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Abstract

Introduction

Classroom-based active breaks are a feasible and effective way to reduce and break up sit-
ting time, and to potentially benefit physical health in school children. However, the effect of
active breaks on children’s cognitive functions and brain activity remains unclear.

Objective

We investigated the impact of an active break intervention on typically developing children’s
cognitive functions and brain activity, sitting/standing/stepping, on-task behaviour, and
enjoyment.

Methods

Up to 141 children, aged between 6 and 8 years (46% girls), were included, although about
half of them completed two of the assessments (n = 77, working memory; n = 67, dorsolat-
eral prefrontal cortex haemodynamic response). Classrooms from two consenting schools
were randomly allocated to a six-week simple or cognitively engaging active break interven-
tion. Classrooms from another school acted as a control group. The main analyses used lin-
ear mixed models, clustered at the class level and adjusted for sex and age, to investigate
the effects of the interventions on response inhibition, lapses of attention, working memory,
event-related brain haemodynamic response (dorsolateral prefrontal cortex). The mediating
effects of sitting/standing/stepping on cognition/brain activity were also explored. To test
intervention fidelity, we investigated differences by group on the change values in children’s
sitting, standing, and moving patterns during class/school time using linear mixed models.
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Generalized linear mixed models clustered at the individual level were used to examine on-
task behaviour data. For the intervention groups only, we also assessed children’s per-
ceived enjoyment, physical exertion and mental exertion related to the active breaks and
compared the results using independent t-tests.

Results

There was a significantly greater positive change in the proportion of deoxygenated haemo-
globin in the left dorsolateral prefrontal cortex of children assigned to cognitively engaging
active breaks compared to the control group (B=1.53 x 107°7, 95% CI[0.17 x 107°7,2.90 x
107°7]), which under the same cognitive performance is suggestive of improved neural effi-
ciency. Mixed models showed no significant effects on response inhibition, lapses of atten-
tion, working memory. The mediation analysis revealed that the active breaks positively
affected response inhibition via a change in sitting and standing time. The sitting, standing,
and moving patterns and on-task behaviour were positively affected by the active breaks at
end of trial, but not at mid-trial. Children in both intervention groups showed similarly high
levels of enjoyment of active breaks.

Conclusion

Cognitively engaging active breaks may improve brain efficiency in the dorsolateral prefron-
tal cortex, the neural substrate of executive functions, as well as response inhibition, via
effects partially mediated by the change in sitting/stepping time. Active breaks can effec-
tively reduce sitting and increase standing/stepping and improve on-task behaviour, but the
regular implementation of these activities might require time for teachers to become familiar
with. Further research is needed to confirm what type of active break best facilitates
cognition.

Introduction

Physical activity can benefit children’s physical, social and cognitive health [1,2]. Executive
functions are cognitive functions associated with core and higher-order thinking processes,
and behaviour regulation [3], and are crucial for success in personal, social, academic and pro-
fessional activities [3]. Three core executive functions have been identified [4]: inhibition,
updating (or working memory), and shifting (or cognitive flexibility). A meta-analysis [5] con-
cluded that physical activity interventions, especially those increasing moderate-to-vigorous
intensity duration, benefited non-executive (effect size [ES] = 0.23), executive (ES = 0.20) and
metacognitive functioning (ES = 0.23), albeit with small effects. In 2019, Singh et al. [6] con-
cluded that the effects of physical activity on cognition still appear inconclusive. In contrast,
Tomporowski and Pesce [7] have argued that the relationship between physical activity and
cognitive functions is more consistent when the cognitive engagement needed to perform
motor skills in physical activity is taken into account (individually or interactively with the
metabolic exercise demands).

The hypothesised mechanisms for effects of physical activity on cognition are mostly physi-
ological in nature; for example, the increased cerebral blood flow as a consequence of increased
physical activity [8]. The inherent cognitive stimulation of a physical task that is also mentally
engaging might produce greater effects on cognition than simple physical activity [9], perhaps
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because the recruitment of certain brain regions supports neuroplasticity (i.e., the adapting
ability of the brain in response to the changing demands) [10]. At the cortical level, executive
functions have been associated with cerebral activity in the dorsolateral prefrontal cortex
(DL-PEC) [11], the same brain region activated by cognitively demanding physical activity
[12]. Thus, the neural engagement of specific brain networks may enhance the neural effi-
ciency of those networks [13], and facilitate the mental processes associated with them—i.e.,
executive functions. Neural/brain networks are expensive from both structural (wiring cost)
and functional (metabolic cost) perspectives [14]. Neural/brain efficiency can be understood
as a cost-effective organisation of the neural connections and management of the metabolic
(or energetic) resources, in a trade-off aimed at reducing the costs and maximising the capacity
to process information [14]. Cognitive functions are traditionally assessed by analysing the
behavioural responses to a computer-based test that supposedly challenges certain functions,
and the performance is generally quantified in terms of response time and accuracy rate. The
concurrent use of objective measures of brain activity might provide complementary evidence
of the underlying mechanisms that support changes in cognitive performance, although such
approaches have rarely been applied to physical activity interventions. The most advanced
method to investigate changes in brain structure and function with high spatial resolution
involves the use of neuroimaging techniques, such as functional magnetic resonance imaging.
A recent systematic review identified nine studies that employed neuroimaging techniques in
youth to test the effects of physical activity interventions, with findings from seven randomised
controlled trials included in the review showing significant improvements in brain structure
and/or function [15]. Despite these promising findings, most neuroimaging devices are non-
portable and high cost, which may explain the paucity of physical activity research using this
technique. Another approach is to measure event-related brain potentials using electroenceph-
alography, which—although has high temporal resolution and is significantly cheaper than
most neuroimaging techniques—is not easily portable, has low spatial resolution, and is very
sensitive to motion artefacts. Functional near-infrared spectroscopy (fNIRS) is a relatively
novel optical technique that allows to measure brain changes of oxygenated (O,Hb) and deox-
ygenated (HHb) haemoglobin (i.e., haemodynamic response) [16]. Its high spatial and tempo-
ral resolution, high biochemical specificity, the portability, and the relative stability to motion
artefacts make fNIRS greatly advantageous in terms of ecological validity compared to other
techniques [17]. A fast-growing number of studies, mostly cross-sectional in design, have
employed NIRS in youth [18]. To the authors’ knowledge, only two cross-sectional studies
[19,20] and no interventions pertaining to children’s physical activity and brain function have
been conducted using fNIRS.

Aside from the cognitive and other health benefits from being physically active, sedentary
behaviour is considered by some to be a risk factor for health even after adjusting for physical
activity [21]. Although the evidence for this relationship appears robust in adults [22], it
remains inconsistent in children, particularly for objectively assessed sedentary time and cardi-
ometabolic health outcomes [23]. Research on sedentary behaviour and cognitive functions in
children is still at an early stage and the findings reported so far appear inconsistent. For exam-
ple, Syvéoja et al. [24] found that greater sedentary time was associated with better attention
amongst 12-year-olds, whereas Mazzoli et al. [20] found that higher objectively measured sit-
ting time was associated with more attentional lapses during the performance of an executive
functioning task in 7-year-olds. Lapses of attention can hinder a person’s ability to perform
everyday tasks [25] and are generally seen as conflicting with learning [26].

Reducing sitting while increasing physical activity during school hours may have potential
to effectively contribute to children’s physical and cognitive health [27]. The integration of
movement in the classroom may take place in different forms [28], including active breaks
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(i.e., short bouts of physical activity that can be related or unrelated to the curricular content),
active lessons (i.e., curricular activities taught with movement, such as active Maths), and
changes in the classroom environment (e.g., the use of adjustable height-adjustable desks). All
these strategies are low-cost [29,30] and reduce sedentary behaviour [31]. Active breaks during
class time provide the opportunity to break up sitting time and increase physical activity in the
school setting without affecting the curricular structure and are very easy to learn and imple-
ment by teachers [32].

Children’s enjoyment [33] (i.e., the main component of intrinsic motivation [34]), is one of
the factors that influence the successful implementation of physical activity programs, includ-
ing active breaks. Enjoyment is positively related to physical activity [35], is negatively associ-
ated with sedentary behaviour [36], and is also hypothesised to positively affect executive
functions [37]. Whilst classroom-based physical activity has been previously positively associ-
ated with greater levels of children’s enjoyment compared to traditional lessons [38], no stud-
ies have investigated whether enjoyment levels could be differently affected by cognitively
engaging or simple active breaks.

Over the last few years, a number of studies have shown the effectiveness of these strategies
in breaking up sitting and producing desirable health-related benefits [39,40]. While most of
these studies have focused on the physical outcomes, more recent research has explored the
impact of reducing and breaking up sitting on cognitive outcomes. The cognitive constructs
most frequently investigated were core executive functions (i.e., inhibition [interference and
attention], working memory and cognitive flexibility) [41-45], higher-order executive func-
tions (i.e., fluid intelligence) [46,47], memory [48] and time on-task [49-51]. Although these
aspects are relevant to academic performance [52-55], other cognitive functions might be
equally important to study. As noted earlier, the cognitive engagement required to perform
certain physical activities needs to be considered [7]. However, no studies have explored the
effects of active breaks with different cognitive requirements on response inhibition, lapses of
attention, and brain activity (i.e., DL-PFC haemodynamic response), all important elements of
most academic activities. Furthermore, only four previous studies [45,48,56,57] have investi-
gated the effects of cognitively challenging types of physical activity to break up sitting in the
classroom, three of which [45,48,56] found positive effects on cognition/learning using this
approach. None of these studies used both behavioural and neural measurements, or objec-
tively assessed children’s sitting/standing/stepping patterns.

Therefore, the main aim of this study was to test the effects of a six-week active break inter-
vention with two conditions (simple [low cognitive engagement] and cognitively engaging) on
primary school children’s response inhibition, lapses of attention, working memory and
DL-PFC haemodynamic response, as compared to a control group (normal school practice
with no breaks apart from recess and lunch). We additionally explored whether the effects of
active breaks on cognitive functions or DL-PFC haemodynamic response could be mediated
by the change in class time sitting, standing, or stepping. Furthermore, we aimed to investigate
the effects of both interventions on children’s sedentary patterns, on-task behaviour, and
enjoyment, as secondary outcomes. We additionally tested children’s perceptions of the physi-
cal and mental effort related to the active breaks to check whether the manipulation of the
physical and mental components of the breaks designed for different intervention groups was
implemented successfully by researchers.

We hypothesised that: i) response inhibition and working memory would improve more in
the active conditions than the control; ii) attentional lapses would decrease in the active condi-
tions more than the control; iii) DL-PFC haemodynamic response changes would reflect
improved efficiency in the active conditions compared to the control; and iv) the cognitively
engaging intervention would show greater improvements in each measure compared to the
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simple intervention. For the secondary analysis, we hypothesised that: i) the intervention
groups would show a similar reduction in class time sitting and/or increase in standing/step-
ping, compared to the control group; ii) changes in sedentary patterns would mediate better
cognitive performance and/or more efficient DL-PFC haemodynamic response in the inter-
vention groups, with the cognitively engaging intervention showing greater effects; iii) the
odds of observing children’s behaviour as on-task would appear significantly reduced during
the second observation, compared to the first, in the control group but not in the intervention
groups, at mid-trial and end of trial; iv) both active conditions would show similar levels of
enjoyment and physical exertion; and v) the cognitively engaging intervention would report
that the breaks were more cognitively demanding compared to the control.

Methods

Data for this controlled trial titled “Active breaks in the classroom to improve thinking skills”
was collected from October 2017 to December 2017. The trial was registered in the Australian
New Zealand Clinical Trials Registry (registration number ACTRN12618002034213), which
includes all ongoing and related trials for this intervention. The trial registration was retro-
spective as the researchers did not complete this prospectively but thought it would still be use-
ful. A description of the trial protocol is available as a supporting information file.

Ethics approval and consent

The study received approval by Deakin University Human Research Ethics Committee on the
25% of January 2017 (2016-382) and by the Department of Education and Training of Victoria
(2016_003257). Based on the results of a previous feasibility study [32], the present trial was
conducted with children from grades 1 and 2. Recruitment of participants was carried out
between March and October 2017. Schools, teachers, and parents (on behalf of their children)
provided informed written consent to be part of this study. Parents/guardians of children par-
ticipating in the study were invited to complete a demographic survey at the time of consent.
This study was performed in accordance with the standards of ethics outlined in the Declara-
tion of Helsinki.

Participants

To be eligible to participate in the study children had to be i) typically developing ii) aged
between 6 and 9 years, and iii) attending Grade 1 and 2 in a mainstream primary school.
Exclusion criteria included: i) having a visual or auditory impairment, as most of the primary
outcomes were measured with assessments not designed for children with these types of
impairments; and ii) having a physical impairment that would not allow children to participate
in the breaks.

The sample size was determined based on previous research [e.g., 56] and a well-docu-
mented small to moderate effect size of physical activity on executive functions [e.g., 5,58]. We
aimed to recruit around 43 children with typical development per study arm (~N = 130 chil-
dren) and four teachers per study arm (~N = 12 teachers). Three primary schools in Mel-
bourne were recruited using convenience sampling, with 153 consenting children aged around
seven years, from 15 classrooms. One child changed school and one withdrew before study
commencement; another two children withdrew while the study was conducted and eight
were absent on at least one of the assessment days. Overall, 141 children had a measure of
response inhibition at baseline and end of trial. Working memory and DL-PFC haemody-
namic response assessments were limited to a random sub-sample of children that could be
completed in the school time available for these assessments. Hence, 77 children completed
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Fig 1. Recruitment flow diagram according to the Consolidated Standards of Reporting Trials (CONSORT) [59].
Working memory assessment was limited to a total sub-sample of 79 children randomly allocated, from the total
sample of 153 children, due to the limited time available to complete this assessment. Dorsolateral prefrontal cortex
(DL-PFC) haemodynamic response assessment was limited to a random sub-sample of 71 children, out of the 125 who
provided additional consent to undergo the DL-PFC haemodynamic response assessment, due to the limited time
available to complete this assessment. At each time point, on-task behaviour was assessed with six children randomly
selected from each group (one classroom per study group); for this assessment, two consecutive 30-min observations
were completed at each time point. Rating of perceived physical effort (RPE); rating of perceived cognitive effort
(RCE).

https://doi.org/10.1371/journal.pone.0253733.g001

working memory and 67 completed the DL-PFC haemodynamic response assessment at base-
line and end of trial. Fig 1 shows the recruitment flow diagram according to the Consolidated
Standards of Reporting Trials (CONSORT) [59].
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Randomisation

The classrooms of two schools were randomly assigned by EM (i.e., computerised sequence
generation with random.org) to cognitively engaging active breaks (physically active with high
cognitive engagement; classrooms n = 5) or to simple active breaks (physically active with low
cognitive engagement; classrooms n = 4). Another school continued with the normal school
practice (control; classrooms n = 6). There were on average 10 consenting children per class.
The school allocated to control only agreed to participate as a control group, therefore, we
could not randomly allocate this condition.

Active breaks intervention arms

After the allocation to one of the two intervention arms, teachers in the intervention groups
attended a one-off 20-min face-to-face theoretical and practical training session on how to
conduct the active breaks in their classrooms. Teachers were asked to select the active breaks
from a specific repertoire of seven activities, following a regular rotation, and to use these
breaks to interrupt children’s prolonged sitting twice a day (between 9:00 am and 11:00 am
and between 11:30 am and 1:00 pm) for six weeks. All the activities were designed to last
between four and five minutes, but each intervention arm was provided with a different set of
active breaks that reflected different levels of cognitive engagement. That is, cognitively engag-
ing active breaks were meant to be more cognitively effortful for participants, compared to
simple active breaks.

Teachers were provided with a hard copy of a manual, including a description of the activi-
ties, specific instructions to be followed for each session, an activity log to record teacher’s
daily progress, suggestions on additional resources and equipment that could be used, as well
as some equipment (i.e., a light-weight ball, visual cards, action prompts, dice, and music). An
example of a simple active break was the game Quick fit!, a simple imitation of a movement
sequence. The cognitively engaging counterpart was the game My Clock is Late!, an imitation
of a coordination sequence with a time delay between teacher and children (i.e., similar to
singing in rounds, but with specific activities instead) [60]. The activities provided to teachers
in the intervention groups are summarised in S1 Table. Teachers in the control group were
not involved in any training sessions and were asked to continue with usual school activities.
The trial was carried out for six weeks, between October and December 2017.

Measures and data management

The following sections present an overview of the other measures used in the study; further
details on the measures and data management are available elsewhere [20]. Data on children’s
cognitive functions and DL-PFC haemodynamic response was collected at baseline and at the
end of the trial, on school days not involving an assessment of children’s sedentary behaviour.
This was conducted in a quiet room within the school premises. On-task behaviour was mea-
sured via systematic classroom observations at baseline, mid-trial and at the end of the trial.

Demographic information. Participants’ characteristics, including children’s date of
birth, language spoken at home, parental background, education, occupation, and income,
were collected using a parent survey.

Primary outcomes. Response inhibition and lapses of attention. A Go/No-Go task [61]
was used to measure response inhibition and attentional lapses. The Go/No-go task used in
the present study was a computer-based task paradigm, programmed in E-prime 2.0 (Psychol-
ogy Software Tools, Pittsburgh, PA, USA), which presented participants with a pseudo-ran-
dom series of white (Go trials) or yellow (No-go trials) circles. Participants were instructed to
press the space bar of the laptop keyboard on Go-trials and to withhold their responses on
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No-go trials. It was emphasised that participants should try to respond as quickly and as accu-
rately as possible. Each child’s task performance was summarised as an Inverse Efficiency
Score (IES) [62], which combines the average response time on Go-trials (i.e., when they
pressed the spacebar upon stimulus presentation) and the proportion of No-go trials in which
their response correctly withheld. IES is obtained by dividing response time by the proportion
of accurate responses; a lower IES is indicative of an overall better performance at the test.

Lapses of attention (i.e., temporary failure of goal-directed behaviour) are momentary dis-
tractions known to interfere with the performance of tasks that require focus. When partici-
pants perform a task that requires responding to a certain set of stimuli, lapses of attention are
commonly identified as an occasional, but exceptionally long response time. These can be cal-
culated by fitting exponential-Gaussian distributions to an individual’s response time distribu-
tions and extracting the exponential component (t) [63]. For each participant, we extracted t
using R Statistical Software (Version 3.5.1, The R Foundation for Statistical Computing,
Vienna, Austria), R Studio (Version 1.1.463., RStudio Inc., Boston, MA, USA), and the pack-
age “retimes” [64].

Working memory. Children’s working memory was measured using the National Institutes
of Health (NIH) Toolbox List Sorting Working Memory Test, an iPad-based cognitive test
which demonstrated excellent test-retest reliability and adequate convergent and discriminant
validity in children and adolescents (3-15 years) [65]. The test requires children to recall a set
of animals or foods that are presented in each trial and to list them in size order from the
smallest to the largest. The test results are reported as a raw score (range 0-26), unadjusted
standardised score (derived comparing each participant’s result to a normative sample), and a
standardised score adjusted for age. The unadjusted standardised score was used for the
analyses.

Event-related haemodynamic response in DL-PFC. Children’s left DL-PFC haemodynamic
response was measured using a portable single-channel continuous-wave functional near-
infrared spectroscopy (fNIRS; PortaLite, Artinis Medical Systems, The Netherlands). Given
the relative transparency of human tissues to near-infrared light, the emission of near-infrared
light into a tissue and the measurement of the intensity of re-emerging light enables assess-
ment of changes in O,Hb and HHb non-invasively in that specific region [17]. Specific details
on the technological and methodological aspects related to fNIRS is available several previous
reviews [e.g., 66]. Each child involved in this assessment had the fNIRS probe fitted by the cor-
responding author (EM) on their forehead in the area corresponding to the left DL-PFC. From
the frontal aspect of forehead, the landmark corresponding to the left DL-PFC was identified
as the area between the mid-point of the left eyebrow and the hair growth. The 10-10 interna-
tional system [67] was used to position the probe’s light source and detector (in AP3 and F5,
respectively), in line with the approach described by Zimeo Morais et al. [68]. The probe was
secured in place using a dark elastic fabric hairband. The probe size is 58 x 28 x 6 mm, and it
fits quite precisely on the small forehead of a child. No skin preparation was required but the
researcher ensured that no hair was in the way and that the incoming signal was good prior to
starting the assessment. An illustration of the probe and the experimental setup is available in
Fig 2.

For each child, the real-time changes in O,Hb and HHb in the left DL-PFC were recorded
while performing a 10-min task involving inhibition abilities (Go/No-Go task). Collected data
were processed, and artefacts were removed, using the hemodynamic optically measured
evoked response (HomER2), a MATLAB-based (MATLAB R2017a, MathWorks, Natick, MA,
USA) user interface developed by Huppert and colleagues [69] and artefacts were removed as
described by Brigadoi et al. [70]. The artefacts removal process involved the following steps: i)
raw data were converted in optical density changes; ii) a filtering algorithm was applied to
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Fig 2. Functional Near-Infrared Spectroscopy (fNIRS) device and experimental setup. (A) The Portalite {NIRS
probe (Artinis Medical Systems) with graphical representation of the three light sources (right) and the detector (left);
(B) placement of the probe; (C) experimental setup.

https://doi.org/10.1371/journal.pone.0253733.9002

detect motion artefacts; iii) a principal component analysis (PCA) was applied to correct the
detected motion artefacts; iv) an high pass filter (0.010 Hz) and a low pass filter (0.20 Hz) were
applied to clear the data from the high and low frequency noise; and v) optical density data
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were converted in concentration changes and used for the analysis. A detailed description of
the utilised pipeline values for data processing, also including the MATLAB script, is available
as supporting information (S2 Table). The average changes in O,Hb and HHb, during Go and
No-Go blocks, were calculated and used for data analysis. These values were extracted between
10 and 30 seconds of each test block, to account for the delay in the haemodynamic response
time [71].

Secondary outcomes. Sitting, standing, stepping patterns. Children were fitted with an
activPAL™ accelerometer for two school days at baseline, mid-trial and at the end of the trial,
to capture their sitting, standing, and stepping patterns on typical school days. Assessment
days excluded physical education or school sport timetabling, to avoid the confounding effect
of those activities. Two researchers fitted the monitors on the child’s front thigh, using an
adjustable elastic band, at the beginning of the school day (before 9:30 am) and instructed the
children to keep them on their thigh throughout the school day and to return the monitors to
the teachers at the end of the school day (3:30 pm). Researchers collected the monitors at the
end of each school day and downloaded the data at the end of each second day. The average
daily sitting, standing, and stepping time, sit-to-stand transitions, frequency of and time spent
in sitting bouts greater than 5 min and greater than 20 min, and total step count during school
time and class time were calculated using a previously designed MS® Excel Macro (Microsoft
Corporation, Redmond, WA, USA) and STATA 15.0 (Stata Statistical Software, Release 15,
StataCorp LLC, College Station, TX, USA). Class/school data collected for at least one of the
two school days of measurement at each time point was identified as valid using a 50% wear
time criterion [72]—consecutive zeros for 20 min or more were identified as non-wear time
[73]. To allow the comparison between children with different wear times, each variable was
standardised according to wear time.

On-task behaviour. Systematic observations of children’s on-task behaviour were conducted
by two trained observers in one classroom per intervention/control group, selected at random
at each time point (baseline, mid-trial, and end of trial). This required a researcher to sit qui-
etly in a corner of the classroom for an hour and to observe six consenting children (selected
at random) following the prompts coming from a previously recorded audio file. Each child
was observed for 10 seconds, after which the observed behaviour was noted down (5 seconds).
After four consecutive observation intervals the next child was observed. This method has
been previously used successfully in the classroom [74]. An inter-observer reliability between
the two observers was calculated following the method suggested by Mahar [74], revealing an
overall percentage of agreement of 91.1%.

Each observable child’s behaviour was described and grouped into four categories hereafter
summarised: i) on-task behaviour (the child’s focus is on the task assigned by the teacher); ii)
off-task noise (the child is not focused on the work assigned by the teacher, he/she is talking,
etc.); iii) off-task motor (the child is not focused on the work assigned by the teacher, he/she is
walking around, etc.); or iv) off-task other (the child is not focused on the work assigned by
the teacher, his/her behaviour is a combination of 2 and 3 or something different). For an
interval to be scored as on-task, the behaviour being observed should have persisted for the
entire interval (i.e., whole interval recording). Instead, in the case of off-task behaviour, we
adopted the partial interval recording, where the behaviour is scored as oft-task if it occurs at
all during the interval. Whilst this behaviour is recorded as per instrument protocol, in the
analysis we treated on-task behaviour as a dichotomous variable (i.e., on-task/off-task).

Data were collected at each time point with one randomly selected classroom per group
condition (six consenting children also selected at random in each classroom) for two conse-
cutive 30-min periods of academic instruction. The academic instruction was uninterrupted
for all groups at baseline. At mid-trial and end of trial the intervention groups had an active
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break in between the two observation periods, the control continued with the uninterrupted
academic practice.

Children’s enjoyment and physical/mental effort. At end of trial, children who were in the
intervention arms completed a modified version of the Physical Activity Enjoyment Survey
(PACES) [75], designed to understand their enjoyment related to the active breaks. The
PACES was modified by replacing the first sentence (i.e., “When I am active. . .”) with “When
I do active breaks in the classroom. . .”, to allow children to direct their answers towards the
active breaks instead of general physical activity. To test whether the manipulation of physical
and mental components of the active breaks reflected the researcher’s assumptions: (i) chil-
dren’s perceptions regarding the physical effort required to participate in the active breaks was
assessed using a pictorial scale for physical exertion valid for use in children [76]; (ii) using a
similar approach, a pictorial scale to measure mental effort was used by researchers to test the
successful manipulation of cognitive engagement in the two active conditions, as previously
done by Schmidt et al. [45].

Intervention fidelity. The differences by study group on children’s sitting, standing, and
moving patterns over time during class/school periods were used to assess teacher’s adherence
to the program. Additional information was retrieved from teachers’ activity logs, which were
designed to allow teachers to record the number and type of active breaks performed on each
trial day.

Statistical analysis

Preliminary analysis. Summary statistics of the sample demographic information, sitting
pattern, cognitive performance, and DL-PFC haemodynamic response were calculated. Differ-
ences by study group in demographic characteristics (i.e., age, sex, reported medical/develop-
mental condition, primary language spoken at home) were calculated using Analysis of
Variance (ANOVA) or % test according to the nature of the data. The outcome variables of
the main analysis (all continuous) were assessed for normality with histograms, Q-Q plots and
by examining skewness and kurtosis values. A visual inspection of the haemodynamic
response and the concurrent change in cognitive performance was conducted prior to further
analysis.

Main analysis. Separate linear mixed models were conducted to investigate the effects of
being part of a study group on each cognitive or DL-PFC haemodynamic response outcome.
For each model, the relative change between baseline and end of trial was used as an outcome
measure. All models were adjusted for sex and age—commonly identified as potential factors
affecting cognitive functions, physical activity, and sedentary behaviour—and the baseline
value of the outcome variable—to avoid regression to the mean [77]—and accounted for the
random effects of classroom as a clustering variable. The models examining DL-PFC haemo-
dynamic response were also adjusted for the performance change score in the cognitive task,
to account for the variability in haemodynamic response that could be explained by a change
in cognitive performance. A measure of effect size (Cohen’s f*) was provided for fixed effects
of the study groups, which was calculated according to the method described by Selya et al.
[78]. This operation requires dividing the proportion of variance explained by the predictor of
interest by the residual variance not explained by the model. Convetionally, the effects are con-
sidered small for f* = 0.02, moderate for f* = 0.15 and large for f* = 0.35 [79]. Based on the
observed effect size for each of the main outcomes, the actual sample size, and an o error prob-
ability = 0.05, a post-hoc power analysis was conducted to determine the attained power (1 —f
error probability), also considering the design effect correction required to account for the
random effects of class as a clustering variable. The design effect was calculated using the
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formula: 1 + [(CV2 + 1) x n— 1] x (ICC), where CV indicates the coefficient of variation for n;
n is the number of students in each classroom (cluster); and ICC is the intraclass correlation
coefficient from the linear mixed models.

Secondary analysis. To test fidelity of the intervention, linear mixed models examined
the effects of the active breaks on the change values in sitting, standing, and stepping patterns
across class time and school time. Additionally, teachers’ activity logs were inspected.

Following the method for mediation outlined by VanderWeele [80], we tested whether the
effects of the intervention on cognition/DL-PFC haemodynamic response could be mediated
by the change in sitting, standing, and stepping time. We fitted one linear regression for each
outcome and one for each mediator, and used the coefficients resulting from each of these mod-
els to calculate the direct, indirect, and total effects of each mediator on each outcome variable.
We also tested the existence of an interaction between exposure and mediator, to see if the
effects of the exposure on the outcome differed at different levels of the mediators. We tested
each intervention condition (cognitively engaging/simple active breaks) against the control and
adjusted all models for children’s sex and age; DL-PFC haemodynamic response was also
adjusted for the change in cognitive performance over time. The analyses were conducted using
STATA® 15.0 and the module PARAMED [81]. One of the advantages of this using PARA-
MED is that it allows to test the effects of interaction terms in the mediation model. As sug-
gested by Hayes [82], we used bootstrapping (based on 1,000-sample bootstraps) to calculate
bias-corrected 95% confidence intervals (CI) of the estimated direct, indirect, and total effects.

On-task behaviour data was summarised descriptively across the observation periods by
group. We used multilevel generalized linear models to investigate the difference for children
in the intervention groups in the odds of being observed on-task in the two consecutive
30-min periods compared to those in the control group, at each study time point. Post-trial
data on children’s enjoyment was presented descriptively and analysed using independent-
samples t-test, to investigate possible differences in children’s enjoyment of the two different
interventions. To investigate whether researchers successfully manipulated the physical and
cognitive components of the active breaks independent t-tests were also used to examine dif-
ferences between the active break conditions on children’s perceptions of the physical and cog-
nitive effort in relation to the active breaks. All the analyses were conducted using STATA
15.0.

Results
Demographic information

A maximum of 141 children aged between 6 and 8 years (46.1% girls) were included in the
main analyses. The sample size varied for the different outcomes. A total of 15 children were
reported to have a medical or developmental condition including asthma (n = 3), sensory pro-
cessing disorder (n = 2), dyslexia (n = 2), attention-deficit/hyperactivity disorder (n = 2),
autism spectrum disorder (n = 2), speech delay (n = 1), hypercalciuria (n = 1) and global devel-
opmental delay (n = 1); one condition was not specified by parents/guardians. Since such con-
ditions may have modified the effects on the main outcome, the results of the main analysis
without those children have also been reported. No participants were excluded based on their
adherence to the program. Children’s summary statistics are presented in Table 1 and parental
characteristics are in Table 2.

Main analysis

Outcome variables appeared approximately normally distributed. A preliminary inspection of
the DL-PFC haemodynamic response and the related cognitive performance suggested that
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Table 1. Demographic characteristics of children included in the main analysis.

Children’s characteristics Control Simple Cognitively engaging Total P-value
N 43 46 52 141
Age in years at baseline, M (SD) 7.7 (0.6) 7.7 (0.6) 7.6 (0.6) 7.7 (0.6) 0.82
% Girls 44.2 41.3 51.9 46.1 0.55
% Medical/developmental condition 11.6 15.6 5.8 10.7 0.29
% Primary language: English 97.7 87.0 90.4 91.5 0.18

P-values were calculated using Analysis of Variance (ANOVA) or x” test according to the nature of the data.

https://doi.org/10.1371/journal.pone.0253733.t001

both intervention groups showed lower cerebral activity and improved response time at the
cognitive task compared to the control, by the end of trial (Fig 3).

The results of the main analysis are displayed in Fig 4.

By the end of trial, children in the cognitively engaging intervention showed a significant
reduction in the response time at the response inhibition task (approximately —15.40 ms),
while maintaining accuracy at the same level (Table 3). Additionally, children in this group
showed a significant reduction in attentional lapses (approximately -7.97 ms). Neither
response inhibition nor lapses of attention improved significantly by the end of trial for

Table 2. Demographic characteristics of parents.

Socio-economic characteristics Control group Simple Cognitively Total
intervention engaging
intervention
P1 P2 P1 P2 P1 P2 P1 P2

n 43 43 45 45 49 52 137 140
Country of origin

% Australia 67.4 76.2 68.9 70.5 63.3 71.4 63.3 72.6

% Other 32.6 23.8 31.1 29.5 36.7 28.6 36.7 27.4
Parental education

% University or tertiary education 90.7 97.7 70.5 80.0 77.6 76.4 79.4 84.3

% Other * 9.3 2.3 29.5 20.0 22.4 23.1 20.6 15.7
Parental employment status

% Employed full time 76.7 34.9 84.1 22.2 87.8 21.2 83.1 25.7

% Employed part time 11.6 58.1 6.8 48.9 8.2 46.2 8.8 50.7

% Other © 11.6 14.0 11.4 31.1 6.1 34.6 8.8 26.4

Parental combined income

n 40 40 49 129

% < AUD 30,000 - 2.5 6.1 3.1

% AUD 30,000-59,000 5.0 7.5 14.3 9.3

% AUD 60,000-119,000 10.0 15.0 14.3 13.2

% AUD 120,000-180,000 37.5 40.0 34.7 37.2

% > AUD 180,000 47.5 35.0 30.6 37.2

P1, Father / guardian; P2, Mother / guardian.

# Primary school; some high school; completed high school; technical/trade certificate/apprenticeship; not applicable.
® The number of responses may exceed the number of respondents due to multiple responses allowance for this field.
“ Home-duties full time; unemployed/unpaid; student; not applicable. Percentages may not sum up to 100 due to
rounding. The total number of responses for each characteristic might not equal the total number of responses

because missing responses have not been reported.

https://doi.org/10.1371/journal.pone.0253733.t002
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Fig 3. Left dorsolateral prefrontal cortex haemodynamic response and related cognitive performance at the end of
trial. (A) Unadjusted average haemodynamic response (oxy- and deoxy-) during a Go/No-Go task at the end of trial
by study group; (B) Performance at the Go/No-go task completed during the fNIRS assessment; group marginal

means * standard error calculated following linear mixed models adjusted for the baseline performance at the task, sex,
age, and for the random effects of classroom as a clustering variable. Note that lower response time (RT) and/or higher
accuracy (ACC) are indicative of better performance at the cognitive test.

https://doi.org/10.1371/journal.pone.0253733.g003

children in the simple intervention or the control group. Working memory significantly
improved in all groups by the end of trial, compared to baseline. However, neither intervention
significantly affected children’s working memory, compared to control. For children’s DL-PFC
haemodynamic response, from baseline to end of trial the control group showed a significant
increase in O,Hb (approximately +3 x 10™°” mol/L) and decrease in HHb (approximately
-1 x 10~ mol/L), while maintaining the cognitive performance at the same level. Compared to
the control, the cognitively engaging group showed a significantly greater positive change in
HHb compared to the control (B = 1.53 x 107°” mol/L, 95% CI [0.17 x 107, 2.90 x 10™%"],
p = 0.028). On the other hand, the effects of the simple intervention on O,Hb approached sig-
nificance (B = -3.20 x 107" mol/L, 95% CI [-6.54 x 10~ 0.15 x 10~"7], p = 0.061; simple
intervention < control). Detailed results of the main analysis are available in Table 3.

When excluding the participants with medical conditions or developmental disorders
(n = 15), both intervention groups show significant differences in the change in HHb com-
pared to the control (simple intervention: B = 1.54 x 10~°” mol/L, 95% CI [0.16 x 10”7,
2.91 x 107"], p < 0.05; cognitively engaging intervention: B = 1.62 x 10~°” mol/L, 95% CI
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Fig 4. Effects of cognitively engaging and simple active breaks, and usual school practice, on children’s cognitive functions and left dorsolateral prefrontal
cortex haemodynamic response. The graph shows the adjusted marginal change score means + standard error for each study group—for the entire sample and
for children who were not reported to have a medical or developmental condition. Inverse efficiency score (IES); response time (RT); accuracy (ACC); dorsolateral
prefrontal cortex (DL-PFC).

https://doi.org/10.1371/journal.pone.0253733.g004

[0.28 x 107%7,2.95 x 107%], P < 0.05) and the simple active breaks also showed a significant
reduction in the relative change of O,Hb compared to the control (B = -3.95 x 10~ mol/L,
95% CI [-7.55 x 1077, -0.36 x 10~""], p < 0.05).

The observed effects of the study groups were negligible for working memory and lapses of
attention (both £ < 0.01), small for inhibition inverse efficiency score, response time and accu-
racy (f = 0.04, f = 0.02 and f* = 0.02, respectively) and small to moderate for DL-PFC haemo-
dynamic response (oxy: £ = 0.05; deoxy: f° = 0.07). A post-hoc analysis of the sample size
revealed that the attained power was below the conventional 0.80 threshold for all main out-
comes (1 —-B < 0.55). The design effect did not influence most of the outcomes (< 2 conven-
tionally indicated as the value below which the clustering in the data must not be accounted
for), except for lapses of attention that showed a design effect of 2.73.
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Table 3. Intervention effects for cognitively engaging and simple active breaks compared to usual practice on children’s cognitive functions and DL-PFC haemody-
namic response *.

Outcome Baseline-End of trial (B [95% CI]) Intervention Effect (B [95% CI]) Residuals ICC
variables Control Simple active Cognitively Simple active Cognitively Cognitively (ICC 95% CI]
breaks engaging active | breaks vs Control |engaging active engaging vs Simple
breaks breaks vs Control | active breaks

Cognitive functions

Response 20.61 [-21.53, 35.17 [-5.50, -29.42 [-67.78, 14.55 [-44.00, -50.03 [~107.20, -64.59 * [-120.58, | 1.43x 107
inhibition IES (A | 62.75] 75.83] 8.94] 73.11] 7.14] -8.60] [1.43x 107",
ms) (n = 141) 1.43x 107"
Response time | -5.92 [-16.24, 4.39] | -6.19 [-16.24, ~15.40 ** [-24.77, | -0.27 [-14.77, -9.47 [-23.40, 4.45] | -9.20 [-23.02, 2.71 x 10722
(A ms) (n=141) 3.85] -6.03] 14.23] 4.61] [2.71 x 107,
2.71 x 10723
Accuracy(A %) | -2.15 [-6.64,2.33] | -3.31[-7.65,1.03] | 1.12[-2.98,5.22] | -1.16 [-7.39,5.08] | 3.27 [-2.81,9.36] 443 [-1.57,10.43] | 3.12x 1072
(n=141) [3.12x 1073,
3.12x 10717
Lapses of -1.91[-8.82,5.01] | -0.77[-8.33,6.80] | —=7.97 * [-14.89, - | 1.14 [-9.12,11.39] | -6.07 [-15.87,3.73] | -7.21 [-17.45, 0.11 [0.02, 0.37]
attention (1) (A 1.06] 3.04]
ms) (n = 141)
Working 5.00 ** [1.72,8.28] | 6.95 ** [2.97, 5.32 ** [1.47, 1.95[-3.26,7.15] | .32[-4.73,5.36] -1.63[-7.17,3.91] | 6.40 x 1072°
memory (A 10.93] 9.16] [6.40x 107%°,
score) (n = 77) 6.40x 10729
DL-PFC haemodynamic response
O,Hb (Amol/L) | 2.71x 10797 * -048%x 1077 [- |120x107" [- -320%x 107 [- -1.51x 107 [ 1.68 x 107 [- 123x107%
(n=67) [0.30 x 10777, 2.76 x 107, 1.10x 1077, 6.54x 107, 4.92%x107Y, 1.58 x 107", [1.23 x 10723,
5.13 x 107 1.79 x 107%] 3.50 x 107%] 0.15 x 1077 1.89 x 107%7] 4.94x107"] 1.23 x 1072
HHb (Amol/L) | -1.15x107%*[- | -014x107[- |0.38x107% [- 1.01 x 1077~ 1.53x107%7 %, -0.52x 107 [- 9.39 x 107
(n=67) 2.13%x 107, - 1.06 x 1077, 0.54x 1077, 0.35x 107, [0.17 x 107, 0.78 x 1077, [9.39 x 107,
0.17 x 1077 0.78 x 107%] 1.30 x 107%7] 237 x 1077 2.90 x 107%] 1.82x 107 9.39 x 107

DL-PFC, dorsolateral prefrontal cortex; CI, confidence interval; ICC, intraclass correlation coefficient; IES, inverse efficiency score; O,HB, oxy-haemoglobin; HHB,
deoxy-haemoglobin.

? Results of the main analyses using mixed models adjusted for sex, age, and baseline outcome value, and clustered at the classroom level; DL-PFC haemodynamic
response models were also adjusted for the related cognitive performance. Being an inverse score, a lower IES indicates better cognitive performance.

*p<0.05

**p<0.01.

https://doi.org/10.1371/journal.pone.0253733.t003

Secondary analysis

Sitting, standing, stepping patterns. Mid-trial. The complete results of the analysis of sit-
ting/standing/stepping patterns are available in S3 Table. Linear mixed models revealed no sig-
nificant differences within or between groups in the change in class time spent sitting or
stepping, at mid-trial. However, a significant reduction in the time spent in bouts of sitting
greater than 5 or 20 minutes emerged for the control group (approximately -30 min and -33
min, respectively) and for children doing the simple active breaks (approximately —21 min and
-17 min, respectively), but not for the cognitively engaging active breaks group. Compared to
the control, the cognitively engaging active breaks appeared to have produced a significant
negative effect (i.e., difference in the changes values) on sitting in bouts greater than 5 min
(B =35.69 min, 95% CI [12.20, 59.19], p = 0.003) and 20 min (B = 28.80 min, 95% CI [9.12,
48.49], p = 0.004).

There was a significantly higher number of in-class sit-to-stand transitions at mid-trial com-
pared to baseline for the control (approximately +9) and the simple intervention (approximately
+7), but not the cognitively engaging group. This resulted in a negative effect of the cognitively
engaging intervention on sit-to-stand transitions compared to the control (B = -10.28, 95% CI
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[-14.71, -5.85], p < 0.001). Moreover, the cognitively engaging intervention group showed a sig-
nificant reduction in the class time spent standing at mid-trial compared to baseline (B = -6.25
min, 95% CI [-12.18, -0.32], p = 0.039), although the overall effect of this reduction was not sig-
nificant compared to the control group.

Similar results were found in the change values between baseline and mid-trial during
school time (i.e., including recess and lunch).

End of trial. By the end of trial, the control group showed a significant increase in class time
sitting compared to the baseline value (approximately +11 min), while this appeared relatively
stable for both the intervention groups (S3 Table). Thus, the difference in the change values in
class time sitting between the simple and the control group (B = -13.53 min, 95% CI [-26.59, -
0.48], p = 0.042) and between the cognitively engaging intervention and the control group (B =
-13.47 min, 95% CI [-26.22, -0.71], p = 0.038) appeared both statistically significant, showing
a positive effect of interventions. Similarly, the control group spent significantly more time in
sitting bouts greater than 20 min (approximately +15 min) compared to baseline, whereas
no significant differences emerged for the intervention groups. Thus, the simple intervention
(B =-23.94 min, 95% CI [-41.79, -6.09], p = 0.009) and the cognitively engaging intervention
(B =-18.93 min, 95% CI [-36.22, -1.63], p = 0.032) had a positive effect on sitting for more
than 20 min, compared to the control.

All groups showed significant increases in the number of class time sit-to-stand transitions
performed at end of trial compared to baseline, therefore no significant differences emerged
from a between-group comparison. The cognitively engaging intervention spent significantly
more class time stepping (approximately +2 min) and accumulated a significant higher num-
ber of steps (approximately +173 steps), at the end of trial compared to baseline. This resulted
in positive effects of the cognitively engaging intervention on stepping time and total step
count (B =3.78 min, 95% CI [0.64, 6.92], p = 0.018 and B = 264.86 min, 95% CI [67.16,
462.56], p = 0.009, respectively) compared to the control group.

Mediation analysis. Since we did not find significant indirect effects for lapses of atten-
tion, working memory or DL-PFC haemodynamic response we have only reported the effects
of the study conditions on response inhibition IES (Table 4). For both intervention conditions
compared to the control, we found significant natural indirect effects (NIE) on the baseline-
end of trial change in response inhibition IES mediated by sitting/standing time, with the cog-
nitively engaging condition showing greater effects (NIE = -31.26, 95% CI [-93.52, -1.11],

p =0.036, and NIE = -26.28, 95% CI [-74.54, -2.60], p = 0.048, respectively; Fig 5) than simple
active breaks condition (NIE = -15.63, 95% CI [-46.76, —-0.56], p = 0.036, and NIE = -13.14,
95% CI [-37.27, -1.30], p = 0.048, respectively).

While the effects on response inhibition were apparently only explained by the indirect
pathways (i.e., no significant direct effects were observed), the cognitively engaging interven-
tion showed significant exposure-mediator interactions with the change in time spent sitting
or standing, meaning that the effects of cognitively engaging active breaks on response inhibi-
tion varied according to the varying levels of change in sitting/standing time (Fig 6).

On-task behaviour. Table 5 presents the percentages of observation rated as on-task in
each observation period divided by group. The results of the multilevel generalised linear
mixed models (Table 6) show that, relative to the control group, the simple active breaks group
had an 87% reduction in the odds of being observed on-task in the second 30-min observation
period compared to the first (odds ratio [OR] = 0.13, 95% CI [0.05, 0.31], p = 0.001), at base-
line. No statistical differences were noted between the control and the cognitively engaging
group at this time point. At mid-trial, the simple active breaks group had 60% lower odds than
the control of being observed on-task during the second in-class observation period compared
to the first (OR = 0.40, 95% CI [0.18, 0.93], p < 0.05); the differences between the control and
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Table 4. Direct, indirect, and total effects of cognitively engaging/simple active breaks on response inhibition.

Mediators

Without
interaction term

Sitting time
change

Standing time
change

Stepping time
change

With interaction
term

Sitting time
change

Standing time
change

Stepping time
change

Without
interaction term
Sitting time
change
Standing time
change

Stepping time
change

P-value (exposure-
mediator interaction)

0.002 *

0.003 *

0.078*

NDE

-5.29 [-74.67,
63.68]

-10.46 [-
79.37, 55.53]

2474 [~
92.34, 41.74]

27.57 [-51.91,
114.33]

5.98 [-67.07,
84.47]

15.34 [-70.55,
116.89]

-2.64 [-37.33,
31.84]
-5.23 [-39.68,
27.76]

~12.37 [-
46.17, 20.87]

Response Inhibition IES, coefficient [bootstrapped 95% CI]

NIE

-31.26 * [-93.52,
~1.11]
-26.28 * [-74.54,
-2.60]

-11.34 [-63.11,
14.33]

~71.35*% [~
177.91, -20.79]
-60.02* [~
147.40, -19.21]

-36.77 [-131.49,
15.03]

TE

Cognitively engaging vs Control

-36.55 [-
113.49, 33.16]
-36.74 [-
114.49, 32.32]

-36.08 [~
113.49, 33.16]

-43.78 [-
122.29, 22.20]

-54.04 [~
132.99, 11.34]

-21.43 [-89.84,
42.83]

Simple intervention vs Control

~15.63 * [-46.76,
-0.56]
-13.14* [-37.27,
~1.30]

~5.67 [-31.56,
7.16]

-18.28 [-56.74,
16.58]

-18.37 [-57.24,
16.16]

~18.04 [-56.74,
16.58]

CDE (mediator -
1SD)

-158.19 * [-282.33,
-58.87]

90.15 [-7.21,
185.71]

64.56 [~74.89,
237.42]

CDE (mediator

M)

-27.21 [-100.58,
35.58]

-41.01 [-114.47,
19.63]

~13.24 [-85.49,
55.91]

CDE (mediator
+1SD)

103.78 [-1.78,
212.24]

-172.16 * [-301.00,
-71.56]

-91.65 [-236.07,
27.04]

IES, inverse efficiency score; CI, confidence interval; NDE, natural direct effect; NIE, natural indirect effect; TE, total effect; CDE, controlled direct effect; SD, Standard

deviation; M, mean. A negative change in IES is indicative of improved performance at the cognitive task. All models were adjusted for adjusted for child sex and age.

For the simple active break intervention, the models with exposure-mediator interactions were not reported as all the interactions were not significant.

*p=0.05-0.10
*p < 0.05.

https://doi.org/10.1371/journal.pone.0253733.t1004

the cognitively engaging group during the two observation periods appeared not statistically
significant at this time point. Although teachers were supposed to break up the lesson with an
active break at this time point, the observers noted that the active breaks were not conducted
between the two consecutive in-class observations. At the end of trial, the simple active breaks
and the cognitively engaging group showed higher odds than the control (127% and 178%,
respectively) of being observed on-task during the second in-class observation period, com-
pared to the first (OR =2.27, 95% CI [1.02, 5.08], p < 0.05 and OR =2.78, 95% CI [1.16, 6.66],
p < 0.05, respectively). This time, the active breaks were conducted between the two in-class

observations as per intervention intention.

Children’s enjoyment, and physical/mental effort. At post-intervention, children in
both intervention groups reported high levels of enjoyment related to the active breaks (simple
intervention: mean [M] = 4.19, standard deviation [SD] = 0.5; cognitively engaging interven-
tion: M = 4.18, SD = 0.58; max possible score = 5), which did not appear different by group
(t(93) = 0.1, p = 0.92). Similarly, the levels of physical exertion reported by children in the sim-
ple active breaks (M = 2.54, SD = 2.61) were comparable to the ones reported by the cogni-
tively engaging group (M = 2.80, SD = 2.41), t(93) = —-0.50, p = 0.62. Children in the simple
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Change in class time
stepping

Change in class time
standing

Change in class time

sitting
Cognitively engaging n.s. »|  Response inhibition
active breaks (inverse efficiency score)
Total effect: n.s.

Confounders
Sex

Age

Fig 5. Mediated effects of cognitively engaging active breaks on response inhibition inverse efficiency score via
changes in sitting, standing, and stepping time. Natural indirect effects (NIE) of cognitively engaging active breaks
on response inhibition. Results are presented as B (95% CI). Significant effects in bold. Natural direct effects (NDE)
and total effects were non-significant (n.s.).

https://doi.org/10.1371/journal.pone.0253733.9005

intervention group reported similar levels of cognitive engagement (M = 2.27, SD = 2.88)
to what was expressed by children in the cognitively engaging group (M = 2.47, SD = 2.00),
t(93) = -0.39, p = 0.69.
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Fig 6. Interactive effects of the cognitively engaging active breaks at different levels of sitting (A) and standing time
change (B). The solid lines represent the estimated values. The dotted lines show the upper and lower bootstrapped
95% confidence intervals. A response inhibition inverse efficiency score (IES) change is indicative of improved
performance at end of trial compared to baseline. The plots show that when there was a reduction in the time spent
sitting or an increase in the time spent stepping (by the end of trial compared to baseline) children doing the
cognitively engaging active breaks had a significant positive effect on response inhibition (i.e., negative change in IES
score). Conversely, the opposite effect was observed in case of a change in sitting time greater than +1 standard
deviation (SD) (i.e., baseline-end A > 27.2 min) or a change in standing time lower than -1SD (i.e., baseline-end

A < -23.2 min).

https://doi.org/10.1371/journal.pone.0253733.9006
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Table 5. Percentage of observations rated as on-task across the observation periods by group.

Group Baseline Mid-trial End of trial
30-min pre 30-min post 30-min pre 30-min post 30-min pre 30-min post
Control (%) 64.2 74.6 70.0 78.2 75.0 51.1
Simple (%) 87.1 59.1 77.5 68.1 63.3 56.7
Cognitively engaging (%) 68.3 68.3 76.7 75.8 79.5 78.3

At each study time point (baseline, mid-trial, end of trial), two consecutive 30-min in-class observations (pre- post- observation periods) were conducted. During each
observation period, six children from one classroom per study group were systematically observed during their lesson for 20 intervals per child (each lasting 10 seconds).
The observer marked each interval as on-task or off-task depending on children’s behaviour during the interval.

https://doi.org/10.1371/journal.pone.0253733.t005

Intervention fidelity. Activity logs were collected from teachers and suggested that most
activities were implemented as prescribed. However, the analysis of children’s sedentary pat-
terns suggested that significant changes were only observed by the end of trial and not at mid-
trial. It is possible that this finding is reflective of the time teachers need to familiarise with
new activities before implementing them regularly.

Discussion

The primary aim of the study was to investigate the effects of simple and cognitively engaging
active breaks on children’s cognitive functions and DL-PFC haemodynamic response. To our
knowledge, this is the first study to have ever tested any type of classroom-based physical activ-
ity on children’s response inhibition, lapses of attention and DL-PFC haemodynamic
response.

The results from mixed models showed that simple or cognitively engaging active breaks
conducted for six weeks did not significantly affect children’s cognitive functions compared to
the usual practice control group, although within group improvements in response inhibition
response time and lapses of attention were noted for children in the cognitively engaging inter-
vention by the end of trial. Our fNIRS data showed that children in the control condition
showed significant reductions in HHb and O,Hb over time, whereas no significant changes
were observed for the intervention groups. A significant positive effect of the cognitively chal-
lenging active breaks was observed on HHb compared to the control group. As hypothesised,
we expected children in these groups to show a greater reduction in O,Hb or increase in HHb
change levels compared to the control group, under the same level of cognitive performance.
This is suggestive of more efficient neural activity in the DL-PFC due to the lower level of met-
abolic resources (haemodynamic response) necessary to achieve the same level of cognitive

Table 6. Results from generalized linear mixed models clustered at the individual level, conducted to investigate the group differences in the odds ratios of being
observed on-task during two consecutive in-class observations at each time point.

Predictor Baseline Mid-trial End of trial
OR [95% CI] P-value OR [95% CI] P-value OR [95% CI] P-value
Simple active breaks * 0.13 [0.05,0.31] 0.001** 0.40 [0.18, 0.93] 0.033* 2.27 [1.02, 5.08] 0.045*
Cognitively engaging breaks * 0.61 [0.28, 1.34] 0.218 0.62 [0.27, 1.44] 0.268 2.78 [1.16, 6.66] 0.022*

OR, odds ratios; CI, confidence interval.

* Coefficients represent the difference in odds ratio of being observed on-task for each intervention group against the control between two consecutive 30-min
observation periods at each study time point.

*p < 0.05

“* p <0.01

https://doi.org/10.1371/journal.pone.0253733.t006
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performance [66]. There was a marginally significant negative change in O,Hb for the simple
active break intervention only, but the current finding of a greater positive change in HHb for
the cognitively engaging intervention carries the same meaning in terms of efficiency.
Although the right DL-PFC has been previously indicated as the neural substrate of inhibition
[83], a study conducted in adults revealed that better efficiency at the Go/No-Go task was cor-
related with left-hemispheric dominance of the DL-PFC [84], demonstrating a neural basis of
this connection. Some researchers have hypothesised that the left-hemisphere may have a sup-
porting role during complex inhibition tasks that fully engage the right-hemisphere [85], or
simply help right DL-PFC to direct the attention on the tasks that requires inhibition [86].

It is, however, unlikely that a clear lateralisation of the DL-PFC exists in young children,
considering that previous research suggested that the development of the DL-PFC occurs
throughout childhood though to early adulthood [87,88]. Thus, it is possible that the left and
right DL-PFC act in unity as the neural substrate of response inhibition in children. Patterns
of O,Hb and HHDb often appear in alternation, meaning that an increase in O,Hb is accompa-
nied by a reduction in HHb and vice versa [66]. Also, the algorithms used to calculate O,Hb
and HHD are based on different wavelengths (usually 760 and 850 nm, respectively) [66]. The
resulting signals in response to neural activity typically show more sensitive changes in O,Hb
compared to HHb [66]. However, the HHD signal was found to have better spatial specificity
compared to O,Hb [89], which might partially explain our significant findings in relation to
the HHb but not O,Hb. Despite the absence of statistical significance, the results of the mixed
models show that both active conditions, compared to the control, had negative average
changes in O,Hb (although not statistically significant) and positive average changes in HHb
(only significant for the cognitively engaging group) while controlling for the cognitive perfor-
mance at the concurrent cognitive test, which aligns with our hypothesis of improved DL-PFC
efficiency for children in the cognitively engaging intervention. Thus, our findings on DL-PFC
haemodynamic response partially confirms the “cognitive stimulation hypothesis”, according
to which the effects of cognitively engaging physical activity might be greater than simple activ-
ities because they activate the same brain area involved in higher-order thinking [9,90,91].

While some studies have shown that active breaks can lead to improvements in children’s
attention [43,44,92,93], executive functions [43], and academic achievement [e.g., 94], our
findings only partially supported evidence of cognitive benefits from active breaks. Only three
studies have examined the effects of cognitively engaging active breaks to investigate the effects
on primary school children’s cognition/learning [45,56,57]. Schmidt et al. [45] tested the acute
effects of four 10-min types of classroom-based active breaks (i.e., high-high, high-low, low-
high, and low-low orthogonal combinations of physical and cognitive engagement) on atten-
tion and processing speed, finding that cognitive engagement was the only factor positively
related to the cognitive outcomes. A more recent acute study [57] adopted a similar approach
to explore the acute effects of 6-min active breaks with different levels of physical and cognitive
engagement on children’s executive functions, and found that cognitive engagement could
deteriorate children’s cognitive performance in shifting (i.e., one of the executive functions),
with no effects found on other executive functions (i.e., inhibition and working memory).
Interestingly, another recent study from the same authors [56] tested the chronic effect of
10-min active breaks over 20 weeks finding that cognitively engaging active breaks may have a
positive acute effect on children’s shifting ability; no effects were found on inhibition or work-
ing memory. Whilst we also did not find effects on working memory, our study provided evi-
dence that active breaks can enhance response inhibition. It is important to note that the
measure of inhibition used in Egger and colleagues’ studies [56,57] was a task designed to
assess the participant’s ability to stay focused on a visual cue when some interfering cues are
presented (inhibition of interference). Instead, we assessed the ability to refrain responses
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when required (response inhibition), which represents a different facet of the construct of
inhibitory function [3].

As highlighted above, active breaks, including cognitively engaging classroom-based strate-
gies, can facilitate certain aspects of children’s cognitive functioning and facilitate children’s
learning. However, collectively, the effects of this approach on children’s attention and execu-
tive functions still unclear. Perhaps, this might be explained by the recent review by Mavilidi
et al. [95], who proposed a combination of the effective findings from exercise and cognition
research with the embodied cognition approaches. Exercise and cognition research is focused
on the acute/chronic effects of exercise on cognitive functions, using high intensity physical
activities that are normally of low relevance in the educational context (e.g., running). On the
other hand, embodied cognition research is generally characterised by the use of low intensity
gestures, which are highly relevant to the learning outcome of interest (e.g., the enactment of a
concept using movement). Mavilidi et al. [95] proposed a joint classification of exercise and
cognition studies and embodied cognition studies by referring to two dimensions: the extent
to which physical activities are integrated with and relevant to learning subjects. Thus, it is pos-
sible that the different levels of integration and relevance of the cognitively challenging activi-
ties presented above provide some justification for the different findings. A blend of the best
qualities of the two approaches could combine the physiological and cognitive stimulation and
may result in activities that support children’s cognitive development and learning outcomes
more than traditional approaches. This, however, would need to be tested empirically in a lab-
oratory as well as in an ecological learning context to be confirmed.

No studies have previously explored whether the effects of active breaks on cognition could
be mediated by a change in the time spent sitting, standing, or stepping. Although the results
from our main analysis provided limited evidence of the effects of the interventions on chil-
dren’s cognition, the results from the mediation models suggest that the intervention had posi-
tive effects on response inhibition via a reduction in sitting time and/or an increase in
standing time. In our study, when cognitively engaging active breaks effectively reduced class
time sitting (negative change) and/or increased standing (positive change), significant direct
and indirect positive effects on response inhibition were observed (i.e., negative change in the
IES, meaning that the performance improved over time). Conversely, an increase in time
spent sitting by more than one standard deviation from the mean (SD = 27.2 min) and/or a
reduction in the time spent standing by less than one standard deviation from the mean
(SD = -23.2 min), corresponded to worsened response inhibition performance.

Although the sitting/standing/stepping patterns did not change at mid-trial, implementa-
tion fidelity was observed by the end of the trial with significant improvements in these pat-
terns. Previous research [32,96,97] suggests that teachers perceive limited availability of time,
in an already busy curriculum, as a major barrier to the implementation of active breaks,
whereas increased confidence in implementing the program, gained through training or expe-
rience, is seen as a facilitator. Therefore, it is possible that teachers in our intervention groups
had to familiarise themselves with the active breaks and make sure to have these activities in
their schedules before being able deliver them regularly twice a day, as planned.

Previous research that examined the effects of active breaks on on-task behaviour [49-51]
generally found positive acute effects on children. By the end of the current trial, the active
conditions in our study showed significant higher odds of being observed on-task compared
to the control group. Children in the intervention groups showed similar and high levels of
enjoyment, which confirms that children generally enjoy classroom-based physical activity
[32,42]. In line with previous research [38], our study found that children doing the active
breaks reported high levels of enjoyment in relation to these activities. As hypothesised, no dif-
ferences in children’s enjoyment were noted between simple and cognitively engaging active
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breaks. The notion that a comfortable learning environment that stimulates enjoyment and
discovery can facilitate and affect cognitive functions and learning is not new [42]. Thus, our
finding regarding enjoyment may favour the use of active breaks in the classroom.

The manipulation check of the physical and cognitive effort required to participate in the
active breaks confirmed our hypothesis that the two interventions were comparable in terms
of physical intensity. Despite the fact the two interventions were designed to have different lev-
els of cognitive engagement, children’s perception of the cognitive effort required to conduct
the active breaks was comparable between the two groups. We might have failed to appropri-
ately manipulate the cognitive engagement component of the activities or, perhaps more likely,
the measure used to test cognitive engagement may not effectively measure children’s percep-
tions on this aspect, as the validity of this measure has not been tested.

One of the main strengths of this study is the employment of objective measures of sitting time
using inclinometers that are considered more suitable than other activity monitors (e.g., accelerom-
eters) in capturing sedentary behaviour patterns. Other strengths include the use of an fNIRS device
to objectively measure DL-PFC haemodynamic response and the large sample size for a brain
imaging study. Previous studies using this technique have rarely targeted children and have had
sample sizes between 20 to 50 participants [98]. Another value add of this study is the combination
of behavioural and brain activity data, which permits to examine cognition in its entirety and might
allow to explain the neural mechanisms underlying certain observed behavioural patterns.

It should be noted that this study comes with some limitations. Although we randomly allo-
cated the intervention conditions, we could not randomly assign classrooms to the control
group. Perhaps, one of the issues with recruiting schools relates to the number of assessments
that are needed to be completed. Given that the participants for this study were contacted
using convenience sampling, the findings of this study might not be generalizable to all 6-
8-year-olds. It is possible that the study was not sufficiently powered to detect significant dif-
ferences in all outcomes of interest, particularly for the cognitive tests that involved a reduced
sample (i.e., working memory and fNIRS). The post-hoc power calculation based on the
observed effects revealed that the sample size in our study was potentially small to allow us
detecting significant differences. Despite the limited power, our study detected a significant
effect of the cognitively engaging active breaks in the proportion of deoxygenated haemoglo-
bin in the left dorsolateral prefrontal cortex. Thus, it provided useful information on the higher
sensitivity of neural as compared to behavioural cognitive measures in this type of ecological
school-based intervention. Also, the provided effect sizes are useful for estimating sample size
to conduct future well-powered studies. It is worth noting that the observed effect sizes in the
main outcome were smaller than the effects generally observed in previous studies [e.g., 56],
presumably depending on implementation factors. It is possible that the breaks were too short
or not sufficiently frequent/intense to generate the expected cognitive response in children.
Indeed, the results from our mediation analysis showed that response inhibition was affected
by the active breaks depending on the extent of change in sitting and standing time elicited by
the breaks. An additional limitation is that we did not assess children’s sleep, energy intake/
diet, and weight status, which could have partially explained variability in children’s executive
functions [99,100]. It is important to note, however, that compared to the fully controlled envi-
ronment which applies to a laboratory setting, conducting real-world research has its own
complexity because of the many environmental factors that are difficult to control [101]. The
results from our working memory assessment showed that all children improved their perfor-
mance getting close to the highest possible score, suggesting that the measures used might not
be sufficiently discriminatory. Moreover, children’s sitting data were collected on days not
including physical education or school sport, to avoid the confounding effect of those activity,
but we did not use the same approach when measuring cognitive functions. To avoid excessive

PLOS ONE | https://doi.org/10.1371/journal.pone.0253733  July 14, 2021 23/30


https://doi.org/10.1371/journal.pone.0253733

PLOS ONE

Effects of cognitively engaging active breaks on cognitive functions and brain activity

disruption to the school, sitting and cognition were measured on different days within the
same week, so it is possible that children had physical education or school sport when we mea-
sured cognitive functions. This might have resulted in a small positive acute effect on chil-
dren’s cognition [102]. Another limitation is the employment of a single channel {NIRS
device, which has limited spatial resolution compared to a whole-head system.

Conclusion

Our study adds to the literature with suggestive evidence supporting the notion that cogni-
tively engaging active breaks may help to improve children’s neural activity efficiency in the
DL-PFC (neural substrate of executive functions) and response inhibition abilities. However,
neither intervention showed significant improvements in working memory or lapses of atten-
tion, compared to control. We also showed that the intervention had positive effects on
response inhibition via a reduction in sitting time and/or an increase in standing time.

Given that the traditional teaching approach is still largely sedentary [103], identifying new
ways to reduce sitting and increase physical activity in this population appears important for
children’s physical health and might also benefit their cognitive functions. Expecting children
to meet the physical activity and sedentary behaviour guidelines, might be unrealistic if they
are not also provided with opportunities to be active throughout the day. Our study and other
research suggest that active breaks are feasible to implement in primary schools [32].

Future studies could consider active breaks of longer duration or frequency, and more
aligned with the educational context, as they might show greater effects on children’s cognitive
functions. Also, it would be important to measure sleep and weight status as potential con-
founders. Randomised controlled trials with large samples using objective measures similar to
the ones we used are needed. Finally, the use of a more comprehensive cognitive assessment
batteries and multi-channel brain imaging devices are recommended.
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