.053 -0.153 (0.15) 0.252 (0.19) -0.070 (0.23) -0.042 (0.14)

Vocabularya 0.44 0.067 -0.144 (0.37) 0.179 (0.41) -0.242 (0.33) 0.206 (0.14)
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that the early years children require far more LPA and 
MVPA and far less SED compared to 11–12-year-olds. 
The observed differences between age groups highlight 
that findings based on school-aged children and adoles-
cents should not be generalized to early years children. 
This also supports current 24-h movement guidelines, 
as the guidelines for the early years recommend higher 
levels of PA and sleep than the guidelines for school-
aged children and adolescents.

The optimal sleep duration range for working memory 
observed in our study was 9:00–13:12 h/min (composi-
tional mean = 11:00 h:min). This is similar to the sleep 
duration range of 10–13 h/day recommended in the 24-h 
movement guidelines for the early years [20–23]. Further-
more, a similar proportion of our sample achieved the 
optimal sleep duration range for working memory (82.4%) 
and the sleep duration range recommended in the 24-h 
movement guidelines (74.7%). For physical activity, the 
optimal durations for total PA (7:18  h:min) and MVPA 
(2:12 h/min) that we observed for working memory were 
much higher than the minimum targets for total PA (≥ 3 h) 
and MVPA (≥ 1 h) recommended in the 24-h movement 
guidelines  for the early years [20–23]. While > 97% of 
participants in our study accumulated enough physical 
activity to meet the 24-h movement guideline recommen-
dations, only 43.1% and 4.7% accumulated more physical 
activity than the optimal value for total PA and MVPA, 
respectively. It was not possible to make a similar compari-
son between the optimal amount of SED and the recom-
mendations provided in the 24-h movement guidelines 
because the latter only provides a specific recommenda-
tion for the screen time component of SED.

Some of the associations observed in our study 
were unexpected, particularly the positive association 
between SED and working memory, and the lack of sig-
nificant associations between PA and all cognitive func-
tion measures. The positive association for SED may 
reflect that certain sedentary activities, such as reading 
and storytelling, likely have beneficial effects on cogni-
tive function [6]. The null associations for PA may reflect 
that the traditional accelerometer processing meth-
ods used in our study may not effectively capture the 
full range of movement intensity in children, especially 
high-frequency movements [56]. On the other hand, 
research indicates that different domains of cognitive 
function such as working memory and response inhibi-
tion develop at different age stages, which may influence 
their responsiveness to movement behaviours. Studies 
showed that working memory may develop more rapidly 
than response inhibition in early years [57, 58]. For exam-
ple, preschoolers can engage in tasks that require hold-
ing information temporarily (working memory) but they 
often struggle with tasks that need inhibiting responses 

or distractions [57, 58]. Therefore, these differences in the 
developmental trajectories could explain why movement 
behaviours may be associated with working memory but 
not with other cognitive measures.

Results from Goldilocks day analyses could be used to 
develop more personalized recommendations for chil-
dren based on their specific circumstances and health 
goals. For example, optimal movement behaviour levels 
for a specific health outcome could be targeted rather 
than movement behaviour levels that will provide some 
health benefits for a variety of health outcomes. It can 
guide researchers, policymakers, and caregivers towards 
creating environments and routines that support optimal 
health and cognitive function during this crucial stage of 
life. Furthermore, results from the present study, along 
with others employing similar methodologies, could 
inform future updates to the 24-h Movement Guidelines.

Strengths of this study include the use of a large sam-
ple from four countries with objective 24-h device-based 
measurements and validated cognitive function scores. In 
addition, we performed sensitivity analyses that showed 
similar results across a range of scenarios which confirms 
that the patterns are robust. However, the study is lim-
ited by its cross-sectional study design and its inability to 
make causal inferences. Although some of the individual 
studies that contributed to SADEY used a cluster sam-
ple approach (i.e., children were clustered by childcare 
centre), this clustering information was not available in 
the SADEY database and was not accounted for in our 
analyses. In addition, there were some missing potential 
confounders such as race/ethnicity and children’s motor 
or learning difficulties. Furthermore, we did not consider 
different types or contexts (e.g., solitary vs group, indoors 
vs outdoors, screen vs non-screen) of SED or PA, nor 
the distinguishment between naps and nighttime sleep. 
In addition, the process we used to normalize the day 
so that time spent in all movement behaviours added to 
exactly 24-h excluded sleep, which may have impacted 
the results. Finally, we could only examine the composi-
tion within our sample footprint, and it is possible that 
the optimal composition falls outside of this footprint.

In conclusion, of the cognitive outcomes assessed, 
only working memory was associated with the move-
ment behaviour composition. The best working memory 
scores were observed with 11:00 (hr:min) of sleep, 5:42 
of SED, 5:06 of LPA, and 2:12 of MVPA. Future research 
should consider partitioning intensities in different ways 
(e.g., portioning naps from nighttime sleep, light physi-
cal activity into low light physical activity and high light 
physical activity, and moderate from vigorous physical 
activity). Additional research with larger sample sizes 
that uses similar CoDA methods across a variety of 
health and cognitive function outcomes is needed to gain 
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a better understanding of how much sleep, SED, and PA 
are needed to achieve the best health in the early years. 
Such research could inform future updates to the 24-h 
movement guidelines.
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