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Abstract 

Background Physical activity (PA) and dietary habits (DH) play a crucial role on quality of life and health outcomes 
from various aspects.

Methods This study aims to investigate the relations between recommended daily levels of moderate to vigorous 
physical activity (MVPA) in 8 to 9 year old pupils, and their body mass index (BMI), DH, cognitive functions and atten-
tion problem scores by network analysis. Study participants were split into two groups based on their MVPA levels 
on weekdays.

Results Our findings suggest that children who reach recommended MVPA levels consume more vegetables 
and fruits, eat breakfast more frequently, have better motor speed and lower impulsivity score.

Conclusions The number of interlinkages between various parameters in network structure for children 
who do not reach recommended MVPA levels is greater and more intense, highlighting the differences 
between the groups and suggesting that different interventions and approaches to improve/change lifestyle habits 
might be used.
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Background
PA and DH are considered as the main contributors to 
children’s physical and mental development, and cogni-
tive and learning skills [1, 2]. PA and DH interact with 
each other and have to be balanced to form positive 
behaviour [3]. Childhood is a predominant and sensi-
tive period of formation of lifestyle habits that lasts into 
adulthood, thus it is important to form prudent lifestyle 
habits in children [4, 5]. Furthermore, regular PA and 
prudent food choices decrease risk of non-communicable 
diseases and increase the possibility to live a more quali-
tative life throughout the life cycle [6, 7].

We live in an age of technological development where 
children more than ever are exposed to an inactive life-
style due to new technologies and easily accessible 
inactive social life through internet [8]. Decreased PA 
increases the risk of several health issues, e.g., overweight 
and obesity, mental health problems and posture defects 
such as scoliosis. Moreover, physically inactive children 
who are overweight are more prone to have harmful 
behaviours, such as attempting suicide and developing 
addictions to alcohol and drugs [9].

Successful mental and emotional maturation requires 
individuals to develop cognitive processes and executive 
functions as motivation, ability to set goals, self-control, 
flexible thinking, time management, and organisation 
skills from early childhood while neural networks of 
executive functions are still developing [10, 11]. Appro-
priate PA maintains cognitive health throughout the life 
cycle and decreases risk of mental diseases [12]. Previous 
studies indicate that organised PA has a positive effect on 
executive functions, speech, skill to learn languages and 
in general improves academic performance [13]. Contra-
rily, a lack of PA in childhood is associated with limited 
perception and development disorders [9, 14]. Along 
with physical activities, DH play no less significant role. 
Prudent habitual dietary choice, characterised by align-
ment with food-based recommendations and consump-
tion of nutrient-dense food promotes adequate mental 
and physical development in a period of rapid growth in 
children [15].

Studies have indicated an inverse association between 
increased PA and attention problems and academic per-
formance [16], as well improved cognitive and behav-
ioural outcomes in children with attention deficit 
hyperactivity disorder (ADHD) [2, 17, 18]. Imprudent 
DH, such as high sugar and saturated fat intake, has been 
linked to an increased risk of ADHD, while, for example 
high fruit and vegetable consumption, may reduce the 
risk of such issues [19, 20]. Although ADHD is a medical 
diagnosis and is diagnosed by complex questionaries and 
interviews by clinicians, attention problems are consid-
ered as one of the ADHD symptoms [21].

Network analysis and computational models have 
gained popularity in contemporary intervention studies. 
These models help to understand the complex relation-
ship between social influences and various factors that 
impact certain health behaviours [22]. These methods 
allow researchers to collect initial data, simulate different 
interventions, and choose the most effective or cost-effi-
cient strategies to change behaviour. The current study 
aimed to evaluate an existing cross-sectional dataset for 
network relationships between recommended daily lev-
els of moderate to vigorous physical activity in children 
(8-9y), their body weight status, dietary habit, cognitive 
abilities and attention problems.

Materials and methods
Study design and participants
Cross-sectional quantitative data (baseline characteris-
tics of pupils participating in the Physical Activity and 
Children Overall Health (PACH study) were used for 
this network analysis. Convenience sampling method 
was used to recruit 1563 pupils (8 to 9 years old) from 59 
schools across Latvia. Among the participants, 53% were 
male (n = 826) and 47% were female (n = 737). Pupils par-
ticipating in the PACH study were enrolled in the "Sport 
for All Class" (SFAC) project, which ensures 5 school-
based physical education classes per week compared to 
the standard of 2 to 3 classes per week. To participate in 
the SFAC, schools had to submit an application with the 
list of participating pupils and corresponding signatures 
from their parents.

The PACH study is driven by a collaboration project 
between the University of Latvia and the Latvian Olym-
pic Committee (ZD2019/20861) that adheres to ethical 
principles for medical research involving human partici-
pants, in line with the Declaration of Helsinki 2016. The 
Ethical Committee of the Institute of Cardiology and 
Regenerative Medicine, University of Latvia approved the 
PACH study (Nr.179/2019; effective from 14.10.2019). 
Parents were required to provide written agreement 
which included an explanation on all procedures and 
possible risks, while verbal agreement was obtained from 
the participants. Participants had the right to withdraw 
from the study at any point without explanation.

Measures
Anthropometric measurements and physical activity levels
To determine (BMI, kg/m2) data on weight and height 
were collected and percentile was calculated according 
to World Health Organization (WHO) growth reference 
data for 5–19 year-old children [23].

Levels of structured PA on weekdays were determined 
by a questionnaire. Pupils’ responses were used to calcu-
late youth metabolic equivalents (METy) which represent 
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cost of PA [24]. Additionally, the study estimated the 
prevalence of pupils who met the WHO’s recommenda-
tions for moderate to vigorous physical activity (MVPA) 
on weekdays. To investigate how the network model of 
the study variables differed depending on physical activ-
ity levels in children, the next stage of data analysis was 
performed in two sample groups. OPTIMAL-MVPA 
(n = 774) represents children who achieved the WHO’s 
5-day recommendation for MVPA on weekdays and 
LOW-MVPA (n = 789) represents children who did not. 
More detailed description of the survey items, answers 
and scores on METy has been published previously [25].

Dietary habits
Such DH as eating breakfast, fruit and vegetable con-
sumption, choice of snacks and beverages, and eating 
culture (eating at the table alone or with family vs eating 
while watching TV or using mobile phone) were assessed 
by questionnaire. More detailed description of the survey 
items, answers, and adapted scoring system have been 
published previously [25].

Attention level
To determine attention problems the subscale Attention 
Problems of the Youth Self Report (YSR), (Achenbach, 
1991; adapted in Latvia by Sebre and Laizane, 2006) was 
used. It consists of 9 statements with 3 possible answers – 
0 = not true, 1 = somewhat or sometimes true, or 2 = very 
true or often true (Table A1). Accordingly, the minimum 
possible score was 0 and the maximum 18. Higher scores 
on this scale indicate attention problems. Although the 
recommended age for completing this questionnaire 
is 11–18  years old, some studies have already used this 
questionnaire for younger children without systemati-
cally assessed validation [26, 27]. Previous research has 
shown that Attention Problem subscale is a good tool to 
predict ADHD if reported by parents, but not by youth 
themselves [28]. The Cronbach’s alpha reliability coeffi-
cient in this study was α = 0.76, which allows its use for 
further data processing.

Cognitive functions
All cognitive functions were assessed using computerised 
versions of tests for psychological testing provided by 
SIA Exploro (exploro.lv). Participants were familiarised 
with the procedure of each cognitive test by filling out 
the sample test to ensure compliance and comparability 
across repeats.

Motor speed and motor control The Finger Tapping test 
is a simple neuropsychological measure of self-directed 
manual motor speed and motor control [29].This test was 
used as a sensitive measuring tool in case of brain dam-

age. During the test, the participants were asked to tap the 
keyboard as many times as possible with an index finger 
for 10-s intervals. The test must be repeated 3 consecutive 
times with each hand. There was a 3-s pause between each 
attempt to rest the hand. The results were expressed as the 
number of taps for each stage.

Selective attention and  cognitive flexibility The meas-
ure of selective attention and cognitive flexibility was first 
developed in 1935 by Stroop [29]. Many versions of the 
Stroop test are currently available. The computerised test 
used in this study consisted of 3 stages all presenting only 
the names of various colours. In the 1st stage all colour 
names were black, and one must press TAB on the key-
board, as soon as any word appears on the screen. Within 
this stage, the response time of the reaction to stimulus 
was measured. In the 2nd stage, the participants are asked 
to press TAB on the keyboard only when the name of the 
colour matched with the colour of the writing (e.g., the 
word blue was coloured blue and not yellow), while if in 
case the name of the colour did not match the colour it is 
written with (e.g., the word blue was in red colour), the 
stimulus should be ignored. The measurements obtained 
in the 2nd stage were the number of the correct and incor-
rect responses and the response time. In the 3rd stage, the 
participants were instructed to press a TAB on the key-
board only when the name of the colour was written in the 
wrong colour and to ignore the correct match. In the 3rd 
stage information on processing speed, inhibition control, 
selective attention, and executive functions in general was 
collected. This test is also considered as a specific and reli-
able method for differentiating children with ADHD from 
children without ADHD [30].

Information processing speed The Symbol Digit Modali-
ties test was originally designed to detect cerebral dysfunc-
tion in children and adults. This test involves perceptual 
and processing speed, motor speed, and working memory, 
as well as visual scanning and tracking. At the top of the 
screen a grid of 9 symbols (top row) and corresponding 9 
numbers (bottom row) was displayed throughout the test. 
When a symbol appeared at the bottom of the screen, par-
ticipants were asked to enter the corresponding digit of 
the symbol in the blank box as fast as possible (Figure A1), 
with the number of correct and incorrect digits in 2 min 
measured alongside input times (in milliseconds).

Procedure
Pupils were examined once in a school environment, 
during the visit of the research team from November 
2019 to January 2020. Initially, children completed cog-
nitive tests online using exploro.lv. Following a break, 
they proceeded to answer electronic questionnaires that 
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estimated their DH, PA levels, and symptoms of atten-
tion problems. The researchers and class teachers were 
present to assist the pupils in completing the tests and 
questionnaires. Lastly, the study research team provided 
instructions to the medical nurses working in the schools, 
who participated in gathering anthropometric measure-
ments according to a standardised protocol (COSI) [31] 
using equipment available in the local schools.

Statistical analysis
The JASP version (v. 0.17.1, University of Amsterdam, 
Amsterdam, The Netherlands) on macOS Big Sur ver-
sion (v. 11.5.2, Apple Inc., Cupertino, California, United 
States) was used for data analysis [32]. For determina-
tion of data distribution, the Shapiro–Wilk test was used. 
Respectively, p -value with significance level < 0,05 rep-
resents non normal distribution of data. Furthermore, 
means, standard deviations for variables, internal consist-
ency for scales, Spearman correlations, and confidence 
intervals were determined. Mann–Whitney U test was 
performed to indicate a significant difference between 
OPTIMAL-MVPA and LOW-MVPA groups.

Network analysis
To identify the relationships from the mutualism per-
spective between variables included in the study network 
structure analysis using high-dimensional undirected 
graph estimation was performed using the glasso (or 
graphical lasso) procedure that estimates a network 
in which the edges are partial correlation coefficients 
[33]. Undirected network analysis is a commonly used 
approach to describe the conditional independence and 
interrelationships of many variables. The graphical rep-
resentation of networks is based on the Fruchterman – 
Reingold algorithm [34] that places nodes with stronger 
and/or more connections closer together. Each node in 
the graph represents one variable (or symptom) included 
in the analysis. Each edge represents the relationship 
between two variables, controlling for all other relation-
ships in the network and no connection between two 
variables means that they are conditionally independent 
of all other variables. The role of each node or symptom 
in the network structure is determined using indicators 
of centrality [34]:

• Strength—How strongly a node was directly con-
nected (absolute sum of edge weights connected to a 
node);

• Closeness—How strongly a node was indirectly con-
nected (average distance from the node to all other 
nodes in the network);

• Betweenness—How well one node connected other 
nodes (the number of times that a node lay on the 
shortest path between two other nodes);

• Expected influence—the sum of all edges extending 
from a given node (maintaining the sign). Expected 
influence computed node strength without taking the 
absolute value of edge-weights.

The tuning parameter 0,1 was chosen using the 
Extended Bayesian Information Criteria (EBIC) [34]. 
The concept behind the network model is that nodes 
have important connections with one another, continu-
ously interact, and these dynamic relationships result in 
observable behaviour. By adopting this model, we could 
gain a better understanding of the possible behaviour 
patterns from a mutualistic viewpoint.

The network analysis was based on a partial correla-
tions’ matrix (Figure A2). The network graph can depict 
not only indirect relationships, but also mediation path-
ways, thus serving as a valuable tool to generate hypoth-
eses regarding the potential causal structure of specific 
nodes [34, 35]. The various nodes in a network may play 
distinct roles, and measures of centrality can provide an 
insight into the relative significance of these nodes [36].

Reliability and validity
To assess the accuracy and stability of a particular net-
work structure analysis with bootstrapping was used, 
allowing to estimate the model under simulated and 
sampled data. The sampling distribution of the par-
ticular parameters was estimated performing the non-
parametric bootstrapping with 1000 samples. Stability 
check of the centrality indices by dropping cases from 
the dataset showed that strength and closeness indices 
were relatively stable as correlation did not drop below 
0.7 when the subset sample decreased by 50% from the 
original sample. In turn, betweenness indices were less 
stable, as correlation dropped below 0.7 when the sub-
set sample decreased by 30% from the original sample. 
In general, strength and closeness estimates decrease 
at a lower rate even when 25% of the original sample is 
used, but betweenness estimates decrease at a higher 
rate and greater number of original samples. In psychol-
ogy networks, the centrality index of strength is typi-
cally estimated with high precision, while the estimation 
of betweenness and closeness only becomes reliable in 
larger samples [34] (Figure A3). Bootstrapped differ-
ence tests (with α = 0.05) between the edge weights and 
centrality measures in the estimated network showed 
notable differences in the node strength particularly for 
processing speed error, executive function, and process-
ing speed nodes (Figure A4).
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Results
Descriptive statistics
According to the Shapiro—Wilk test (p < 0.05), data sig-
nificantly deviated from normal distribution. Significant 
differences between OPTIMAL-MVPA and LOW-MVPA 
in multiple parameters were observed (Table 1).

Children from LOW-MVPA spend significantly less 
time in light, moderate and vigorous physical activ-
ity, while children from OPTIMAL-MVPA spend more 
time in all previously mentioned types of physical activ-
ity and consume more vegetables, fruits daily and eat 
breakfast more frequently. Average BMI and attention 
problem score is similar for both groups. The average 
motor speed is significantly better for the children from 
OPTIMAL-MVPA compared to LOW-MVPA. Although 
the children of both groups have managed to process 
almost the same amount of information on average, the 
children from LOW-MVPA tended to make fewer errors 
while processing this information. The average score of 
executive functions of both groups was similar, however 
OPTIMAL-MVPA showed significantly lower impulsiv-
ity score (Table 1).

Accordingly, to network analysis, 17 nodes formed 106 
significant connections (out of 136 possible connections) 

with 0.22 sparsity. Partial correlations reflect the inten-
sity of connections between variables while considering 
the influence of other measured variables in the network 
model. Consequently, nodes in the graph were linked 
only if there exists a correlation between them that can-
not be accounted for any other variable in the network. 
Positive partial correlations were indicated as blue lines, 
while negative ones were indicated as red lines. The 
thickness of the lines reflects the degree of partial corre-
lation, with thicker lines indicating stronger relations and 
thinner lines indicating weaker ones.

Network analysis in whole sample
Figure  1 represents significant partial correlations, rela-
tions between variables which have an impact on the rest 
of the variables. Variables linked by the same domain 
form closer correlations. For instance, close negative 
correlation was observed between light and moder-
ate physical activities (-0.430), the edge between these 
nodes is not even visible in the network graph as nodes 
are located very close to each other, so data on correla-
tion can be seen in Table 2. In turn, a positive correlation 
was observed between the motor and processing speed 
(0.327). A close partial correlation was between vegetable 

Table 1 Descriptive statistics of OPTIMAL-MVPA and LOW-MVPA

a 1—never; 2—sometimes; 3—almost every day; 4—every day
b sum of nuts/dried fruits, fruits, yoghurt
c sum of cookies, sweet bakery, salty nuts, French fries, popcorn, chips, chocolate, chocolate sweets, ice—cream
d 0—water; 1—tea; 2—soft drinks/sweetened juices
e 1—no, 2—yes

Parameter Median (25th; 75th quartile) Mean (min; max value) Mann–Whitney

OPTIMAL-MVPA LOW-MVPA OPTIMAL-MVPA LOW-MVPA p value

BMI, kg/m2 16.4 (15.3; 18.1) 16.5 (15.1; 18.4) 17.0 (12.1; 31.4) 17.2 (11.9; 31.9) 0.783

Light activities, min 295.0
(95.0; 310.0)

250.0
(250.0; 280.0)

211.1
(20.0; 310.0)

260.2
(20.0; 310.0)

 < 0.001

Moderate activities, min 375.0
(330.0; 430.0)

175.0
(150.0; 250.0)

384.5
(140.0; 695.0)

197.1
(60.0; 295.0)

 < 0.001

Vigorous activities, min 0.0 (0.0; 0.0) 0.0(0.0; 0.0) 32.1 (0.0; 160.0) 8.8 (0.0; 120.0)  < 0.001

Frequency of  breakfasta 3.0 (2.0; 3.0) 3.0 (1.0; 3.0) 2.4 (0.0;3.0) 2.3 (0.0; 3.0) 0.004

Consumption of vegetables, portions/d 2.0 (1.0; 3.0) 2.0 (1.0; 3.0) 2.2 (0.0; 4.0) 2.0 (0.0; 4.0) 0.003

Consumption of fruits, portions/d 2.0 (2.0; 3.0) 2.0 (1.0; 3.0) 2.2 (0.0; 3.0) 2.0 (0.0; 3.0)  < 0.001

Choice of positive snacks,  numberb 1.0 (1.0; 2.0) 1.0 (1.0; 1.0) 1.1 (0.0; 3.0) 1.0 (0.0; 3.0) 0.855

Choice of negative snacks,  numberc 1.0 (0.0; 1.0) 1.0 (0.0; 1.0) 0.8 (0.0; 3.0) 0.8 (0.0; 3.0) 0.459

Choice of sugar  drinksd 1.0 (0.0; 2.0) 1.0 (0.0; 2.0) 1.0 (0.0; 2.0) 1.0 (0.0; 2.0) 0.423

Eating in front of the  screene 1.0 (1.0; 2.0) 1.0 (1.0; 2.0) 1.3 (1.0; 2.0) 1.3 (1.0; 2.0) 0.170

Attention level 7.0 (4.0; 9.0) 7.0 (4.0; 9.0) 6.6 (0.0; 18.0) 6.8 (0.0; 18.0) 0.135

Motor speed, taps/10 s 50.2 (46.2; 54.2) 48.7 (44.8; 52.8) 49.5 (0.2; 72.2) 48.5 (0.0; 73.2)  < 0.001

Processing speed, correct symbols/2 min 40.0 (35.0; 45.0) 39.0 (34.0; 44.0) 39.8 (0.0; 68.0) 39.4 (0.0; 77.0) 0.210

Processing speed errors, incorrect symbols/2 min 2.0 (0.0; 3.0) 1.0 (0.0; 3.0) 2.9 (0.0; 108.0) 1.8 (0.0; 19.0) 0.080

Executive functions, total correct responses 23.0 (21.5; 23.5) 22.5 (21.5; 23.5) 21.9 (0.0; 24.0) 21.7 (1.0; 24.0) 0.334

Impulsivity, total incorrect responses 1.0 (0.0; 3.0) 1.0 (0.0; 3.0) 5.2 (0.0; 166.0) 5.8 (0.0; 181.0) 0.031
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Fig. 1 Network graph of study measures in the whole sample. Positive partial correlations are indicated as blue lines, while negative ones are 
indicated as red lines. The thickness of the lines reflects the degree of partial correlation, with thicker lines indicating stronger relations and thinner 
lines indicating weaker ones. * 1 - never; 2 - sometimes; 3 - almost every day; 4 - every day. ** sum of nuts/dried fruits, fruits, yoghurt. *** sum 
of cookies, sweet bakery, salty nuts, French fries, popcorn, chips, chocolate, chocolate sweets, ice – cream. **** 0 - water; 1 - tea; 2 - soft drinks/
sweetened juices. ***** 1 - no, 2 - yes

Table 2 Centrality measures of variables in network structure for the whole sample

a Betweenness—How well one node connects other nodes (the number of times that a node lies on the shortest path between two other nodes)
b Closeness—How strongly a node is indirectly connected (average distance from the node to all other nodes in the network)
c Strength—How strongly a node is directly connected (absolute sum of edge weights connected to a node)
d Expected influence—the sum of all edges extending from a given node (maintaining the sign). Expected influence computes node strength without taking the 
absolute value of edge-weights
e 1—never; 2—sometimes; 3—almost every day; 4—every day
f sum of nuts/dried fruits, fruits, yoghurt
g sum of cookies, sweet bakery, salty nuts, French fries, popcorn, chips, chocolate, chocolate sweets, ice—cream
h 0—water; 1—tea; 2—soft drinks/sweetened juices
i 1—no, 2—yes

Variable Network
Betweennessa Closenessb Strengthc Expected influenced

BMI, kg/m2 -0.96 -1.61 -1.27 -0.37

Light activities, min 0.65 0.25 0.17 -1.52

Moderate activities, min -0.29 -0.06 0.42 -0.84

Vigorous activities, min -0.96 -0.15 -0.78 0.48

Frequency of  breakfaste -0.56 -0.12 -0.87 -0.34

Consumption of vegetables, portions/d 0.65 0.41 0.34 1.49

Consumption of fruits, portions/d 0.24 0.08 -0.31 1.63

Choice of positive snacks,  numberf -0.56 -0.56 -0.87 -0.65

Choice of negative snacks,  numberg 0.51 0.09 0.16 0.15

Choice of sugar  drinksh -0.96 -2.76 -1.82 -0.06

Eating in front of the  screeni 0.51 0.34 0.51 -0.12

Attention level -0.96 -0.34 -0.97 -0.15

Motor speed, taps/10 s -0.96 0.44 0.66 2.35

Processing speed, correct symbols/2 min -0.16 0.43 0.82 0.06

Processing speed errors, incorrect symbols/2 min 2.79 1.53 2.05 -0.63

Executive functions, total correct responses 1.18 1.32 1.36 -0.51

Impulsivity, total incorrect responses -0.16 0.71 0.39 -0.96
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and fruit consumption (0.426). Nodes which represent 
consumption of positive and negative snacks had nega-
tive correlation (-0.265). Node of negative snacks was 
positively associated with attention problem score 
(0.112). Whereas, eating in front of the screen was nega-
tively related to eating breakfast (-0.194), but positively 
related to consumption of negative snacks (0.216).

By analysis of centrality measures in network structure, 
in this pattern the highest expected influence (expected 
influence considers the positive and negative edges) was 
observed in motor speed, consumption of fruits and con-
sumption of vegetables (Table 2).

It is significant to note that the processing speed 
error node has the highest betweenness score, which 
suggests that this variable possibly is the most impor-
tant node connecting other nodes in the entire model. 
The betweenness score is relatively high for executive 
functions, consumption of vegetables and light physi-
cal activities, followed by eating in front of the screen. 
Accordingly, there are variables that at the same time can 
positively and negatively affect the relationships of the 
other variables of this model.

Network graph showed that consumption of vegeta-
bles and fruits is significantly related to eating breakfast 
and consumption of positive snacks, which generally 
corresponds to prudent DH. The cluster of these vari-
ables showed negative correlation with eating in front 
of the screen, consequently representing a positive rela-
tion with such a node as consumption of negative snacks 
which in turn is positively related with consumption of 
sugar containing beverages. Furthermore, a relation was 
observed between clusters of imprudent DH and atten-
tion problem scores. Respectively, the more pronounced 
imprudent DH are, the more pronounced signs of atten-
tion problems.

Network analysis in subsamples
Network graph and centrality table represent that there 
is no statistically significant difference between the two 
groups, but there are some noticeable nuances (differ-
ences). When compared to OPTIMAL-MVPA, the net-
work structure in LOW-MVPA is denser and there are 
more intense connections between nodes, which means 
that variables in this subsample can influence each other 
more quickly and significantly. Different dynamics were 
observed within groups, for example, in OPTIMAL-
MVPA BMI has a single weak relationship with eating in 
front of the screen (0.013), in turn in LOW-MVPA BMI 
is connected to several variables like eating in front of the 
screen (0.057), consumption of unhealthy snacks (-0.13), 
vegetables (-0.022), sweetened beverages (-0.14) and fre-
quency of breakfast (-0.048). In the LOW-MVPA execu-
tive function and impulsivity nodes are forming more 

significant connections with other nodes, indicating their 
importance in that model.

Network analysis of LOW-MVPA shows strong inter-
linkages and sensitivity between all four clusters—
anthropometrics, nutrition, attention level and cognitive 
and motor domain meaning that each cluster has a sig-
nificant importance and influence on the specific nodes 
of other clusters.

In LOW-MVPA BMI has a negative correlation with 
frequency of breakfast, consumption of vegetables, 
choice of negative snacks, and executive functions while 
positive correlation with impulsivity node. Such inter-
linkages cannot be observed in OPTIMAL-MVPA. Fur-
thermore, positive correlation between BMI and eating 
in front of the screen is stronger in LOW-MVPA when 
compared to OPTIMAL-MVPA. Interpretation of link-
ages between BMI and other parameters might differ. 
For example, the less frequent breakfast, the less vegeta-
bles are consumed daily, the more children eat in front 
of the screen, the higher the BMI is and, accordingly, the 
executive functions get worse (deteriorate), but impul-
sivity increases. Furthermore, there is an interlinkage 
between eating breakfast less frequently and longer pro-
cessing speed and increased number of processing speed 
errors in LOW-MVPA while such a relationship was not 
observed in OPTIMAL-MVPA (Fig. 2). This study found 
an unusual inverse relationship between BMI and choice 
of unhealthy snacks, and sugary drinks.

Network graph of LOW-MVPA showed positive cor-
relation between eating in front of the screen and exec-
utive functions, such correlation was not observed in 
OPTIMAL-MVPA. Another difference between network 
graphs of OPTIMAL-MVPA and 2 are betweenness 
scores representing nodes which connect other variables 
in the network model (Fig.  3). The node with the high-
est betweenness score in LOW-MVPA was for process-
ing speed, but in OPTIMAL-MVPA for choice of positive 
and negative snacks, followed by eating in front of the 
screen.

Despite the marked differences shown by network anal-
ysis, similarities between the two groups can also be seen. 
Negative correlation can be observed between eating in 
front of the screen and such parameters as the frequency 
of breakfast and consumption of vegetables and positive 
snacks, suggesting that spending more time in front of 
the screen results in less prudent DH. In addition, eating 
in front of the screen is related to increased consumption 
of negative snacks and greater attention problem scores 
in both groups.

Nodes with one of the highest expected influence 
scores, in all provided network graphs (Table  2, Figs 1 
and 3) are consumption of vegetables and fruits, indicat-
ing that these DH play a central role in a particular model 
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and these two nodes have a power to impact other nodes 
in this model, despite the marked differences in the num-
ber of interlinkages formed with other parameters.

Discussion
The tandem of PA and prudent DH have a positive effect 
on cognitive functions and academic performance, 

Fig. 2 Network graph of study measures in OPTIMAL-MVPA and LOW-MVPA. OPTIMAL-MVPA—children who reach WHO recommendations 
for MVPA. LOW-MVPA—children who do not reach WHO recommendations for MVPA. Positive partial correlations are indicated as blue lines, 
while negative ones are indicated as red lines. The thickness of the lines reflects the degree of partial correlation, with thicker lines indicating 
stronger relations and thinner lines indicating weaker ones. * 1—never; 2—sometimes; 3—almost every day; 4—every day. ** sum of nuts/dried 
fruits, fruits, yoghurt. *** sum of cookies, sweet bakery, salty nuts, French fries, popcorn, chips, chocolate, chocolate sweets, ice – cream. **** 0—
water; 1—tea; 2—soft drinks/sweetened juices. ***** 1—no, 2—yes

Fig. 3 Centrality measures of variables in network structure comparing groups. 1 Betweenness—How well one node connects other nodes (the 
number of times that a node lies on the shortest path between two other nodes). 2 Closeness—How strongly a node is indirectly connected 
(average distance from the node to all other nodes in the network). 3 Strength—How strongly a node is directly connected (absolute sum of edge 
weights connected to a node). 4 Expected influence—the sum of all edges extending from a given node (maintaining the sign). Expected influence 
computes node strength without taking the absolute value of edge-weights. * 1—never; 2—sometimes; 3—almost every day; 4—every day. ** 
sum of nuts/dried fruits, fruits, yoghurt. *** sum of cookies, sweet bakery, salty nuts, French fries, popcorn, chips, chocolate, chocolate sweets, ice – 
cream. **** 0—water; 1—tea; 2—soft drinks/sweetened juices. ***** 1—no, 2—yes
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numerous studies showed that MVPA promotes more 
prudent eating choices like higher consumption of fruits, 
vegetables, grains, fish, dairy products and water, on 
other hand low PA and sedentary lifestyle is associated 
with consumption of soft drinks, fast food, low nutrition 
and high energy snacks [3, 37, 38]. Such dietary choices 
have low nutritional value and are associated with 
decreased executive functions and poor academic perfor-
mance [39]. Previous studies suggest that PA has positive 
effects on memory, attention, overall improved cognitive 
flexibility in and inhibitory control, in turn low PA lev-
els are associated with deterioration of cognitive func-
tions [1, 9]. The outcome of systematic review reports 
that regular MVPA contributes to improved cognitive 
ageing [12]. The present study aimed to explore the com-
plex interplay between BMI, DH, cognitive functions and 
attention problem scores in 8–9-year-old children with 
different levels of MVPA.

Network analysis in the whole sample
Variables with the highest expected influence score in 
the whole sample were motor speed, consumption of 
fruits and vegetables, suggesting that in such a pattern 
of activities, changing the pattern of motor speed and/
or consumption of vegetables and fruits can affect and 
change relations between other nodes sequentially. In 
turn, light and vigorous PA time, choice of healthy snacks 
and impulsivity had the least expected influence, mean-
ing that possibly these nodes were not central factors and 
would not be primary targets of intervention.

Cluster representing DH: consumption of vegetables, 
fruits, positive snacks, and frequent breakfast eating 
showed a negative relation with eating in front of the 
screen, which was positively associated with negative 
snacks, but this variable had positive correlation with 
consumption of sugar containing beverages. Moreover, 
cluster of imprudent DH and attention problem score 
showed positive interlinkage. These data can be used to 
think about two-way effects on causal relationships. For 
example, a higher attention problem score appears to be 
associated with negative snacking in front of the screen, 
which in turn might reduce the potential consumption 
of positive snacks, vegetables, and fruits or second sce-
nario—eating in front of the screen is associated with 
consumption of unhealthy snacks which in turn pro-
motes higher attention problem score.

As well, two-way effects can be considered in the rela-
tionship of light, vigorous physical activities and execu-
tive functions, accordingly higher levels of executive 
functions can promote children to get involved in PA or 
PA promote development of executive functions. Sig-
nificantly to mark that this “bridge” is linked with higher 

levels of processing speed, lower levels of processing 
speed errors and lower impulsivity.

Comparison of network graphs between OPTIMAL-MVPA 
and LOW-MVPA
Comparison of network graphs in respect to BMI
There are several factors impacting BMI. Some of them 
cannot be controlled like developmental determinants, 
genetic material, gender, and age, but PA and diet can 
and should be controlled. Over the years studies have 
reported that insufficient amounts of nutrients, ten-
dency to skip breakfast, energy dense snacking as well as 
decreased PA levels [38, 40–43] and eating whilst watch-
ing TV [44] are positively associated with increased BMI 
in children. Despite our observations of interconnections 
between frequency of breakfast and decreased consump-
tion of vegetables and fruits in children with insuffi-
cient MVPA levels, the BMI was not different between 
the two study groups. It might suggest that daily PA is 
one of the major health and behaviour determinants in 
children irrespective of BMI. Furthermore, mentioned 
differences can indicate that children who reach recom-
mended MVPA levels would not experience an increase 
in BMI by temporary change of DH, which is in line with 
other studies that generally show that more physically 
active children have more prudent DH [25, 37]. Further-
more, both PA levels [16] and BMI [45] have been shown 
to be related to executive functions, in turn this node has 
relatively high betweenness score and serves as bridge 
between other nodes like consumption of vegetables and 
attention problem node, which in turn is consistent with 
the central role of executive function in decision making 
and control of behavioural processes [46]. Our study data 
revealed relatively high betweenness scores for executive 
function. In summary, previously described interconnec-
tions might suggest that children who are less physically 
active tend to skip breakfast more often, while more often 
choose to eat in front of the screen, resulting in higher 
BMI and impaired executive functions.

In addition previous studies have reported that doing 
sports promotes cognitive and emotional development, 
as well as increases cognitive performance, as children 
tend to be more motivated and self-controlled [9, 47, 
48]. Nevertheless, BMI score is similar in both groups, 
BMI node is not linked with cognitive and motor domain 
in OPTIMAL-MVPA, representing “stability” of chil-
dren who reach 300  min of recommended MVPA on 
weekdays.

Interestingly, BMI had an inverse relationship with the 
choice of negative snacks in children who do not reach 
the WHO recommendations for MVPA. Research from 
the 2000s in Norway and Great Britain found a simi-
lar phenomenon, when sugar consumption negatively 
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correlated with BMI in adolescents [49]. A possible expla-
nation for our finding could be that children with higher 
BMI could underreport on their actual daily choice of 
drink or children selected beverages which they would 
prefer to have and not the one they use daily.

Comparison of network graphs in respect to fruit 
and vegetable consumption
It has been shown that family lifestyle, nutritional knowl-
edge, and parental intake of vegetables and fruits moti-
vates children to consume more vegetables and fruits, 
suggesting that parents are role models to their children 
[50]. Furthermore, fruit and vegetable availability at home 
and shared family meals are associated with increased 
fruit and vegetable consumption in children and adoles-
cents [51]. On the other hand if a family consumes less 
fruits and vegetables, such a habit can promote other 
imprudent eating habits, for example less frequent family 
meals, more eating in front of the screen and consump-
tion of negative snacks [52] which is in line with our find-
ings as nodes of vegetables and fruits have an impact on 
many other nodes.

Consumption of fruits and vegetables is also highly 
associated with PA levels. Our data support findings by 
a study in Germany which reported that children who 
reach recommended PA levels are more prone to con-
sume even by 50% more fruits and vegetables [3]. Low 
fruit and vegetable consumption is associated with insuf-
ficient amount of total and insoluble fibre intake as well 
as with higher risk of obesity and related diseases. Low 
fibre intake in turn is associated with poor academic per-
formance and cognitive functions [53, 54] which is in line 
with a positive association found in our study between 
eating fruits, vegetables and executive functions in both 
study groups. In turn, fruit and vegetable consumption is 
significantly lower and is positively associated with cog-
nitive processing and motor speed in LOW-MVPA, but 
not in OPTIMAL-MVPA. Also, an inverse association 
between consumption of fruits was found with BMI node 
in LOW-MVPA, but not in OPTIMAL-MVPA. Accord-
ingly, this possibly represents stability of OPTIMAL-
MVPA and could mean that by reaching recommended 
MVPA, children have lower risk of increasing BMI, as 
well as becoming slower in motor skills and slower ina-
bility processing information, even if the daily consump-
tion of vegetables and fruits gets reduced. Our findings 
support evidence that PA has a positive effect on cogni-
tive functions, such as improved task completion time, 
increased ability to focus attention on specific tasks, and 
regular reaching of MVPA promotes physiological cogni-
tive ageing [1, 9]. There is a limited amount of informa-
tion available about the interaction of the two factors as 
PA and DH and their effect on cognitive functions, but in 

this study, after comparing OPTIMAL-MVPA and LOW-
MVPA, it could be concluded that in children who reach 
recommended MVPA, when consumption of fruits and 
vegetables decrease, motor functions and information 
processing time will not be affected to such an extent.

Comparison of network graphs in respect to eating in front 
of the screen
Despite the finding that eating in front of the screen is 
similar in both groups, more physically active children 
would still make more prudent food choices. IDEFICS 
and KiGGS studies reported that physically active chil-
dren are more into beneficial foods [3], but less physically 
active children have higher consumption of fast food [55] 
which is in line with our findings as negative association 
was observed between eating in front of the screen and 
consuming more positive snacks and vegetables in LOW-
MVPA, but not in OPTIMAL-MVPA. And it should be 
emphasised that physical activities of a certain intensity, 
which are achieved on weekdays, play an important role 
here, which is the main difference between both study 
groups. If children who reach recommended MVPA will 
start eating in front of the screen they will be less exposed 
to the risk of consuming negative snacks, then children 
who do not reach recommended MVPA.

Comparison of network graphs in respect to frequency 
of breakfast
Unequivocally, both factors – PA and DH, are important 
for children’s lifelong health. Our data support findings 
by previous studies suggesting that more physically-
active children eat breakfast more regularly and have bet-
ter cognitive performance [44, 54, 56] as well as breakfast 
eating is associated with higher MVPA levels [57]. 
Although MVPA also may help with decreasing ADHD 
symptoms and improving processing speed in children 
with ADHD [58], our study did not find any differences 
in attention problem score and processing speed between 
the groups.

Comparison of network graphs between groups showed 
no interconnections between frequency of breakfast node 
and cognitive domain in OPTIMAL-MVPA. Further-
more, the processing speed error node is negatively asso-
ciated with processing speed, which is positively related 
to executive functions in both groups. At the same time 
executive function node negatively correlates with atten-
tion problem node. Accordingly, the more often breakfast 
will be skipped, the more processing speed errors will 
be made by children in LOW-MVPA, the slower pro-
cessing speed will become, the weaker executive func-
tions will get, which potentially result in higher attention 
problem score. According to the data analysis methods 
chosen in this study, it might be suggested that children 
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who met MVPA recommendations, with a short-term 
change in the regularity of breakfast eating, will not make 
more processing speed errors. Thus, in children who do 
not reach MVPA recommendation levels, irregularity 
of breakfast eating might have more significant impact 
on the processing speed errors and consequently more 
errors when processing information.

Breakfast skipping is associated with imprudent DH 
and impaired cognitive performance [59, 60] which in 
turn is associated with ADHD [61]. Our study showed a 
relation, where positive association was found between 
frequency of breakfast and daily vegetable consumption 
in both groups, while both previously mentioned param-
eters are negatively related with eating in front of the 
screen which leads to a higher attention problem score.

In summary, comparing the network graphs between 
the children with different daily MVPA levels, it can be 
observed that that in the group of children who do not 
reach WHO recommendations on MVPA, interconnec-
tions between parameters are seen more often and their 
influence on each other are much stronger, especially 
between the DH and cognitive function domains. This 
could mean that by modifying one variable we could 
expect an influence on the whole network model. Con-
trarily, for children who reach WHO recommendations 
on MVPA, the network graph is more stable, suggesting 
that changes in one variable will have a smaller effect on 
other parameters. Furthermore, central nodes of the net-
work graphs vary between the groups, suggesting that 
interventions aimed towards improvement of children’s 
overall health might be different. In conclusion, the major 
findings suggest exploring the potential of interventions 
involving MVPA to positively impact attention issues in 
children. Additionally, further findings could also inform 
some key aspects of experimental design to e.g., control 
for confounding factors.

Limitations
In the present study, participants were recruited by 
convenience sampling, accordingly imposing a limita-
tion on the generalizability of the study’s findings. One 
more of the possible limitations was that children could 
under- or over-report their actual DH and PA levels. 
The authors acknowledge this as a major challenge in 
all studies reliant on self-reported data collection but 
note that the methodological choices within the cur-
rent design were the most appropriate to limit partici-
pant burden in this complex study assessing multiple 
outcomes. Another limitation may be that some par-
ticipants from the overall study sample did not cor-
rectly understand the meaning of the question in the 
questionnaire due to poor ability to read or maintain 

focus. Children at such a young age may misunder-
stand the question about actual habits and did choose 
the answers which represent their wishful lifestyle hab-
its. To reduce this limitation, electronic questionnaires 
were designed to be as short as possible and illustrated 
with pictures. As well, there may be limitations in 
cognitive test results due to not listening or ignoring 
instructions given by the research team. To reduce this 
limitation there was a trial for every test before the real 
attempt. In addition, a researcher or a schoolteacher 
was available for any questions while children filled out 
the questionnaires and cognitive tests. Slight deviations 
in the collection of anthropometric measurements by 
school nurses could be present, despite the provided 
instructions. This paper represents the baseline cross-
sectional data of a longitudinal, prospective study, so 
any direction of association between the variables can-
not yet be determined. Follow-up data will be collected 
in subsequent work.
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