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Abstract

Background: Cognitive health in adolescence is shaped by daily movement patterns, yet few studies
jointly examine physical activity, sedentary behaviour, and sleep using both device-based and self-
report measures, particularly in Central Europe. Methods: In this cross-sectional study, 82 Slovak
adolescents (16.67 + 1.07 years; 61% girls) wore accelerometers for seven days to assess physical
activity, sedentary time, and sleep, and completed the PAQ-A questionnaire. Cognitive abilities (IQ,
sustained attention, and visual memory) were assessed with standardized tests. Results: Overall
adherence to 24-hour movement guidelines was low: 11% met MVPA recommendations, about half
achieved age-appropriate sleep duration, and only 23.2% met the sedentary guideline, while most
accumulated more than 10 h/day of sedentary time. Girls accumulated more time in both sedentary
and active behaviours than boys. PAQ-A scores overestimated accelerometer-derived MVPA (mean
bias of 1.68 units), with greater bias in girls and older adolescents. Later sleep timing and longer deep
sleep were positively associated with IQ and sustained attention, whereas greater total sleep duration
and more time in the least active 5 h of the day were negatively related to memory; MVPA
accumulated in 5-10-min bouts was inversely associated with IQ (o = —0.24). Sleep-MVPA profiles
differed significantly in memory performance (n? = 0.13), while IQ and attention did not differ
between profiles. Conclusions: Daily 24-hour movement patterns showed modest associations with
cognitive abilities in adolescents. Combining accelerometry with self-report revealed MVPA
overestimation in PAQ-A and may inform refinement of adolescent activity surveillance tools and
movement-based strategies to support cognitive resilience.

Keywords: 24-hour movement behaviours; adolescent cognition; physical activity; sleep; sedentary
behaviour; accelerometry; PAQ-A

1. Introduction

The relationship between 24-hour movement behaviours (24-HMBs), comprising physical
activity (PA), sedentary behaviour (SB), sleep (SL), and cognitive development in adolescents, has
garnered increasing attention within the scientific community. Cognitive functions, including
executive function, memory, and attention, undergo significant maturation during adolescence and
are closely intertwined with lifestyle-related behaviours [1,2].

A substantial body of evidence demonstrates that physical activity, particularly when
cognitively engaging, enhances executive function domains, including inhibitory control, working
memory, and cognitive flexibility, in adolescents. For instance, Mao et al. [3] found that PA
interventions incorporating cognitive challenges significantly improved executive function
outcomes, especially when sustained over longer durations. These effects are also observed in
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populations with neurodevelopmental disorders (NDDs); Tao et al. [4] demonstrated moderate-to-
substantial improvements in executive function via mind-body and multi-component PA, and Song
et al. [5] further reported gains in inhibitory control among adolescents with attention-
deficit/hyperactivity disorder (ADHD). Hu et al. [6] also observed marked enhancement of executive
function in adolescents with obesity following combined aerobic and resistance training.

In terms of memory, increased levels of PA have been positively associated with working
memory, particularly in adolescents from underserved urban environments [7]. Martin-Martinez et
al. [8] similarly reported improvements in working memory and cognitive flexibility through
structured PA in physically inactive adolescents. Furthermore, Tao et al. [4] confirmed that multi-
component PA interventions improve memory functions in adolescents with NDDs. Sleep duration
and quality are also critical for cognitive performance. Meta-analytical evidence suggests that 7-8
hours of sleep yields optimal cognitive outcomes [1], with excessive or insufficient sleep associated
with cognitive decline. Richards et al. [2] found peak cognitive performance at approximately seven
hours of sleep, while Adelantado-Renau et al. [9] linked high sleep quality to superior academic
outcomes. Cognitive-behavioural interventions have been shown to enhance both sleep quality and
associated cognitive benefits [10]. The relevance of sleep extends to long-term memory consolidation
and attentional capacity in adolescents [11], though this effect varies by age group [12]. By contrast,
sedentary behaviour is associated with more nuanced cognitive processes. Some forms of SB, such as
screen-based activities, have been associated with impaired memory and attention, whereas others
may be neutral or even beneficial, depending on the content [13-15]. High screen time has been linked
to symptoms of inattention and planning difficulties [16,17], with reduced P300 amplitudes indicating
adverse effects on neurocognitive functioning [14]. Nonetheless, Wang et al. [18] suggest that regular
PA may mitigate these negative effects, emphasising the importance of a balanced behavioural
profile.

Emerging evidence also points to interaction effects. Several studies suggest a potentially
synergistic combined influence of physical activity and sleep. Adolescents who engage in regular PA
and maintain adequate SL demonstrate superior cognitive performance, including enhanced
working memory and academic functioning [19]. Wong et al. [20] further observed that sufficient
sleep moderated the relationship between PA and cognitive response times. Sleep, therefore, not only
contributes independently but also enhances the efficacy of PA interventions on cognition.
Conversely, insufficient sleep exacerbates behavioural and cognitive challenges [21,22]. Sleep
education and schedule-based interventions have improved both sleep and academic performance
[22]. Current literature, however, exhibits several limitations. Most notably, studies often examine
PA, SB, or SL in isolation, thereby overlooking the compositional nature of 24-HMBs. As reported by
Taylor et al. [23] and Liu et al. [24], adolescents who meet integrated 24-HMB guidelines perform
better on fluid intelligence tasks, yet adherence remains critically low [25]. Moreover, regional
disparities exist in the evidence base, with Central and Eastern European populations, including
Slovak adolescents, being underrepresented [26].

Measurement bias further complicates existing findings. Although widely used, self-report
instruments such as the PAQ-A are prone to overestimation, particularly in younger and female
populations [27,28]. Triantafyllidis et al. [29] and Nigg et al. [30] advocate for increased use of
objective measures, such as accelerometry, to improve data validity. Finally, studies frequently rely
on generalised academic indicators or intelligence scores, neglecting cognitive subdomains such as
attention control and visual memory [5,15]. This limited scope may obscure important behavioural—-
cognitive interactions. Moreover, adolescents from marginalised or clinically diverse backgrounds,
e.g., those with NDDs or from low socio-economic settings, remain underrepresented despite
potentially greater benefit from targeted interventions [23,4].

In response to these gaps, the present study investigates how three 24-HMBs—physical activity
(PA), sedentary behaviour (SB), and sleep (SL)—relate to cognitive functions (IQ, attention, and
visual memory) in Slovak adolescents aged 15-19 years. In addition, the study examines the validity
of self-reported PA using the PAQ-A compared to accelerometer data and explores the interaction
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between moderate-to-vigorous physical activity (MVPA) and sleep on cognitive performance. The
study addresses four main research questions: (1) How does adherence to 24-HMB guidelines differ
by sex and age? (2) How are specific behaviours (sleep duration, MVPA, sedentary bouts) associated
with attention, memory, and 1Q? (3) Do sleep and MVPA interact to produce synergistic benefits for
cognitive performance? (4) How well does self-reported PA (PAQ-A) reflect objectively measured
MVPA?

2. Materials and Methods

Study Design and Participants

This cross-sectional study included 82 adolescents aged 15 to 19 years (mean age = 16.67 years,
SD = 1.07). The sample comprised 32 males (M = 16.72 years, SD = 1.13) and 50 females (M = 16.64
years, SD = 1.05). Participants were recruited from secondary schools during a typical academic year
using convenience sampling. Participation was voluntary, and no financial incentives were offered.
Adolescents were eligible if they were enrolled in regular schooling, were able to participate in usual
daily activities, and did not report any acute illness on the day of testing. Participants were stratified
by age as follows: n = 12 were aged 15 years, n = 32 were aged 16 years, n = 24 were aged 17 years,
and n = 14 were aged 18-19 years. Only participants with complete cognitive testing, a valid PAQ-A
questionnaire, and sufficient accelerometer data were included in the analysis.

Cognitive Assessment

Sustained attention and concentration were assessed using the Kucera Attention Concentration
Test [31]. This cancellation task requires participants to cross out specific target symbols among
visually similar distractors within a fixed time limit. The test yields indices of processing speed,
accuracy, error rate, and psychomotor tempo and has been widely used in Czech and Slovak school-
aged and adolescent populations. Contemporary psychodiagnostic manuals provide norms and
interpretive guidelines for their use in older children and adolescents [32]. In the present study, we
used the total number of correctly marked items and the number of errors as primary attention
outcomes, with higher correct scores indicating better performance.

General intellectual ability was measured using the Test of Intellectual Potential (TIP) developed
by Ri¢an [33]. The TIP is a nonverbal reasoning test that assesses fluid intelligence through 29 figural
series, in which participants identify the missing element based on the underlying rules governing
the sequence. Raw scores can be converted to IQ or standardized scores using age-appropriate norms,
which are available for older school-age children and adolescents and are still recommended as part
of cognitive test batteries in Central European settings [32]. In this study, age-standardized IQ scores
derived from the TIP served as the primary indicator of general intellectual ability.

Short-term visual memory was assessed with the Meili Visual Memory Test [34,35]. Participants
view a matrix of pictorial stimuli for 1 min, then have 5 min to freely recall and write down as many
items as they can remember. The total number of correctly recalled items reflects the capacity of
primary visual memory and the predominant visual memory style. Normative data and
administration guidelines for adolescents are provided in recent Slovak methodological materials
[35]. Higher scores indicate better short-term visual memory performance.

Assessment of 24-Hour Movement Behaviours

Objective physical activity (PA), sedentary behaviour (5B), and sleep were assessed using wrist-
worn triaxial accelerometers (ActiGraph wGT3X-BT, ActiGraph LLC, Pensacola, FL, USA).
Participants wore the device on the non-dominant wrist for seven consecutive days, 24 h/day, during
a typical school week, removing it only for water-based activities. Devices were initialized according
to manufacturer recommendations. Raw acceleration data were processed in R using the GGIR
package (v3.0-3) [36], which performs auto-calibration, detection of non-wear time, and derivation of
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time spent in different intensity categories. Age-specific cut-points and processing thresholds for
youth were based on Hildebrand et al. [37] and related work on wrist-worn accelerometry in children
and adolescents, allowing the extraction of time spent in sleep, SB, light PA, moderate PA, vigorous
PA, and moderate-to-vigorous PA (MVPA).

Self-reported PA was assessed using the Physical Activity Questionnaire for Adolescents (PAQ-
A) [38]. The PAQ-A is a self-administered, 7-day recall instrument designed for 14-19-year-olds that
captures general levels of MVPA during the school year. It consists of 9 items rated on a 5-point Likert
scale, covering activities at school, during physical education, in leisure time, and on weekends. The
PAQ-A has demonstrated acceptable internal consistency (Cronbach’s o = 0.75-0.82) and moderate
correlations with objective MVPA in adolescent samples [38,39].

Procedure

Data collection took place during regular school weeks across all age groups. Testing sessions
were scheduled during school hours in collaboration with school administrators. After receiving
information about the study, participants (and their legal guardians for minors) provided written
informed consent. Cognitive assessments were administered first, in small groups, in a quiet
classroom environment under standardised conditions by trained research staff (a psychologist or
trained graduate students). The order of tests was kept consistent across classes to reduce order
effects. Immediately after the cognitive tests, participants completed the PAQ-A questionnaire, with
researchers available to clarify any uncertainties. At the end of the classroom session, accelerometers
were distributed and fitted on the non-dominant wrist. Participants received written and oral
instructions to wear the device continuously for seven days (including nights), removing it only for
bathing, showering, or swimming. After the monitoring period, devices were collected at school and
data were downloaded, anonymised, and checked for completeness and signal quality before
analysis.

Statistical Analysis

Four specific research questions (RQ1-RQ4) guided the analytical procedures, each aligned with
a distinct statistical approach. To address RQ1, the sample was compared by sex (male vs. female)
and age group (15, 16, 17, 18-19 years). The Mann—-Whitney U test was used to identify differences in
key movement behaviour variables: time spent in MVPA, SB, and total sleep duration. Distribution
plots were used to examine adherence to internationally recognised thresholds—namely, >60
minutes/day of MVPA, <8 hours/day of sedentary time, and 28 hours/night of sleep. Effect sizes (r)
were reported to interpret the magnitude of group differences.

To investigate RQ2, bivariate associations between movement behaviours (MVPA, SB, sleep
duration and timing, bouted variables, and peak-activity indices) and cognitive scores (IQ from the
TIP, accuracy and errors from the Attention Concentration Test, and visual memory recall) were
examined using Spearman’s rank-order correlation (). A non-parametric approach was selected due
to violations of normality in multiple variables. Correlation coefficients were interpreted based on
both statistical significance (p < 0.05) and practical relevance (o = 0.30 considered moderate).

For RQ3, participants were categorised into four behavioural profiles based on MVPA level
(sufficient vs. insufficient) and sleep duration (sufficient vs. insufficient) according to established cut-
offs (60 minutes/day for MVPA; 480 minutes/night for sleep). Using this grouping, the Kruskal-
Wallis H test was used to compare IQ, attention, and memory outcomes across the four profiles. If
omnibus test results were significant, post hoc Mann-Whitney U tests with the Bonferroni correction
for multiple comparisons were conducted to examine pairwise differences.

To address RQ4, the PAQ-A summary score and accelerometer-derived MVPA (min/day) were
compared using the Bland—-Altman method, providing the mean difference (bias) and 95% limits of
agreement (mean difference +1.96 SD). In addition, MVPA estimates from PAQ-A and accelerometry,
as well as the magnitude of overestimation, were compared across age categories using the Kruskal-
Wallis H test, followed by post-hoc Mann-Whitney U tests where appropriate. All analyses were
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performed in Python 3.11.9 using the packages pandas (2.2.2), SciPy (1.13.1), and statsmodels (0.14.2).
Statistical significance was set at p < 0.05 (two-tailed), with effect sizes reported alongside p-values
where applicable.

Use of Generative Artificial Intelligence

Generative artificial intelligence tools (ChatGPT, SciSpace Al) were used solely to improve the
clarity of the manuscript text and to generate partial graphic interpretations. All Al-assisted text was
carefully checked and revised by the authors, who take full responsibility for the final content.

3. Results

3.1. Adherence to 24-Hour Movement Behavior Guidelines and Sex-Based Differences in Movement
Behaviors

Overall adherence to the 24-hour movement behavior guidelines was low in the total adolescent
sample (Table 1). Sedentary behavior levels were notably high, with most participants exceeding the
recommended threshold of <480 minutes per day. The distribution of sedentary time clustered
between 600 and 750 minutes (10-12.5 hours). Only 23.2% of participants met the sedentary behavior
guideline (Figure 1b). Boys showed higher compliance (43.8%) than girls (10%), indicating longer
sitting among females. Sleep duration was similarly suboptimal. The median sleep time was 433
minutes per night (7 hours), and most participants failed to meet the minimum recommendation of
480 minutes (8 hours) (Figure 1c). The peak of the distribution ranged from 400 to 460 minutes (6.5 to
7.5 hours). Nearly two-fifths (39%) experienced short sleep (<420 minutes), while 48.8% achieved
adequate sleep and 12.2% reported long sleep durations. Girls showed higher compliance with sleep
recommendations (56%) than boys (37.5%), suggesting sex-related differences in nightly recovery
patterns. Regarding moderate-to-vigorous physical activity (MVPA), the distribution was left-
skewed (Figure 1a), with most participants engaging in 10-40 minutes per day. The median daily
MVPA was 32.9 minutes, and only 11% of the total sample met the260 minutes per day guideline.
The lowest compliance was observed among 18-19-year-olds (7.1%), and no 15-year-olds met the
MVPA recommendation. In terms of guideline adherence across behaviors, 15-year-olds had the
lowest compliance with both MVPA and sedentary time recommendations, whereas 16-year-olds
showed the lowest proportion of adolescents with adequate sleep. Overall, adolescents demonstrated
a pattern of insufficient physical activity, prolonged sedentary time, and inadequate sleep,
underlining the need to address these 24-hour movement imbalances during adolescence.

Table 1. Sample characteristics and adherence to 24-hour movement behaviour guidelines by sex and age

group.
. . 18-19y
Variable Total (#=82) Boys (n=32) Girls (n=50) 15y (n=12) 16y (n=32) 17y (n=24) (n=14)
n=
. Median 32.9 189 37.7 43.0 27.8 36.2 26.9
MVPA (min/day)
IQR  (15.1-49.6) (9.1-40.5) (22.9-54.1) (23.0-57.5) (12.6-45.0) (19.5-54.0) (16.5-42.2)
. 433.2 453.0 4292 4359 423.6 445.0
. Median 443.7
Sleep duration (384.4— (352.1- (404.6— (403.9- (375.6— (390.1-
IQR (382.4-499.7)
487.2) 528.1) 474.6) 465.7) 480.3) 508.9)
. 652.6 587.7 666.4 655.1 660.2 628.6
Median 658.6
Sedentary time (min/day) (530.4— (196.9- (603.0— (583.1- (442.9- (572.7- (367.3-724.6)
706.5) 686.9) 706.9) 710.3) 709.3) 687.5) ’ ’
MVPA (260 min/day) % 11.0 3.1 10.0 0.0 15.6 12.5 7.1
Sedentary (<480 min/day) % 23.2 43.8 10.0 8.3 28.1 20.8 28.6
Short sleep % 39.0 40.6 38.0 33.3 46.9 33.3 35.7
Adequate sleep % 48.8 37.5 56.0 58.3 40.6 54.2 50.0
Long sleep % 12.2 21.9 6.0 8.3 12.5 12.5 14.3
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Note: 60. min/day of moderate-to-vigorous physical activity. Sedentary adherence: <480 min/day of sedentary
time. Sleep categories followed [40]: short sleep <420 min/night; adequate sleep 421-599 min/night; long sleep
2600 min/night. Percentages indicate the proportion of participants in each subgroup who meet the respective

criteria based on valid accelerometer-derived data.
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Figure 1. a-c. Age-specific 24-hour movement behaviours relative to international guidelines. (a) Daily moderate-
to-vigorous physical activity (MVPA; min/day) by age group (15, 16, 17, 18-19 years). Bars show accelerometer-
derived MVPA; the horizontal line indicates the guideline of 260 min/day of MVPA. (b) Daily sedentary time
(min/day) by age group. Bars represent accelerometer-derived sedentary time; the horizontal line indicates the
threshold of <480 min/day used to define sedentary guideline adherence. (c) Nightly sleep duration (min/night)
by age group. Bars represent accelerometer-derived sleep duration; the shaded band indicates the age-specific

recommended sleep range for 15-19-year-olds (7-10 h; 420-600 min) based on [40].

Mann-Whitney U tests revealed significant sex-based differences across several behavioral
variables (Table 2). Girls showed significantly higher time in sedentary bouts of 0—1 min (r = 0.363),
10-30 min (r = 0.282), and 1-10 min (r = 0.423), all p < 0.05. Total sedentary behavior was also higher
among girls compared to boys (p = 0.026, r = 0.246). For low physical activity (LPA), girls again
demonstrated higher engagement in very short bouts of 0—1 min (r = 0.355), 10-30 min (r = 0.274), 1-
10 min (r = 0.415), and total LPA (r = 0.364), with all differences reaching statistical significance.
Moderate physical activity (MPA) showed similar trends: girls had higher engagement in 0—1-minute
bouts (r=0.299) and greater total MPA (r = 0.314). Girls also accumulated more MVPA in 5-10-minute
bouts (r = 0.331) and higher total MVPA (r = 0.308). Peak activity metrics confirmed higher levels in
girls during the most active 60-minute (r = 0.316) and 30-minute (r = 0.318) periods, as well as greater
cumulative activity during the most active 5- and 10-hour blocks (r = 0.278 and r = 0.256, respectively).
Collectively, these results indicate that, in this sample, girls accumulated more time in both sedentary
and active behaviors than boys, highlighting nuanced sex-based differences in the distribution of 24-
hour movement behaviours.

Table 2. Sex differences in sedentary time and physical activity patterns.

Boys / Median
(IQR)
Sedentary behavior 0-1 min bouts 60.0 (6.6-79.3) 82.3 (66.1-113.2) 454.0 0.001 0.363
Sedentary behavior 10-30 min bouts 85.3 (38.8-125.5) 121.1 (85.4-142.0) 531.0 0.011 0.282
Sedentary behavior 1-10 min bouts  103.5 (32.2-128.9)  145.0 (117.2-169.5) ~ 396.5 0.001 0.423

Variable Girls /Median (IQR) U P r

Total sedentary time (min/day) 587.7 (196.9-686.9) 666.4 (603.0-706.9) 565.0 0.026 0.246
LPA 0-1 min bouts 64.0 (11.0-87.8) 89.4 (67.8-111.7) 461.0 0.001 0.355
LPA 10-30 min bouts 27.6 (9.042.2) 41.4 (29.9-55.6) 538.5 0.013 0.274
LPA 1-10 min bouts 84.2 (25.0-102.6) 121.5(90.7-140.3)  404.0 0.001 0.415
LPA total (min/day) 218.6 (64.7-280.8)  291.2 (248.7-321.6) 453.0 0.001 0.364
MPA 0-1 min bouts 6.8 (2.1-12.4) 11.7 (9.5-20.8) 515.0 0.007 0.299
MPA total (min/day) 18.8 (7.2-37.3) 37.0 (21.9-51.3) 500.0 0.004 0.314
MVPA 5-10 min bouts 0.3 (0.0-4.3) 3.8 (1.1-6.4) 487.0 0.003 0.331
MVPA total (min/day) 18.9 (9.1-40.5) 37.7 (22.9-54.1) 506.0 0.005 0.308

Top 60-min (most active 60-min) 126.7 (69.7-165.9)  158.5(133.9-194.3) 498.0 0.004 0.316
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497.0 0.004 0.318
54.2 (36.9-64.1) 67.5(54.6-82.1) 5350 0.012 0.278
46.4 (28.3-55.1) 55.9 (45.9-65.0)  455.0 0.025 0.256

Note: Medians and interquartile ranges (IQR) are reported separately for boys and girls. Group differences were

Top 30-min (most active 30-min) 218.0 (177.6-262.0)
Top 5h value (most active 5 hours)

Top 10h value (most active 10 hours)

175.2 (135.6-218.5)

tested using the Mann-Whitney U test. Effect sizes (r) were derived from the standardized test statistic and
interpreted as small (r = 0.1), moderate (r ~ 0.3), and large (r > 0.5). Only movement behaviour variables with

statistically significant sex differences (p < 0.05) are presented.

3.2. Associations Between Movement Behaviors and Cognitive Performance

Spearman correlation analysis identified several significant associations between sleep and
activity variables and cognitive outcomes. Later sleep onset and wake-up times were positively
related to estimated 1Q, and longer deep sleep was modestly associated with higher IQ and better
attention performance, as reflected in both the number and the correctness of responses. In contrast,
total sleep duration was negatively associated with memory scores. With respect to activity, a greater
number of sedentary bouts lasting 1-10 minutes was negatively correlated with the number of
incorrect attention responses. MVPA accumulated in 5-10-minute bouts was inversely associated
with estimated IQ. Higher values of the least active 5-hour period were also negatively related to
both estimated IQ and memory scores. Full correlation coefficients and p-values are presented in

Figure 2.
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Figure 2. Spearman correlations between movement behaviours and cognitive outcomes. Rows represent sleep
and activity variables; columns represent IQ, attention, and memory scores. Only significant correlations are
colour-coded (red = positive, blue = negative); non-significant correlations (p > 0.05) appear with a white

background. Each cell displays the correlation coefficient (0) and p-value.

3.3. Cognitive Outcomes Across Combined Sleep and MVPA Profiles

This section presents differences in cognitive performance based on combinations of sleep and
MVPA behaviours. Participants were categorized into four behavioural profiles based on sleep
duration (adequate vs. poor) and MVPA (high vs. low) thresholds (Figure 3). For memory, a Kruskal-
Wallis test revealed significant differences between profiles, H(3) =10.85, p=0.013, n?=0.13. The Poor
Sleep / High MVPA and Poor Sleep / Low MVPA groups both showed the highest median memory
scores (Mdn = 15, IQR = 15-18 and 13-17, respectively), whereas the Good Sleep / High MVPA group
had the lowest memory performance (Mdn = 8, IQR = 7-8, n = 2). Bonferroni-adjusted post hoc tests,
however, did not identify any statistically significant pairwise differences between profiles. For
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attention, no significant differences were observed between groups, H(3) = 2.38, p = 0.497, n2 = 0.03.
Median attention scores ranged from 88 (IQR = 76-97, good sleep / low MVPA, n =22) to 102 (IQR =
95-110, good sleep / high MVPA, n = 2). IQ scores also did not differ significantly across profiles, H(3)
=1.59, p=0.661, 12=0.02. The highest median IQ was observed in the Good Sleep / Low MVPA group
(Mdn = 125, IQR = 108-130, n = 22), whereas both poor sleep profiles showed lower median values
(Mdn =118, IQR =112-118 and 104-125, respectively). In this sample, combined sleep-MVPA profiles
were thus associated with differences in memory in the overall Kruskal-Wallis test, whereas IQ and
attention did not differ significantly between behavioural profiles.

IO by sleep-MVPA profile
(Kruskal-Wallis H(3)=1.59, p=0.661)

good sleep / high MVPA (n=2) |
Median (IQR): 120 (112-128)

poor sleep / high MVPA (n=7)
Median (IQR): 118 (112-118)

good sleep / low MVPA (n=22) |
Median (IQR); 125 (108-130)

poor sleep / low MVPA (n=51) |
Median (TQR): 118 (104-125)

a0 100 110 120 130 140
1Q score

(a)
Memory by sleep-MVPA profile
(Kruskal-Wallis H(3)=10.85, p=0.013)

good sleep / high MVPA (n=2) |
Median (IQR): & (7-8)

poor sleep / high MVFA (n=7) |
Median (IQR): 15 (15-18)
poor sleep / low MVPA (n=51)| ¢
Median (IQR): 15 (13-17)
good sleep / low MVPA (n=22) | o
Median (I0R); 12 (9-15)

5.0 7.5 10.0 12.5 15.0 17.5 20.0 225 25.0
Memory score

(b)

Attention accuracy by sleep-MVPA profile
(Kruskal-Wallis H(3)=2.38, p=0.497)

good sleep / high MVPA (n=2) |
Median (IQR); 102 (95-110)

poor sleep / high MVPA (n=7) |
Median (IQR): 101 (82-106)

poor sleep / low MVEA (n=51) | °
Median (IQR): 89 (78-102)

good sleep / low MVPA (n=22) | o
Median (IQR): 88 (76-97)

0 20 40 60 80 100 120
Correct responses

(©)

Figure 3. a-c. Cognitive performance across combined sleep and MVPA profiles: (a) IQ, (b) attention accuracy,
and (c) visual memory. Participants were categorized into four behavioural profiles based on sleep duration
(adequate vs. poor) and MVPA (high vs. low). Bars represent group values; labels next to each bar display the
median and interquartile range (IQR).

3.4. Agreement Between PAQ-A and Objective MVPA Measures

The comparison between self-reported PAQ-A scores and accelerometer-based MVPA indicated
systematic overestimation. Bland—Altman analysis (Figure 4a) revealed a mean difference of +1.68
units (SD = 0.29), with 95% limits of agreement from +1.10 to +2.25. Females showed greater
overestimation (mean = +1.76) than males (mean = +1.57). This difference was statistically significant
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(U =427.0, p = 0.008, r = 0.36). Age-based analysis (Figure 4b) showed a progressive increase in
overestimation: 15 years: +1.42; 16 years: +1.66; 17 years: +1.69; 18-19 years: +1.93. A Kruskal-Wallis
test confirmed significant differences (H(3) = 18.17, p = 0.0004). Post-hoc tests revealed significant
differences between 15-16 (p = 0.01, r = 0.39) and 17-18/19-year-olds (p = 0.003, r = 0.47). These
findings suggest that overestimation of MVPA increases with age and is more pronounced among
females, underscoring the importance of accounting for sex and age when interpreting self-reported
physical activity in adolescence.

Bland-Altman plot: PAQ-A vs MVPA by sex Overestimation of physical activity by age (median & 1QR)
24 =
X Femal x g Age group
=} % Male 2 ® 15 years (n=12, diff: +1.42)
E 22F __ Mean difference: 168 £ 207 o 16 vears (=21, diff: +1.66)
T +1.96SD: 2.25 X % x & ® 17 years (n=19, diff: +1.68)
E 2o 1,96 5D; 1,10 * % % Z ® 1810 years (n=12, diff: +1.93)
g x g 1af
ERE &"* x * s
= x X . % « |
= <16
16 ¢ x x x o
L %, x x g
& * e =
g x * =
£14 & 14t
=3 x X <
z x &
£12 * 2
€10
= =
X £10p tr =039 ; i *r = 047 i
0.6 0.8 .0 12 T4 1.6 15 years 16 years 17 years 1819 yoars
Average of PAQ-A and MVTA (normalized) Age group
(@) (b)

Figure 4. a-b. Agreement between PAQ-A and accelerometer-derived MVPA. a) Bland—Altman plot comparing
PAQ-A scores with accelerometer-based MVPA. Each point represents an individual participant. The solid line
indicates the mean difference between PAQ-A and accelerometer-based MVPA (+1.68 units), and the dashed
lines represent the 95% limits of agreement (+1.11 to +2.25). b) Age-related overestimation of MVPA by PAQ-A.
Bars show mean differences between PAQ-A scores and accelerometer-derived MVPA for each age group (15,

16, 17, 18-19 years). Positive values indicate overestimation of MVPA.
4. Discussion

Behavioral Compliance and Sex- and Age-Based Differences

The present findings underscore a critical issue in adolescent health: the low adherence to the
24-hour movement behavior guidelines across the sample. Only 11% of participants met the
recommended threshold of 60 minutes of daily MVPA, while less than a third achieved sufficient
sleep duration (=8 hours per night). Moreover, sedentary behavior was markedly excessive, with
most adolescents exceeding 10 hours per day. This general pattern of non-compliance provides a
foundational context for interpreting the cognitive outcomes reported in this study.

Consistent with global trends [41], these results reflect a growing concern regarding declines in
physical activity, suboptimal sleep, and prolonged sedentary time among youth. A recent meta-
analysis found that only about 7.1% of children and adolescents globally meet all three movement
behavior guidelines [25]. Subgroups such as those with ADHD, disabilities, or obesity report even
lower compliance [42], compounding their vulnerability to cognitive and psychosocial difficulties.

Importantly, sex-based differences in movement behaviors were observed in both our data and
the recent literature. Boys tend to engage in more vigorous physical activity and are more likely to
meet MVPA guidelines [43], while girls typically spend more time in sedentary activities, particularly
during morning or school-related periods [44]. Our data confirmed that females reported longer
durations across multiple sedentary bout categories and higher light activity levels, suggesting more
fragmented movement throughout the day.

Age-related patterns indicated generally poorer adherence in mid-to-late adolescence, with 18—
19-year-olds showing the lowest MVPA compliance, 15-year-olds having the lowest combined
compliance for MVPA and sedentary time, and 16-year-olds the lowest proportion achieving
adequate sleep. These findings align with evidence of age-related declines in MVPA and increases in
sedentary time throughout adolescence [45,46]. Although some studies report slightly longer sleep
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duration in late adolescence, this may coexist with increased sleep fragmentation and delayed
bedtimes, negatively affecting sleep quality [47,48].

These behavioral trends have meaningful implications for interpreting the results of RQ2-R(Q4.
The imbalance in subgroup sizes —especially the small number of participants meeting both MVPA
and sleep criteria—likely limited the statistical power to detect group-based differences in cognitive
performance. Furthermore, any associations observed must be interpreted within the context of a
behaviorally suboptimal sample, in which cognitive benefits associated with healthy 24-hour
behaviors may be attenuated or obscured.

Associations Between Movement Behaviors and Cognitive Performance

The observed associations between adolescent movement behaviors and cognitive performance
support and extend previous research highlighting the role of 24-hour behavior patterns in cognitive
functioning. Our findings revealed small to moderate correlations between sleep timing and
attention, between short sedentary bouts and memory or attention scores, and between short MVPA
episodes and estimated IQ. These results suggest that not only the quantity but also the temporal
patterning of daily behaviors may influence cognitive outcomes in adolescence.

Later sleep onset and wake-up times were positively associated with attention outcomes in our
study, consistent with findings reported in adolescents where better sleep timing and quality relate
to superior academic and cognitive performance [9,22]. Moreover, deep and consolidated sleep has
been linked to better attention and executive functioning in adolescents, highlighting the relevance
of sleep quality for neurocognitive regulation [1,22]. Sleep also contributes to memory consolidation,
and adolescent sleep deprivation has been associated with subsequent deficits in long-term memory
and academic performance [2,22].

Interestingly, MVPA accumulated in 5-10-minute bouts was negatively associated with
estimated IQ (o =-0.24), suggesting that in this sample, higher volumes of short MVPA bouts did not
translate into higher fluid intelligence. This pattern contrasts with intervention studies showing
cognitive benefits of physical activity and movement-based profiles, in which higher or better-
structured PA and sleep patterns were associated with improved academic or cognitive outcomes
[49,50]. Physical fitness has also been shown to mediate relationships between lifestyle factors and
cognitive performance in adolescents [51], emphasizing the broader role of daily activity in
supporting neurocognitive development.

Frequent short sedentary bouts were associated with fewer incorrect responses on the attention
task, indicating slightly better performance. This result contrasts with studies suggesting that
fragmented sedentary time and higher sedentary load are linked to poorer sleep or cognitive
outcomes [47] and should therefore be interpreted cautiously, given the small effect size and potential
type I error. Time spent in the least active 5-hour period also correlated negatively with memory
outcomes, consistent with evidence that suboptimal use of daily activity windows or unfavorable
movement profiles may reflect or exacerbate cognitive underperformance [50].

Synergic Effect of Sleep and MVPA on Cognitive Performance

In our sample, combined sleep-MVPA profiles differed significantly in memory performance at
the omnibus level (2 = 0.13), but pairwise comparisons did not identify robust group differences in
attention, and IQ did not vary across profiles. The small number of adolescents meeting both MVPA
and sleep recommendations (n =2 in the Good Sleep / High MVPA group) prevents firm conclusions
about synergistic effects. Thus, our findings are more consistent with preliminary and inconclusive
evidence rather than clear additive benefits of simultaneously meeting both guidelines.

Although our data do not provide clear evidence for synergistic effects, previous studies suggest
that MVPA can moderate the negative effects of insufficient sleep on cognition. For example,
adolescents with higher MVPA levels have shown better executive functioning and academic
performance despite suboptimal sleep duration [50]. Similarly, participation in cognitively
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demanding or vigorous physical activities has been associated with improved neurocognitive
functioning, even in the presence of lifestyle risk factors [14,52].

The compensatory role of MVPA has also been examined in relation to recreational screen time,
in which higher physical activity levels attenuated the adverse effects of prolonged sedentary
behavior on attention and academic outcomes [50]. This suggests that MVPA may act as a behavioral
buffer under suboptimal lifestyle conditions.

Despite these promising findings, it is important to note that physical activity cannot fully
substitute the cognitive benefits of adequate sleep. Both behaviors appear to operate through distinct
yet complementary neurobiological pathways. While MVPA improves cerebral blood flow,
neurogenesis, and executive control [52], sleep—particularly slow-wave sleep—is essential for
memory consolidation and emotional regulation [9,22].

Therefore, health interventions should not focus on promoting a single behavior in isolation but
rather adopt an integrative approach that simultaneously supports adequate sleep and daily MVPA.
This recommendation is particularly relevant given the low number of adolescents who adhered to
both behaviors in the present sample.

Validity of Self-Reported Physical Activity (PAQ-A) in Adolescents

The present findings reveal a systematic overestimation of moderate-to-vigorous physical
activity (MVPA) when self-reported using the PAQ-A compared with accelerometer-based
measurements. The observed mean difference and narrow confidence intervals in the Bland—-Altman
analysis suggest that the PAQ-A tends to inflate physical activity levels across the sample. This trend
is consistent with previous research indicating moderate criterion validity of the PAQ-A when
validated against objective tools, such as accelerometers [53,54]. These discrepancies may arise from
the PAQ-A’s recall-based nature and the cognitive demands placed on adolescents to summarize
activity across multiple contexts.

Sex-based differences further underscore the variability in reporting accuracy. Female
participants exhibited significantly greater overestimation of MVPA than males, a finding consistent
with evidence that self-reported physical activity in adolescents is often overestimated and may be
particularly susceptible to social desirability bias among females [55,56]. While boys typically engage
in more MVPA [43], their reporting appears more aligned with accelerometer-based data. This sex-
specific bias emphasizes the importance of stratified analysis in studies utilizing self-report tools.

Age-related trends were also observed, with older adolescents (18-19 years) showing the highest
levels of overestimation. Although previous literature suggests that cognitive maturity may enhance
the accuracy of self-reports among older youth [54], our findings do not support this assumption.
Instead, the increase in sedentary behaviors with age and possible disengagement from structured
physical activities may complicate accurate recall and lead to inflated estimations. This highlights a
developmental paradox in which cognitive growth does not necessarily translate into improved self-
monitoring of movement behaviors.

Overall, these results call into question the validity of using PAQ-A as a stand-alone measure of
MVPA in adolescents, particularly when precise behavioral estimates are required. While the tool
shows acceptable internal consistency and test-retest reliability in various populations [57,39], its
criterion validity appears insufficient for high-stakes or intervention studies without objective
corroboration. Researchers and practitioners should consider combining self-reports with device-
based methods or applying statistical correction models to account for systematic overestimation,
especially in female and older adolescent subgroups.

Future research should aim to refine culturally adapted versions of the PAQ-A and explore
machine learning or hybrid models that integrate subjective and objective inputs. Additionally,
educational interventions targeting metacognitive skills related to activity awareness may enhance
adolescents” ability to report physical activity more accurately. These findings reinforce the broader
recommendation to triangulate data sources when assessing movement behaviors in youth
populations.
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Limitations

This study presents several limitations that should be acknowledged. First, the cross-sectional
design precludes any causal inferences regarding the relationship between 24-hour movement
behaviours and cognitive performance. Second, the relatively small and region-specific sample may
limit generalizability, particularly to broader adolescent populations with differing socio-
environmental contexts. Third, while the use of both objective (accelerometry) and subjective (PAQ-
A) methods strengthens ecological validity, self-reported data were subject to response bias and
overestimation, especially among older adolescents and females. Additionally, despite employing
validated cognitive tests, these tools may not capture the full spectrum of executive functioning,
processing speed, or working memory. Finally, the limited statistical power reduced the sensitivity
to detect small-to-moderate effects, especially in stratified or post hoc comparisons (e.g., dual
adherence to MVPA and sleep guidelines).

5. Conclusions

This study contributes to the growing body of evidence on the associations between 24-hour
movement behaviours (physical activity, sedentary behaviour, and sleep) and cognitive abilities in
adolescents. Despite low adherence rates to movement guidelines, the findings suggest modest
associations between specific 24-hour movement patterns (particularly sleep timing and deep sleep
duration) and selected cognitive outcomes. Given the small sample size and cross-sectional design,
these associations should be interpreted as preliminary rather than definitive evidence that partial
guideline compliance directly enhances fluid intelligence, attention, or memory. The integration of
objective and subjective measures highlighted discrepancies in adolescent self-reporting, underlining
the importance of triangulated data in behavioural surveillance. The results reinforce the relevance
of balanced, daily movement patterns as a modifiable determinant of adolescent cognitive
development and advocate for region-specific monitoring systems in Central and Eastern Europe.
Future longitudinal and intervention-based research is warranted to explore causal pathways and
inform sustainable health-promotion strategies tailored to adolescent populations.
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